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Abstract The research presented in this article focuses

on the design of a driver support system for risk-predictive

driving under a potentially hazardous situation for a
pedestrian who crosses a road from the driver’s blind
spots. Our aim is to develop a system that would co-
operate with the driver in leading the normative speed
calculated by the co-driver function. The design phi-
losophy of haptic guidance is to communicate to the
drivers the potentially hazardous situation through tac-
tile cues from the active gas pedal and to assist drivers
to in preparing for possible road surprises. We intended
to combine the algorithm of the haptic feedback loop
with the functionality of the one-pedal driving mode
interface. Three design issues for the haptic guidance
system can be distinguished: the design of a one-pedal
driving mode based on a one-pedal operation; the mod-
eling of risk-predictive driving behavior; and the hap-
tic feedback algorithm with active gas pedal. We tested
our system in human-in-the-loop experiments in a driv-
ing simulator to investigate (1) the effect of the one-
pedal driving mode interface on the driver behavior
and (2) the effect of haptic guidance support on the
driver behavior. From the results of our experiments,
we confirmed that haptic guidance can improve the risk-
predictive driving performance for a slowdown task via
the one-pedal driving mode.
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1 Introduction

Pedestrians are exposed to accident risks when crossing
a road in urban areas, owing to the shared road spaces
(Rankavat and Tiwari 2016). One of the most common
types of traffic fatalities (NPA 2017) is being hit in a
traffic accident while walking along the road (34.9%).
As the mortality rates rise sharply when the collision
velocity for pedestrians with reduced impact resistance
is greater than 30 km/h (Centre 2006), it is important
to anticipate the hidden contextual driving risks.

In time-critical situations, the existing autonomous
emergency braking (AEB) systems implement a brake
intervention at the last second on behalf of the driver to
avoid crashing. However, AEB may not be able to sat-
isfactorily realize the required functions owing to time
constraints (i.e., delayed reaction times and time re-
quired for braking distance), when pedestrians cross a
road from a point that falls in the blind spot of the assis-
tance system. When expert drivers are confronted with
uncertainty, they naturally seek to reduce the uncer-
tainty by obtaining more information and attempting
to fit their current driving context into a pre-existing
category that they have already developed (McDermott
2010). Based on context information, e.g., parked vehi-
cles in an urban area, they estimate the probability of
possible road surprises, e.g., a playing child dashing out.
If necessary, they take preventive measures that depend
on the current driving context, such as decreasing the
velocity. They ensure that “sufficient braking distance is
available in case of an occurrence of one of the possible
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road surprises” (AAA-Foundation 2006; GmbH 2015).
The additional braking distance that becomes available
due to this preventive driver action is referred to as a
“safety cushion” (Raksincharoensak and Inoue 2017),
as shown in Figure 1. Our study goal is to develop an
advanced driver assistance system (ADAS) to attain
the risk-predictive driving based on the predictions of
a situation’s criticality.

In previous research, an active deceleration support
(Saito and Raksincharoensak 2016a,b), based on co-
driver functions (Inoue et al. 2017), has been devel-
oped. We herein focused on assessing the potential risk
for a pedestrian who crosses the road from a driver’s
blind spots in the absence of communication between
the driver and pedestrian. When the ADAS determines
that the vehicle is approaching a potentially hazardous
situation while maintaining a velocity higher than the
reference velocity calculated by defining the worst-case
scenario, the ADAS implements deceleration control
and assists the drivers in extending their capability for
only the limited time of the hazardous situation, ex-
tending a time margin for reaction in case a potential
yet unexpected critical situation occurs. Here, we men-
tion a safety-first policy in that although it is clear that
always assuming the worst-case scenario is effective for
improving proactive safety, the concern is whether the
choice of scenario is socially acceptable. That is, it is
extremely rare for drivers to encounter a situation in
which an “invisible” pedestrian crosses the road. Mean-
while, the damage resulting from the event is obviously
unacceptable. In this context, the proposed active de-
celeration support concerns the following issues (Saito
and Raksincharoensak 2016a):

— Although the ADAS implements the brake interven-
tion with visual and auditory feedback (Ito et al.
2017) for only a limited time, the drivers may per-
ceive most instances of such assistance as false pos-
itives. As drivers have various motives in operating
the gas or brake pedals, the countermeasures to min-
imize potential risks may be perceived as annoying
by the driver.

— Owing to partially automated control, human-out-
of-the-loop problems such as those arising from the
loss or reduction in situation awareness, lack of vigi-
lance (see, e.g., Sarter and Woods 1995; Endsley and
Kiris 1995; Merat and Jamson 2009), over-reliance,
and over-trust (see, e.g., Hollnagel and Woods 2005;
Inagaki and Itoh 2013) must be addressed by an
early intervention approach.

One type of human-machine interaction to always
remain in the control loop, and to continuously inter-
act with feedback via haptics is shared control (Ab-
bink et al. 2012; Petermeijer et al. 2015); this concept
has been extended to the framework of “shared and co-
operative guidance and control” (Flemisch et al. 2014,
2016). In speed-control situations, an active gas pedal
with a force feedback can be useful to establish the
counterforce, which is dependent on the deviation rel-
ative to a normative behavior; thus, the feedback al-
lows for the perception of force and force-slope changes
(Mulder et al. 2011). The existing haptic gas pedal
supports include the intelligent speed adaptation (ISA)
that provides haptic information related to speed differ-
ence corresponding to a normative speed limit (Verwey
et al. 1993; Adell et al. 2008; Vlassenroot et al. 2007),
a car-following support that provides haptic informa-
tion on the time-headway (TTHW') and time to contact
(TTC) relative to a leading vehicle (Mulder et al. 2010,
2011), and an eco-driving support that provides haptic
feedback to guide a driver toward the idealized throttle
angle (Jamson et al. 2013).

As a solution to the abovementioned issues, the pa-
per is focused on designing a haptic guidance support
system that assists in inducing the risk-predictive driv-
ing behavior and also reflects the drivers’ intention by
continuously interacting with the support system. The
design philosophy of haptic guidance is to communicate
to the drivers about potentially hazardous situations
through tactile cues from the active gas pedal in main-
taining the human-in-the-control loop for the slowing
down task and to assist drivers to prepare for possible
road surprises. This paper aims to demonstrate the ef-
fectiveness of the risk-predictive haptic guidance on a
speed-control performance. This paper is organized as
follows: In the following section, the design of the haptic
guidance system with an active gas pedal is described in
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Fig. 2 Block diagram of the risk-predictive haptic guidance system.

detail; a one-pedal driving mode interface is proposed,
and we intend to combine the algorithm of the haptic
feedback loop with the functionality of the proposed
one-pedal driving mode interface. In this context, we
had two objectives:

— To investigate the effect of the one-pedal driving
mode on the driver behavior.

— To investigate the effect of the haptic guidance sup-
port that provides the driver with continuous poten-
tial risk information with respect to the blind areas,
on the driver behavior.

Two experiments are involved in the investigation of the
two issues: Experiment 1, and Experiment 2. We tested
our system in human-in-the-loop experiments in a six-
motion-base driving simulator. The two experimental
results and discussions are presented herein, as well as
our conclusion.

2 Risk-Predictive Haptic Guidance

Three important design issues can be highlighted for a
risk-predictive haptic guidance support system:

1. Design of the one-pedal driving mode: based on the
one-pedal operation.

2. Modeling of risk-predictive driving behavior: the co-
driver function generates a referenced terminal ve-
locity in a given driving situation with blind areas.

3. Haptic feedback algorithm with active gas pedal: the
interface converts from the potential risk informa-
tion to force information.

2.1 One-Pedal Driving Mode

What is a smart driving behavior? As per Young (2011),
a smart driving behavior involves the following: (a)
planning ahead to avoid stopping, (b) using moderate

engine speeds and a uniform throttle for a steady driv-
ing, (c) avoiding sharp braking, and (d) using engine
braking for a smooth deceleration. The traditional two-
pedal system, with separate gas and brake pedals, is
technically simple; however, this system also has certain
disadvantages. The driver’s action for a slowdown task
can be approximately divided into two aspects: 1) use of
friction braking, and 2) use of engine braking. When the
driver uses the friction braking, he/she is required to
perform a foot-switching operation from the gas pedal
to the brake pedal; consequently, a reaction time occurs
corresponding to the movement of the foot-switching
operation. If the driver intends to mostly avoid this
foot-switching operation, he/she needs to plan ahead;
meanwhile, the driver requires a considerable amount of
time to use engine braking to reach the targeted speed.
Moreover, a potential risk of depressing on the wrong
pedal exists. Nevertheless, some electronic vehicles have
simplified the longitudinal driving task by affording the
“one-pedal operation,” which avoids the necessity to
perform the brake-pedal action to slow down. One of
the features of such electronic vehicles is regenerative
braking with an energy recovery mechanism. When the
driver releases the gas pedal, the vehicle immediately
begins to slow down, similar to the application of fric-
tion braking. In this study, a one-pedal driving mode is
applied to a normal gasoline-powered vehicle, with its
interface represented as the block diagram indicated in
Fig. 2. The interface is realized by the stroke (drive) by
wire to generate the one-pedal operation.

1. One-pedal operation: The driver’s gas pedal stroke is
converted to the targeted acceleration through the
transfer characteristic G, indicated in Fig. 2. Fig. 3
shows the relationship between the gas-pedal stroke
position and the targeted acceleration/deceleration.
The driver’s gas pedal stroke can be classified over
three ranges: i) stroke range designed for slowdown
task, ii) stroke range designed for steady driving
task, and iii) stroke range designed for accelera-
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Fig. 4 Acceleration/deceleration. The naturalistic driving
data on six driving instructors were collected at a Japanese
urban area (Akagi and Raksincharoensak 2015). Participants
drove a car equipped with a controller area network (CAN)
data logger and several sensors on an urban road with a dis-
tance of 5.4 km.

tion task. The parameters related to maneuverabil-
ity are as follows: maximum deceleration, maximum
acceleration, clearance range, gain K4, and gain K.
We assume the targeted acceleration/deceleration
to take on values between -1.5 and 2 m/s?; most of
the acceleration/deceleration required in non-critical
driving contexts cover the range, as indicated by
Fig. 4. The stroke range designed for the steady
driving task is the 10% range between the gas-pedal
stroke range of 25% and 35% (as shown in Fig. 3),
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and the gains K; and K, are 0.06. These values
were designed through a preliminary experiment.

2. Stroke by wire: The error, e, between the deter-
mined and the actual acceleration/deceleration is
converted to a virtual pedal stroke through a PI
controller. Based on the sign (positive or negative)
of e, the virtual gas-pedal stroke, P, s, or virtual
brake-pedal stroke, P,_s, is input to the actuator of
the vehicle. The strategy for combining the driver’s
input brake-pedal stroke, P,_4, and the machine’s
virtual brake-pedal stroke, P, g, for the slowdown
task can be expressed as follows:

Pb,act(t) = Pb,d(t) + Pb,S (t) (1)

2.2 Modeling of Risk-Predictive Driving Behavior

Based on previous research (Inoue et al. 2017), the
modeling of risk-predictive driving behavior is briefly
described. Fig. 5 illustrates the risk of collision with
pedestrians who initiate a road crossing. As the ve-
hicle approaches an intersection with no signals (an
“unsignalized” intersection), the area with poor visi-
bility reduces. We can set the collision point, indicated
in Fig. 5, by assuming the worst-case scenario wherein
a “darting-out” pedestrian collides with the left front
corner of the vehicle. The lateral gap, f’ped, between
the pedestrian and the collision point changes sequen-
tially depending on the lateral gap, Yyqp, between the
wall and the car, and the longitudinal gap, Dgq.. If
a pedestrian crosses the road from a lateral position
in which the driver can first perceive the darting-out
of the pedestrian, a possible collision condition can be
simply defined as follows:

ith,ped (t) = th,car(t) (2)
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where Tic peq(t) represents the time required for the
pedestrian at his/her current speed to reach the col-
lision point if the current traveling direction was main-
tained, and Tic_cqr(t) represents the time required for
the vehicle to reach zero km/h (Vyine) at the colli-
sion point under the assumed avoidance behavior (i.e.,
the reaction time, 7=0.6 s and maximum deceleration,
Amaz= -6 m/s?). The following condition must be sat-
isfied:

Vear(t*) -7 — (Vc2ar (t") — VfZinal) [20maz = Dear(t*) (3)

where t* represents the time when T}, .o () becomes
less than Tic peq(t) for the first time. In other words,
the terminal velocity, V*, is determined as follows:

V= cha'r(t*) = _amaa:(_T + \/7—2 - 2Dcar(t*)/amaw)
(4)

The referenced terminal velocity, V*, is defined as the
velocity at which a collision with the darting-out pedes-
trian is avoidable when the driver implements a braking
action under the defined conditions. The terminal ve-
locity, V*, at the distance, D4, (t*), is dependent on the
lateral gap, Yy qp, related to the degree of poor visibility,
the pedestrian’s walking speed, Vped, and the evasive
action parameters, 7 and a,,q;. Fig. 6 shows the plot
of the referenced terminal velocity, V*, with respect to
the lateral gap, Yyqp; the dashed line denotes the veloc-
ity, V*, when ‘7ped =1.5 m/s. As we assumed stringent
conditions, a lower terminal velocity is required. In this
study, the Vjeq was set at 1.5 m/s as the mean walking
speed of a pedestrian based on the analysis of relevant
near-crash events (Saito and Raksincharoensak 2016a).
Thus, based on the calculation process described in (In-
oue et al. 2017), the co-driver function generates a ref-
erenced terminal velocity in a given driving situation
with blind areas.

2.3 From Risk Information to Haptic Information

The drivers are given information on the latent hazards
through a haptic feedback loop with an active gas pedal.
The potential risk can be simply expressed as a function
of the current velocity, V' (¢):

VE)/VE—1 Y V() >V

0 Y V() <V 5)

PR(t) = {
If V(¢) is less than V*, a collision with a darting-out
pedestrian is avoidable when the assistance system ac-
tivates the conventional AEB. However, when V (¢) as-
sumes a value larger than V*, a collision with the pedes-
trian is unavoidable even under the assumption that the

40 T ; T T T T
-
-
35E P s
-
-
-
-
-

30F -
— ﬂ’
= -
E -
2 25F ‘,’ !
) -
g o=
2 20F ==
> — = =
- E
.8
Els 1
o
= ~

- Vpea Larger T

5k J

0 . . . . . . . . .

1 1.1 12 13 14 15 16 17 18 19 2

Lateral gap [m]
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AEB is activated; the collision velocity corresponds to
the worst-case scenario.

The haptic feedback manner can be categorized into
two types (Mulder et al. 2011, 2010): a) force feedback,
and b) stiffness feedback. Mulder et al. (2011) have pro-
posed an active deceleration support based on the force
and stiffness feedback approaches, to provide drivers
with continuous car-following information, which was
transformed into the haptic information from the THW
and TTC values. This paper proposes the haptic guid-
ance support via the stiffness feedback. The additional
force, Faiff, based on the gas-pedal stiffness feedback,
is given as follows:

Kmaw : Pa,d(t)
Kooz - PR(t) ' Pafd(t)

V PR(t) > 1
VO0<PR(t) <1

(6)

Foipp(t) = {

The additional force is input to the active gas pedal
through the transfer function of a primary-delay sys-
tem. As can been inferred from Egs. (5) and (6), the
stiffness feedback algorithm does not generate any force
when PR(t) = 0. When the function PR(t) assumes a
value larger than zero, the additional force is increased
depending on the driver’s input stroke position, P, _;(¢).
The degree of additional force is characterized by the
maximum additional stiffness, K., (=2), on the gas
pedal. Let us suppose a moving vehicle is approach-
ing an intersection with poor visibility. Subsequently,
we set the lateral gap, Yjqp, between the left side of
vehicle and the wall is observed as 1.5 m, for which
the referenced terminal velocity, V*, calculated by the
driver model is 26.3 km/h. In this case, the drivers can
feel an additional force, Fy; ¢ f, depending on the PR(t)
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and the driver’s input stroke position, P, _4(t). The rela-
tionship between the additional force, current velocity,
and driver’s input stroke position can be expressed as
in Fig. 7. The haptic feedback algorithm is expected to
induce the risk-predictive driving behavior by using the
stroke range designed for a slowdown.

3 Experiment 1: Car-following

We collected the driver behavior data when using the
one-pedal driving mode interface to assessing the use-
fulness of a single pedal task over a two-pedal task.
The experiment was performed with the approval of
the ethics committee at our university.

3.1 Apparatus

We used a six-motion-base driving simulator that con-
sists of a host computer, a visual and an audio sys-
tem, a steering system and a motion controller. The
active gas pedal was installed in this simulator. The
host computer calculated the vehicle dynamics based
on the input of the driver operational interfaces and
consequently generated the driving screen images. The
field of the driving view was approximately 180°. In ad-
dition, any scene or traffic situation was reconstructed
by setting the road environment and the traffic flow of
other vehicles.

3.2 Participants

We recruited 14 healthy volunteer drivers between the
ages of 22-40 who periodically drove (S1-S14, 13 males
and 1 female, mean age: 25.5 years, s.d.: 5.24).

3.3 Design, Tasks, and Procedure

A within-subjects design was used for this experiment;
the independent measure was the driving condition:
driving with a traditional two-pedal interface, and driv-
ing with the one-pedal interface. The participants were
divided into two groups: (a) In the first group, the par-
ticipants drove a car equipped with a traditional two-
pedal interface; subsequently, they drove a car equipped
with the one-pedal interface. (b) In the second group,
the participants first drove the car equipped with the
one-pedal interface and then the car equipped with the
traditional two-pedal interface. Regarding the condi-
tions pertaining to the traditional two-pedal interface,
the participants could use the friction braking with the
brake pedal, and the engine braking with the foot off the
gas pedal; the maximum deceleration with the foot off
the gas pedal was approximately -0.2 m/s?. Regarding
the conditions pertaining to the one-pedal interface, the
participants could also use the brake pedal according to
the circumstances because the maximum deceleration
with the foot off the gas pedal was approximately -1.5
m/s?; the participants were not prevented from using
the brake pedal.

In the simulations, the participants drove a car equipped

with an automatic transmission on a one-way road with
two lanes in an urban area. On either side of the road,

buildings, pedestrians, and signal intersections were present

(Fig. 8). The primary task of the participant was to fol-
low a lead car at his/her intended THW . The lead car
traveled with a predetermined speed profile between 0
and 50 km /h, and between -1 and 1.2 m/s?, and the car-
following scenario included a stop-and-go at the signal
intersection. The participants were required to drive at
a constant THW as far as possible. In addition, when
the THW value exceeded 5 seconds, a translucent rect-
angle was displayed on the rear end of the lead car,
which aided in maintaining the car-following condition.
Thus, the participants were required to drive such that
the translucent rectangle would not be displayed.
Informed consent was obtained from all participants.
First, the participants underwent training trials for ap-
proximately 15 min to familiarize themselves with the
simulator. Next, in group (a), the training trial of the
car-following situation was conducted only once. After
the training trial, two repetitions were recorded for the
condition with the traditional two-pedal interface under
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the car-following situation (two-pedal_1, two-pedal_2).
Subsequently, the participants attended a lecture on the
one-pedal driving mode interface. After the lecture, the
training trials to familiarize the participants with the
one-pedal driving mode were performed for approxi-
mately 40 min. The training trials included 1) driv-
ing freely with the one-pedal driving mode, 2) driv-
ing at the specified speed with the one-pedal driving
mode (speed tracking task requiring feedback control),
and 3) stopping at the specified stop line without us-
ing the brake pedal as far as possible (stopping task
requiring feedforward control), and 4) driving at a car-
following situation with the one-pedal interface; the
training trial of the car-following situation was con-
ducted only once. After these training trials, two repeti-
tions were recorded for the condition with the one-pedal
interface under the car-following situation (one-pedal_1,
one-pedal_2). Group (b) followed the reverse procedure
of that followed by group (a). Finally, the participants
answered the NASA-TLX questionnaire (Hart and Stave-
land 1988) (Mental Demand, Physical Demand, Tem-
poral Demand, Performance, Effort, and Frustration).
The experiment required approximately 1.5 h per par-
ticipant to complete.

3.4 Hypotheses

The car-following task comprised of two major phases:
the following phase to maintain a designated gap be-
tween the vehicles, and the approach phase to approach
a lead car. We hypothesized that if the one-pedal driv-
ing mode improved the driving performance, particu-
larly in the approach phase, i.e., corresponding to a
small value of TTC, this would be because the par-
ticipant’s reaction time against the deceleration of the
lead car improved over that with the traditional two-
pedal interface. In the following phase, if a significant
difference in THW occurred between the two condi-
tions, this would be because the participants adopted
a suitable compensation behavior. If the participants
have set aside a larger THW for driving with the one-
pedal interface when compared with that for the tradi-
tional two-pedal interface, this would be because they
intended to perform the car-following tasks within the
deceleration range € [—1.5, 0] in order to avoid perform-
ing the brake-pedal action to slow down. If the partici-
pants maintained a smaller THW for driving with the
one-pedal interface, this would be the result of a nega-
tive effect (Cacciabue and Saad 2008; OECD 1990) on
the increased safety margin because of the increase in
the deceleration range available with the gas pedal.

Fig. 8 Car-following scenario.

3.5 Dependent Measures

From the data recorded during the simulator experi-
ment, we extracted a number of variables such as per-
formance, reaction time, and control effort and deter-
mined the following:

— Mean value and standard deviation of THW .

— Maximum value of inverse of TT'C": This was calcu-
lated using the recorded data of the specified sce-
nario when the lead car decelerated at -1 m/s? to 0
km/h from 40 km/h.

— Reaction time: The reaction time was defined as the
time spent by the driver of the following car to ex-
ceed -0.5 m/s? from slowing down of the lead car. It
was calculated using the recorded data of the spec-
ified scenario when the lead car decelerated at -1
m/s? to 0 km/h from 40 km/h.

— Foot-off gas pedal time: This parameter was calcu-
lated as a percentage of the total driving time.

— Actuating time of the brake pedal: Again, this pa-
rameter was calculated as a percentage of the total
driving time.

These data were analyzed using a paired t-test for the
driving condition (two-pedal 2, and one-pedal_2). The
results with p < .05 are reported as significant.

4 Experiment 1: Results and Discussion

Figs. 9 (e) and (f) show the box plots for the mean
and standard deviation, respectively, of the driver’s in-
tended T"HW between vehicles. The results of the paired
t-test with the experimental condition applied to both
the mean and standard deviation of THW show that
the THW was not influenced by the traditional two-
pedal interface or the one-pedal driving mode interface.
Fig. 9 (a) shows the box plot for the maximum value of
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the data recorded from two repetitions for each condition.

the inverse of TT'C. The results of the paired t-test with
the experimental condition applied to the maximum
1/TTC show significant differences (¢(13) = 2.7613, p
< .05). The one-pedal driving mode interface has a sig-
nificant effect on the maximum 1/TTC. As shown in
Fig. 9 (a), the condition of the one-pedal driving mode
interface yielded a lower maximum 1/77TC when com-
pared with that of the traditional two-pedal interface.
Fig. 9 (b), which illustrates the box plot for the reac-
tion time, also indicates significant differences (¢(13) =
5.2395, p < .05). Similar to the trends for the maximum
1/TTC, the condition of the one-pedal driving mode
interface yielded a lower reaction time than the tradi-
tional two-pedal interface. Figs. 9 (c) and (d) show the
box plots for the foot-off gas-pedal time and the actuat-
ing time of the brake pedal, respectively. A paired t-test
with the experimental condition applied to both vari-
ables indicated significant differences in the foot-off gas
pedal time (¢(13) = 17.753, p < .05), and in the actu-
ating time of the brake pedal (¢(13) = 22.689, p < .05).
Figs. 9 (g) and (h) show the normalized frequency for
the acceleration-and-deceleration process, for the two-
and one-pedal cases, respectively. It was clear that the
participants could effectively use the range between -
1.5 and 0 m/s? when using the one-pedal driving mode
interface. Fig. 10 shows the NASA-TLX ratings and
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Fig. 10 NASA-TLX ratings and AWWL scores.

the adaptive weighted workload (AWWL) scores. The
results of the paired t-test with the experimental con-
dition applied to each variable (mental demand, physi-
cal demand, temporal demand, performance, effort, and
frustration, and AWWL) indicated that the significant
differences were found in the Effort (¢(13) = -3.3458, p
< .05).

The one-pedal driving mode interface was designed
to simplify the longitudinal driving task by affording a
one-pedal operation. The interface was realized by the
stroke by wire to realize a one-pedal operation, and the
driver’s gas-pedal stroke was transformed to achieve the
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targeted acceleration. Three stroke ranges correspond
to the acceleration, steady driving, and slowdown tasks.
Here, we remark that the car-following task is primarily
a combination of the following task and the approach
task. From our statistical analysis of the standard de-
viation of THW, it follows that car-following perfor-
mance did not improve; no changes occurred in the
standard deviation of the THW during the following
task. However, from the statistical analysis of the max-
imum value of the inverse of TT'C, it follows that the
performance in the approach task improved; it is clear
that the shorter reaction time contributed to the better
performance when compared with that obtained with
the traditional two-pedal interface because the partic-
ipants could execute the slowing down task without
performing the foot-switching operation from the gas
pedal to the brake pedal. Therefore, the first hypothe-
sis was validated: the one-pedal driving mode interface
improved the driving performance in the approach task
owing to reduction in the participant’s reaction time
against the deceleration of the lead car.

The second hypothesis was that if a significant dif-
ference in THW occurred between the two conditions,
it would be because the participants adopted a com-
pensation behavior. In our experiment, no change was
observed in the THW during the following task; how-
ever, further experiments will be necessary in this re-
gard. When driving a car with a one-pedal operation, a
driver needs to train his/her mind to not move his/her
foot to find the brake pedal. Thus, the training trials to
familiarize the driver with the one-pedal driving mode
interface were performed for approximately 40 min, i.e.,
including the free-driving task, speed-tracking task re-
quiring feedback control, and stopping task requiring
feedforward control. When driving a car with the tra-
ditional two-pedal interface, the driver uses the engine
braking by releasing the gas pedal even when he/she is
maintaining a gap between his/her vehicle and the vehi-
cle ahead. In other words, the drivers frequently repeat
the operation of depressing and releasing the gas pedal.
Meanwhile, when driving a car with the one-pedal op-
eration, the drivers are required to keep depressing the
gas pedal to maintain steady speed because the expan-
sion of the deceleration region can be actuated only
by the gas pedal. Thus, the driver’s behaviors in the
car-following task differ between the traditional two-
pedal interface and the proposed one-pedal interface.
As observed from the statistical analysis of the foot-
off gas pedal time and the actuating time of the brake
pedal, when using the one-pedal interface, it is clear
that the participants could react by just operating the
gas pedal most of the time during the following task;
however, the foot-off gas pedal time [% of the total driv-

ing time], which involved a complete release of the gas
pedal, was reduced when compared with that for the
traditional two-pedal interface. As observed from the
NASA-TLX ratings, the subjective control effort in the
car-following task increased with the one-pedal driving
mode interface; many participants commented that it
was difficult for them to perform fine adjustments on
the gas pedal and to train their mind to not move their
foot to find the brake pedal. Therefore, although no
changes occurred in the THW during the following as
per our short-term analysis, long-term analyses in the
real world or simulator environment are still lacking.

5 Experiment 2: Risk-Predictive Driving

We collected the driver behavior data when adding hap-
tic guidance under the potentially hazardous situation,
to analyze the effect /benefit of the risk-predictive hap-
tic guidance. The experiment was performed with the
approval of the ethics committee at our university.

5.1 Apparatus

As with the environment constructed in experiment 1,
the six-motion-base driving simulator was used in this
experiment.

5.2 Participants

We recruited 18 healthy volunteer drivers between the
ages of 22-40 who periodically drove (D1-D18, 17 males
and 1 female, mean age: 26.2 years, s.d.: 5.42). Of the 18
people, 12 participants were drivers who participated in
experiment 1.

5.3 Design, Tasks, and Procedure

A within-subjects design was used for this experiment;
the independent measure was the driving condition:
driving with a traditional two-pedal interface without
haptic guidance, and driving with the one-pedal inter-
face with haptic guidance.

In the simulation, the participants drove on a one-
way road with two lanes in an urban area. There were
buildings, walls, and pedestrians on the road along with
three intersections with no signals. The lateral gap be-
tween the wall and the center of the driving lane was 2.4
m. The referenced terminal velocity when passing the
intersection was set at 26.3 km/h. This was a scenario
in which an oncoming vehicle occasionally approached
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the driver’s vehicle. In this simulations, there was no
event in which a pedestrian a suddenly crosses the road
at each intersection. The participants were instructed
to accelerate up to approximately 40 km/h, and they
were required to pass the intersection while slowing and
steering according to their own judgment.

Informed consent was obtained from all participants.
First, the training trials to familiarize the participants
with the simulator were performed for approximately
15 min. Subsequently, the participants drove the car
equipped with the traditional two-pedal interface. Two
repetitions were recorded for the driving with the tra-
ditional two-pedal interface without haptic guidance
(without haptic guidance 1, and without haptic guid-
ance 2). Next, the participants attended a lecture on
the haptic guidance support with the one-pedal driving
mode. After the lecture, the training trials to familiar-
ize the participants with the one-pedal driving mode
were performed for approximately 40 min. The train-
ing trials included 1) driving freely with the one-pedal
driving mode, 2) driving at the specified speed with the
one-pedal driving mode (speed tracking task), and 3)
following the lead car while maintaining a given dis-
tance with the one-pedal driving mode (car-following
task). After the training trial with the guidance support
was conducted once, two repetitions were recorded for
the driving with the one-pedal interface with the haptic
guidance (with haptic guidance 1, and with haptic guid-
ance 2). Finally, the participants answered the accep-
tance questionnaire developed by J. D. van der Laan et
al. (1997). The acceptability scale was a five-point rat-
ing scale. Participants indicated their opinions about
the assistance system on a total of nine items (i.e., use-
ful, good, effective, assisting, raising alertness, pleasant,
nice, likable, and desirable). The scores for two accep-
tance dimensions, usefulness and satisfaction, were cal-
culated. The experiment required approximately 1.5 h
per participant to complete.

5.4 Applied Haptic Guidance

When the ADAS with a lean digital map (Tto et al.
2015) detects an intersection ahead including blind ar-
eas with the relative distance to the intersection being
less than 70 m, it provides an additional force to the ac-
tive gas pedal; thus, the ADAS provided only the haptic
feedback to guide the drivers toward the normative be-
havior.

5.5 Hypothesis

We hypothesized that if the participants could be led
to the referenced terminal velocity calculated by the
co-driver function through haptic guidance, this would
be because they perceived the additional force, and
recognized the additional force reduction (force-slope
changes) as the current velocity approached closer to
the referenced velocity.

5.6 Dependent Measures

From the data recorded during the simulator experi-
ment, a number of variables were extracted:

— Minimum velocity, Vi, The minimum velocity was
calculated using the recorded data while passing the
unsignalized intersection including the blind areas.

— Collision velocity, V,,;: The haptic guidance support
was tested only for situations in which the pedes-
trian did not cross the road because of the risk,
in that it could create trauma for the participating
drivers. In this study, assuming that the “virtual”
pedestrian initiates a road crossing, the collision ve-
locity, Vo, for the virtual pedestrian was calculated.
We assume that the virtual pedestrian crosses the
road at every sampling interval. The virtual pedes-
trian’s velocity was set at 1.5 m/s. We assumed that
the assistance system would implement the AEB
(i.e., 7=0.6 s and a,4.= -6 m/s?) to avoid a crash
when it determined that there was a possibility of
collision with the pedestrian.

These data were analyzed using a paired t-test for the
last intersection entry scenario in each condition (with-
out haptic guidance 2, and with haptic guidance 2). The
results with p < .05 are reported as significant.

6 Experiment 2: Results and Discussion

Fig. 11 shows a typical example of the recorded data
(participant D4) with haptic guidance using the active
gas pedal. The plots show the lateral position, velocity
[red: desired terminal velocity while passing the inter-
section, blue: actual velocity], acceleration, gas pedal
stroke, brake pedal stroke, and additional force. The
collision velocity is indicated by the colored bar. Gray
indicates no possibility of collision; green indicates that
the collision is avoidable under the assumption that
AEB is activated; blue indicates that the collision ve-
locity is less than 30 km/h; red indicates that the colli-
sion velocity is greater than 30 km/h. From Fig. 11, we
can confirm that the participants could be led to the
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referenced velocity by applying the additional force to
the gas pedal; the ADAS assisted the drivers in obtain-
ing the referenced velocity by using the stroke range
designed for the slowdown task through the one-pedal
driving mode. Thus, the vehicle slowed down without
requiring the driver’s foot-switching operation from the
gas pedal to the brake pedal. Fig. 12 illustrates the re-
lationship between the participant’s pedal stroke posi-
tion and the force lines (N) with respect to the current
velocity and the depression of the gas pedal (partici-
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Fig. 13 All recorded trajectory data while passing the inter-
section (D4).
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pant D4), and the arrows denote the changes in the
gas-pedal stroke position. Fig. 13 shows the trajectory
data, i.e., velocity and acceleration, while passing the
intersection. From Figs. 12 and 13, it appears that the
haptic guidance support assisted the participant to per-
form a smooth deceleration. As a result of slowing down
to the referenced terminal velocity, collision with the
virtual pedestrian was avoidable under the assumption
that AEB was activated. Fig. 14 shows the effects of the
minimum velocity and collision velocity on the driving
performance when passing the intersection adding or
subtracting the haptic guidance support system. The
paired t-test with the experimental condition applied to
both variables showed significant differences in the min-
imum velocity (¢(17)=2.9262, p < .05), and in the colli-
sion velocity (¢(17)=2.2041, p < .05). In the minimum-
velocity plot in Fig. 14, the green line denotes the refer-
enced terminal velocity calculated by the driver model.
It is clear that the participant drivers could be led to
the referenced terminal velocity by the application of
the additional force on the gas pedal. Finally, the re-
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sults of the rating scores on the driver acceptance are
shown in Fig. 15.

Haptic guidance was designed to guide a driver to
adopt risk-predictive driving such that he/she could in-
crease his/her safety margins. The support system af-
forded haptic information on the latent hazard through
the haptic feedback loop with the proposed one-pedal
driving mode interface, and the counterforce was de-
pendent on the deviation relative to the referenced ve-
locity. The hypothesis was that if the participants could
be led to the referenced terminal velocity, this would be
because he/she perceived the additional force and rec-
ognized the additional force reduction as the current
velocity approached closer to the referenced velocity.
From our statistical analysis of the minimum velocity
while passing the intersection, we found that the partic-
ipants could be led to the referenced terminal velocity
through haptic guidance. Thus, our hypothesis was val-
idated; the results indicate that drivers begin to slow
down via the haptic feedback loop with gas-pedal stiff-
ness feedback.

In the past decade, many studies have focused on
assessing overt and/or potential risks in car-following
and/or collision-avoidance situations (Mulder et al. 2010,
2011; Takae et al. 2009). In contrast, our study focuses
on assessing the potential risks in relation to hazards
that cannot be observed by the driver or detected by
the conventional AEB system. As mentioned in the in-
troduction, the key aspect of our study is as follows:
the possibility that the unrecoverable event for a driver
will happen is extremely low, but the damage result-
ing upon the occurrence of the event is unacceptable.
Therefore, the drivers may perceive most of these assis-
tance inputs as false positives. The proposed assistance
system only provides haptic feedback, without enhanc-
ing the situation awareness with auditory alerts and vi-
sual information, to avoid or reduce driver annoyance.
Moreover, although the haptic feedback loop enables
the driver to slow down, the driver determines the de-

celeration for the slowdown task by adjusting the gas-
pedal stroke position via the one-pedal driving mode
interface. As can be observed from our statistical anal-
ysis of the minimum velocity, the drivers could over-
ride the slowing down process initiated by the haptic
feedback by depressing the gas pedal and/or releasing
the gas pedal. The primary advantage of the proposed
haptic guidance approach is that it assists in inducing
risk-predictive driving behaviors and also reflects the
intent of the driver by continuously interacting with
the assistance system. As a solution to the issues to be
addressed in the active deceleration support (Saito and
Raksincharoensak 2016a), this proposed haptic guid-
ance can be considered in the following manner: The
important features of the system are that the active
gas-pedal stroke is classified into three stroke ranges
(acceleration, steady, and deceleration), and the hap-
tic feedback and the one-pedal driving mode interface
operate in unison to maintain the human-in-the-control
loop for the slowing down task. The proposed method
can also be applied to electric vehicles with one-pedal
operation by merely mounting an active gas pedal to
generate an additional force.

7 Limitation and Future Works

Our human-in-the-loop experiments had two objectives.
In the car-following experiment, we investigated the
effect of the one-pedal driving mode interface on the
driver behavior. While we analyzed the short-term ef-
fects on the driver behavior, a long-term-effect analysis
is still lacking. The behavioral adaptation needs to be
investigated through long-term experiments. Moreover,
many participants commented that it was difficult for
them to maintain a steady driving owing to the “nar-
rowness” of the stroke range designed for steady driv-
ing. Thus, it is necessary to improve the design of the
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one-pedal driving mode interface to enable good ma-
neuverability.

In our risk-predictive driving experiments, we inves-
tigated the effect of the haptic guidance support on the
driver behavior. The driving trial was repeated several
times for each participant, and the targeted velocity
while passing the intersection was set at 26.3 km/h.
Consequently, it is necessary to investigate the effect of
the guidance system on the driver behavior for differ-
ent targeted velocities and/or different strengths of the
haptic feedback. Thus, evaluations related to individ-
ual differences should be conducted, when a mismatch
between the degrees of hazard anticipated by humans
and by machines occurs owing to decision errors such
as false assumptions and aggressive behaviors. The hap-
tic guidance support was tested only for situations in
which the pedestrian did not cross the road because
this could otherwise be traumatic to the participating
drivers. Each participant first practiced for the inter-
section entry scenario; subsequently, possible expected
scenarios were also repeated several times. Therefore,
it is necessary to evaluate the driver behavior in the
case where an unexpected situation occurs. In addition
to the experimental conditions, our assistance system
was activated when it detected an intersection includ-
ing the blind areas ahead with the relative distance to
the intersection being less than 70 m. The initiating
condition should be changed according to the driving
context. A long-term analysis of the driver acceptance
and trust in the real world is also lacking. Finally, we
recognized that the proposed assistance system can be
useful for a wide range of age groups. Research covering
a wide range of age groups is still lacking. In this re-
gard, we have currently developed an experimental ve-
hicle equipped with a number of environment sensors.
We plan to address the issues related to the limitations
above through field operations and testing.

8 Conclusion

Previous research (Saito and Raksincharoensak 2016a)
has proposed active deceleration support as part of the
risk-predictive braking maneuvers to reduce the poten-
tial risk of a pedestrian who crosses the road from the
driver’s blind areas in the absence of a communication
device; the ADAS activates an early brake interven-
tion to ensure a sufficient time margin for the driver
to react in the case that an unexpected time-critical
situation occurs. However, drivers may perceive most
of these assistances as false positives due to the high
uncertainty in the judgment of criticality. The primary
contribution of our study is to present a haptic guidance
design for risk-predictive driving, i.e., a slowing down

task that enables drivers to increase their safety mar-
gins in a given situation. We intended to combine the
algorithm of the haptic feedback loop with the func-
tionality of the one-pedal driving mode interface. We
tested our system in human-in-the-loop experiments in
a driving simulator to investigate (1) the effect of the
one-pedal driving mode interface on the driver behav-
ior and (2) the effect of haptic guidance support on the
driver behavior. From the results of our experiments,
our conclusions are as follows:

— The one-pedal driving mode interface can be useful
for simplifying the longitudinal driving task by af-
fording the one-pedal operation, and it can improve
the driver performance in the approach task in car-
following.

— Haptic guidance with the active gas pedal assists in
inducing risk-predictive driving behaviors and also
reflects the driver’s intention by continuously inter-
acting with the support system.

Our risk-predictive haptic guidance can be valuable in
coping with driving uncertainty and complexity in ur-
ban areas, although further research on the approach is
required.
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