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Displaying System Situation Awareness Increases
Driver Trust in Automated Driving

Kohei Sonoda and Takahiro Wada , Member, IEEE

Abstract—Self-driving systems are expected to become increas-
ingly popular in the foreseeable future. However, a driver who is
out of the control loop might reduce overall situation awareness
by overly trusting automated driving systems. Alternatively, the
introduction of automated driving systems could lead to misuse or
disuse. For these reasons, an automated driving system should en-
courage appropriate driver reliance to achieve social acceptance.
Imperfect information of the system sensing range might adversely
affect trust. This study used a vibrotactile display with an auto-
mated driving system to provide situation awareness. The display
contributes to driver trust by enabling a driver to predict or per-
ceive actions selected by the system. The display provides spatial
information related to traffic objects by haptic stimulus. The driv-
ing scenario of passing a motorbike with vehicles approaching from
behind was considered. The results of this driving simulator study
demonstrated that the spatial information and the behavior of the
system affected trust.

Index Terms—Autonomous vehicles, driver behavior, human–
computer interaction.

I. INTRODUCTION

H IGHLY automated driving (HAD), which corresponds to
the automated driving levels of 3–5 [1], might degrade

driver situation awareness (SA) if a driver is engaged in non-
driving tasks [2]. Situation awareness is defined as “knowing
what’s going on so you can figure out what to do” [3]. The pro-
portion of time a driver’s gaze is fixed on the center of the road is
lower during HAD than during manual driving when instructed
to perform a nondriving task such as video-watching, handheld
telephoning, eating, or reading [4]. Drivers are more likely to
use a DVD player, read a magazine, or eat during HAD than
during manual driving [5]. An earlier study [6] demonstrated
that none of five participants could keep a car on the road after
an HAD system failed 2 s before entering a curve, although an
acoustic warning was provided at the moment of failure.

“Trust” affects the use of automated systems [7]. Many reports
from pilots that mention monitoring failures have described
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overreliance on automated systems such as autopilots [8], [9].
With over-trust, a driver’s trust exceeds the HAD system capa-
bilities, leading to misuse and driver-degraded SA. Moreover,
disuse of automation has been studied to design for appropriate
trust [10].

Appropriate driver SA is expected to depend on how much
trust a driver has in automated driving. When overly trusting
HAD, the driver will not devote attention to the road even if a
situation requires monitoring. HAD drivers might be less likely
to direct their gaze to the road center [4] or be inclined to en-
gage in nondriving tasks [5]. Overreliance in HAD conditions
will lower a driver’s SA. By contrast, distrust or low trust might
impose a higher monitoring workload on drivers. Drivers using
HAD systems are sensitive to speed, lateral distance, and steer-
ing timing when passing other traffic objects [11]. Consequently,
“trustable” automation [7], which is designed to be comprehen-
sible, understandable, or well anthropomorphized for drivers, is
expected to give the driver appropriate SA.

Questions arise related to trust. What affects a driver’s trust in
automated driving? System SA, or how the system comprehends
the surrounding traffic environment, is a factor that is strongly
expected to affect driver reliance. In a driving situation, an HAD
system observes the traffic environment, plans an action such as
depressing an accelerator or brake pedal or turning the wheel,
and then executes the plan. Human drivers cannot easily know
an HAD system plan in advance. The drivers know the HAD
driving plan only after it is completed. Consequently, they judge
trust in the HAD system only after its performance. One study
[11] revealed that a driver feels appropriate steering timing if
the HAD has earlier steering timing than manual driving when
passing other traffic objects. A driver might need to ascertain
how the system plans by watching the wheel movements be-
fore the appropriate steering timing. HAD system planning is
invariably a black box for drivers that is expected to increase
the difficulty in appropriately trusting automation [7].

Considering the matter differently, what would happen if a
driver could know that the system comprehends other traffic ob-
jects before lane changing? Knowledge about the system com-
prehension of a traffic situation is expected to affect trust in
automation. How to use an automation system changes trust
in automation dynamically [12]–[14]. This study constructed a
vibrotactile display that provided spatial information of close
traffic objects by a haptic stimulus, which equals the SA of an
HAD system. The display showed the system recognition of the
driving context to a driver. The driver could anticipate the action
selection of HAD; such expectation might contribute to trust in
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Fig. 1. Driving simulator and course.

automated systems. The driving scenario of passing a motor-
bike with vehicles approaching from behind was considered.
The driving automation level was defined as 4 or 5, in which
the driver might look around at the traffic situation even when
engaged in nondriving tasks.

II. METHODS

This study investigated the possible effects and influences of
a vibrotactile display on driver trust in an automated driving
system. The display used for the driving assistance method was
tested in driving simulator experiments.

Visual or audio representation may also be an effective way
of displaying SA. For example, an icon may appear if a front
vehicle is detected, or the vehicle may illustrate detected sur-
rounding vehicles by providing an animation of the road scene.
However, in this study, we considered the situation in which the
driver was not carefully monitoring during automated driving
at level 4 or 5, in which tactile information is expected to be
more suitable. This study aims to explore the possibility of hap-
tic devices for presenting spatial awareness indirectly without
preventing driver activity on nondriving tasks.

A. Experimental Setup and Participants

The experiment was conducted with a stationary driving sim-
ulator that has three LCD displays in the front and sides (see
Fig. 1). Drivers could see the rear traffic situation through sim-
ulated side mirrors with computer graphics. A 250-W brushless
DC motor (Maxon Precision Motors Inc.) was attached to a
steering shaft to generate torque around the axis for assisting
manual driving or emulating automated driving. A torque sen-
sor (Kyowa Electronic Instruments Co., Ltd.) was installed on
the steering wheel to measure torque exerted on the shaft. Com-
puter graphics were generated using software (Unity 3D; Unity
Technologies). Vehicle motion behavior was calculated using
CarSim (Mechanical Simulation Corp.).

A vibrotactile display was constructed with a flat coreless
vibration motor (FM34F; Tokyo Parts Industrial Co., Ltd.) con-
trolled by a microcomputer (PIC, PIC16F1938 I/SP; Microchip
Technology Inc.). Participants wore bands around each wrist
with a motor attached (see Fig. 2).

The group of participants consisted of 10 men, aged be-
tween 21 and 23 years. Each participant had a valid driver’s
license. They received a written explanation of the experiment
and signed an informed consent sheet.

Fig. 2. Vibrotactile device on driver wrists.

Fig. 3. Driving methods for passing other traffic objects.

B. Driving Scenario

The driving course was a two-lane straight urban street with
no signal-regulated intersections. Drivers, or the automated driv-
ing system, maintained a speed of at 70 km/h (44 mph) in the
left lane of the two-lane road, with lane width of 4.0 m, in urban
areas on the assumption that traffic keeps to the left in Japan.
The study was focused on the situation of passing other objects.
The two-lane urban street, speed limit, and lack of intersections
were expected to have no effect. A similar scenario was used in
a previous study [11].

We set up scenes in which drivers encountered a motorbike
on the left side with a vehicle approaching from behind on the
right side after two leading vehicles passed (see Fig. 3). Three
driving methods (straight, middle, over) were constructed based
on how to avoid the motorbike while paying attention to the
following vehicle. The details are described in Section C of
the experimental design. The motorbike appeared 100 m ahead
when the drivers ran 200 m and drove on the left white line at
15 km/h (9.3 mph). Three passenger vehicles ran on the right
lane at 100 km/h (62 mph). Specifically, two were 30 m and
38 m behind while the driver ran at 40 m. The other vehicle and
the motorbike appeared 90 m behind when the driver reached a
point 200 m from the start point.

C. Experimental Design

A situation was considered in which the automated vehicle
passed a motorbike when the other vehicle was approaching
from behind after two leading vehicles passed (see Fig. 3). The
experiment was a 3 × 3 within-subjects design.

The automated vehicle had three methods of passing the bike:
straight, middle, and over. The straight method did not avoid
the bike when passing but had no contact with the bike. The
middle method avoided the bike while running slightly over the
right white line when passing and then returned to the left lane.
The over method avoided fully crossing into the right lane of the
two-lane road during the apex of its maneuver, and the follow-
ing vehicle approached very closely when returning to the left
lane. Each method differed in lateral distance from the bike but
was conducted with the same steering timing if avoiding a bike.
Each of the three automated driving methods was generated
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using each of three recorded datasets of the experimenter’s man-
ual driving. The participants experienced each driving scenario
(straight, middle, and over) three times with different informa-
tion representations. The widths of the load and vehicle were
4 m and 1.8 m, respectively. The lateral distances of avoiding
the bike for each method were 1.1 m (straight), 3.1 m (middle),
and 5.1 m (over).

The vibrotactile display provided information related to close
traffic objects in three ways: directed, nondirected, and no. The
information was based on whether other objects were close to
the automated vehicle within the distance of time to collision
(TTC) = 7 s. The display indicated only the presence of some
vehicles; i.e., it did not distinguish two vehicles. It was designed
to provide a binary indication of traffic in the left vs. right
lane and did not indicate the volume or density of this traffic.
Directed information presented the traffic situation of each side
through each vibration motor. The pulses on each side of the
driver’s vehicle were toggled at different times based on event
dynamics. Nondirected information presents both sides through
both motors, where the information did not distinguish each side
of the vehicle. Multiple pulses, which were constantly provided
when other vehicles were present, were used consistently for
nondirected vs. directed. The intensity of the pulse was constant
notwithstanding the value of TTC (0 s < TTC < 7 s). No
information presents nothing.

Each driver experienced each of the three methods (straight,
middle, over) of automated driving when passing the motorbike
once with each of the three types (directed, nondirected, no) of
information. The order was grouped with the driving method,
and the information type was mixed in the group. Each driver
had no repeated exposure. For example, a driver experienced the
middle method group first (directed, no, nondirected alert), over
method second (no, directed, nondirected alert), and straight last
(nondirected, no, directed alert). Thus, each driver tested a total
of 9 automated driving rides with counterbalance.

D. Dependent Variables

The effects of varying automated driving methods were
investigated with spatial information related to driver trust
in automation. Ten variables were used to record a driver’s
subjective ratings of the automated vehicle. Low “usability
(comfort)” might decrease trust. “Avoidance,” which is one of
the automated driving methods regarding motorbike, relates to
the driver judgment of “system situation awareness.” After com-
pleting a test ride for each driving condition, the drivers wrote
judgments in response to the following questions; i.e., each
driver answered 90 questions. An eleven-point rating scale was
used.

Usability:
1) Driver perception: Subjective estimation of driver per-

ception of other vehicles. 0 indicates “not at all,” and 10
represents “very easy.” The question was the following:
How easily did you perceive approaching vehicles?

2) Driver comfort: Subjective estimation of comfort with
haptic assist. 0 indicates “too uncomfortable,” and 10 rep-
resents “very comfortable.” The question was the follow-
ing: How was the haptic assist comfort?

Avoidance:
1) Avoidance radius: Subjective estimation of avoidance ra-

dius for motorbike. 0 indicates “too small,” and 10 rep-
resents “too large.” The question was the following: How
large did you feel the avoidance of the motorbike was?

1) Avoidance timing: Subjective estimation of avoidance tim-
ing for motorbike. 0 indicates “too late,” and 10 represents
“too fast.” The question was the following: How fast did
you feel the avoidance of the motorbike was?

2) Return timing: Subjective estimation of return timing after
the avoidance of the motorbike. 0 indicates “too late,” and
10 represents “too fast.” The question was the following:
How fast did you feel the return after avoidance of the
motorbike was?

Awareness:
1) Motorbike awareness: Subjective estimation of system

SA about the motorbike. 0 indicates “not at all,” and 10
represents “completely.” The question was the following:
How did you feel about the system situation awareness
of the motorbike?

2) Rear vehicle awareness: Subjective estimation of system
SA about rear vehicle. 0 indicates “not at all,” and 10
represents “completely.” The question was the following:
How did you feel about the system situation awareness
of the rear vehicle?

Trust:
1) Performance trust: Subjective estimation of trust in sys-

tem performance. 0 indicates “not at all,” and 10 represents
“completely.” The question was the following: How much
do you trust the automated system performance?

2) Awareness trust: Subjective estimation of trust in sys-
tem SA. 0 indicates “not at all,” and 10 represents “com-
pletely.” The question was the following: How much did
you trust the situation awareness of the automated driv-
ing system?

3) Overall system trust: Subjective estimation of trust in
overall automated driving system. 0 indicates “not at all,”
and 10 represents “completely.” The question was the fol-
lowing: How much did you trust the automated system
overall?

E. Procedure

All drivers were required to provide informed consent after
being briefed on the driving scenario and the task requirements
of practice runs. Each driver was then given four practice drive
patterns: The driver drove freely in the first two trials and was
instructed to avoid the bike in the last two. Manual driving was
used only as practice and not for analysis. Finally, after donning
the vibrotactile displays, the experimental trials were started.
All driving maneuvers were controlled automatically on driving
conditions. Drivers placed their hands on their legs and looked
around to observe the traffic situation during automated driving.
The set of 10 questions was administered after each run.

III. RESULTS

Subjective ratings related to driving behavior and SA of the
automated driving system were analyzed. It is noteworthy that
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TABLE I
TWO-WAY ANOVA OF SUBJECTIVE ESTIMATIONS

Method Information Interaction

F value p value F value p value F value p value

Perception F(2, 18) = 6.789 .006∗∗ F(2, 18) = 50.005 .000∗∗ F(4, 36) = 2.149 n.s.
Comfort F(2, 18) = 8.581 .012∗ F(2, 18) = 4.567 .025∗ F(4, 36) = .865 n.s.

Avoidance radius F(2, 18) = 74.679 .000∗∗ F(2, 18) = 6.056 .010∗ F(4, 36) = .602 n.s.
Avoidance timing F(2, 18) = 5.796 .027∗ F(2, 18) = 3.447 n.s. F(4, 36) = .281 n.s.
Return timing F(1, 9) = 4.187 n.s. F(2, 18) = 2.707 n.s. F(2, 18) = 1.731 n.s.

Motorbike awareness F(2, 18) = 11.217 .001∗∗ F(2, 18) = 19.745 .001∗∗ F(4, 36) = 4.915 .020∗
Rear vehicle awareness F(2, 18) = 5.847 .011∗ F(2, 18) = 24.621 .000∗∗ F(4, 36) = 3.088 .028∗

Performance trust F(2, 18) = 22.158 .000∗∗ F(2, 18) = 6.336 .008∗∗ F(4, 36) = 1.149 n.s.
Awareness trust F{2, 18) = 4.587 .025∗ F(2, 18) = 33.165 .000∗∗ F(4, 36) = 7.230 .000∗∗
System trust F(2, 18) = 20.365 .000∗∗ F(2, 18) = 32.807 .000∗∗ F(4, 36) = 4.185 .007∗∗

∗∗, p < 0.01; ∗, p < 0.05; n.s., not significant

the terms “driving method” and “spatial information” were not
used in dependent variables, but “driving performance” and
“situation awareness” were used to guide participants not to
examine individual functions of the automated driving system
specifically, such as method or information. System trust was
then assumed to be composed of other variables, and each vari-
able was first analyzed separately using ANOVA. The system
trust was then analyzed with the other variables using multiple
regression analysis.

Two-way ANOVA was used for each variable (see Table I), in
which subjective ratings could be treated as interval scales [15].
Post hoc tests were conducted using the Bonferroni method.
Multiple regression analysis was conducted to predict system
trust based on the other variables. Ten data points were used
for each condition of method and information, i.e., the set of
10 questions was administered after each run. An eleven-point
rating scale, 0 indicating low and 10 high, in which each ques-
tion item was attached to 0 and 10 and not the others, was
used.

A. Usability

1) Driver Perception of Other Vehicles: Fig. 4(a) portrays
the effects of differences in the subjective ratings for driver per-
ception of other vehicles. The two-way ANOVA of the subjec-
tive rating according to the method and information conditions
and their interaction showed that the main effects were signifi-
cant in the method and information conditions but not significant
in their interaction (see Table I). Post hoc tests using the Bonfer-
roni method showed greater significance in the middle method
than straight (p = 0.013; Table II) and significant differences
among the types of information.

2) Driver Comfort With Haptic Assist: Fig. 4(b) depicts the
effects of differences in the subjective rating of driver comfort
related to haptic assist. The two-way ANOVA of the subjective
rating according to the method and information conditions and
their interaction showed that the main effects were significant
in the method and information conditions but not significant
in their interaction (see Table I). Post hoc testing using the
Bonferroni method showed greater significance for the middle

method than over (p = 0.042) and for directional information
than no (p = 0.048; Table III).

B. Avoidance

1) Avoidance Radius for Motorbike: Fig. 4(c) depicts the
effects of differences in the subjective rating of the avoidance
radius for the motorbike. Two-way ANOVA of the subjective
rating according to the method and information conditions and
their interaction showed that the main effects were significant
in the method and information conditions but not significant
in their interaction (see Table I). Post hoc testing using the
Bonferroni method showed significant differences among the
methods but no difference among the types of information
(see Table IV).

2) Avoidance Timing for Motorbike: Fig. 4(d) depicts effects
of differences in the subjective rating of avoidance timing for
the motorbike. The two-way ANOVA of the subjective rating
according to the method and information conditions and their
interaction showed that the main effects were significant in the
method and information conditions but not significant in their
interaction (see Table I). Post hoc tests using the Bonferroni
method showed greater significance for the middle method than
straight (p = 0.018) but no significant difference among the
types of information (see Table V).

3) Return timing After Avoiding the Motorbike: Fig. 4(e)
portrays the effects of differences in subjective ratings of return
timing after avoidance of the motorbike. The two-way ANOVA
of the subjective rating according to the method and information
conditions and their interaction showed that the main effects
were not significant in the method and information conditions
or in their interaction (see Table I).

C. Awareness

1) System Situation Awareness of Motorbikes: Fig. 4(f)
presents the effects of differences in the subjective rating of
system SA for motorbikes. The two-way ANOVA of subjective
rating according to the method and information conditions and
their interaction showed that the main effects were significant
in the method and information conditions and their interaction
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Fig. 4. Subjective estimations: (a) Perception of other vehicles—0 denotes “not at all,” and 10 represents “completely”; (b) Comfort about haptic assist—0
denotes “too uncomfortable,” and 10 represents “very comfortable”; (c) Avoidance radius for motorbike—0 denotes “too small,” and 10 represents “too large”;
(d) Avoidance timing for motorbike—0 denotes “too late,” and 10 represents “too fast”; (e) Return timing after the avoidance of motorbike—0 denotes “too late,”
and 10 represents “too fast”; (f) System situation awareness of motorbike—0 denotes “not at all,” and 10 represents “completely”; (g) System situation awareness
about rear vehicle—0 denotes “not at all,” and 10 represents “completely”; (h) Trust in system performance—0 denotes “not at all,” and 10 represents “completely”;
(i) Trust in system situation awareness—0 denotes “not at all,” and 10 represents “completely”; (j) Trust in overall system—0 denotes “not at all,” and 10 represents
“completely.”

TABLE II
POST HOC TEST OF PERCEPTION

St, straight method; Mi, middle; Ov, over
No, no information; Nd, nondirectional; Di, directional
∗∗, p < 0.01; ∗, p < 0.05; n.s., not significant; −, not applicable

TABLE III
POST HOC TEST OF COMFORT

St, straight method; Mi, middle; Ov, over
No, no information; Nd, nondirectional; Di, directional
∗∗, p < 0.01; ∗, p < 0.05; n.s., not significant; -, not applicable

TABLE IV
POST HOC TEST OF AVOIDANCE RADIUS

St, straight method; Mi, middle; Ov, over
No, no information; Nd, nondirectional; Di, directional
∗∗, p < 0.01; ∗, p < 0.05; n.s., not significant; -, not applicable

(see Table I). For the straight method, post hoc testing by the
Bonferroni method showed that the effects were significantly
less in no information than in directional (p = 0.001) or nondi-
rectional (p = 0.001; Table VI). In no information, the test
showed that the effects were significantly less in the straight
method than middle (p = 0.005) or over (p = 0.010; Table VI).

2) System Situation Awareness of Rear Vehicles: Fig. 4(g)
presents the effects of differences in subjective ratings of
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TABLE V
POST HOC TEST OF AVOIDANCE TIMING

St Mi Ov

St – – –
Mi .018∗ – –
Ov n.s. n.s. –

St, straight method; Mi, middle; Ov, over
∗∗, p < 0.01; ∗, p < 0.05; n.s., not significant; -, not
applicable

TABLE VI
POST HOC TEST OF MOTORBIKE AWARENESS

St, straight method; Mi, middle; Ov, over
No, no information; Nd, nondirectional; Di, directional
∗∗, p < 0.01; ∗, p < 0.05; n.s., not significant; -, not applicable

TABLE VII
POST HOC TEST OF REAR VEHICLE AWARENESS

St, straight method; Mi, middle; Ov, over
No, no information; Nd, nondirectional; Di, directional
∗∗, p < 0.01; ∗, p < 0.05; n.s., not significant; -, not applicable

system SA related to the rear vehicle. The two-way ANOVA of
subjective ratings according to the method and information con-
ditions and their interaction showed that the main effects were
significant in the method and information conditions and their
interaction (see Table I). In the over method, post hoc testing
using the Bonferroni method showed that the effects were sig-
nificantly larger in directional information than no (p = 0.002)
or nondirectional (p = 0.021; Table VII). In respective infor-
mation conditions, the test showed that the effects were not
significantly different among the methods (see Table VII).

D. Trust

1) Performance Trust: Fig. 4(h) portrays the effects of dif-
ferences in subjective ratings of trust in system performance.
The two-way ANOVA of subjective rating according to the

TABLE VIII
POST HOC TEST OF PERFORMANCE TRUST

St, straight method; Mi, middle; Ov, over
No, no information; Nd, nondirectional; Di, directional
∗∗, p < 0.01; ∗, p < 0.05; n.s., not significant; -, not applicable

TABLE IX
POST HOC TEST OF AWARENESS TRUST

St, straight method; Mi, middle; Ov, over
No, no information; Nd, nondirectional; Di, directional
∗∗, p < 0.01; ∗, p < 0.05; n.s., not significant; -, not applicable

method and information conditions as well as their interaction
showed that the main effects were significant in the method
and information condition and not significant in their interac-
tion (see Table I). Post hoc testing using the Bonferroni method
showed that the effects were not significantly different between
straight and over methods and also not different between no and
nondirectional information and larger in no information than in
directional (p = 0.035; Table VIII).

2) Situational Awareness Trust: Fig. 4(i) presents the ef-
fects of differences in the subjective rating of trust in system
SA. The two-way ANOVA of the subjective rating according
to the method and information conditions and their interaction
showed that the main effects were significant in the method
and information conditions and their interaction (see Table I).
For the straight method, post hoc testing using the Bonferroni
method showed that the effects were significantly smaller in
no information than nondirectional (p = 0.002) and directional
(p = 0.000; Table IX). In the no information condition, the test
showed that the effects were significantly larger in the middle
method than in straight (p = 0.002) and not significantly dif-
ferent between the middle and over methods (see Table IX).

3) Entire System Trust: Fig. 4(j) portrays the effects of dif-
ferences in the subjective ratings of trust in the overall system.
The two-way ANOVA of the subjective rating according to the
method and information conditions and their interaction showed
the main effects that were significant in the method and informa-
tion conditions and their interaction (see Table I). In the straight
method, post hoc tests using the Bonferroni method showed
that the effects were significantly smaller in no information
than in nondirectional (p = 0.001) and directional (p = 0.000;
Table X). In nondirectional information, the test showed that the
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TABLE X
POST HOC TEST OF SYSTEM TRUST

St, straight method; Mi, middle; Ov, over
No, no information; Nd, nondirectional; Di, directional
∗∗, p < 0.01; ∗, p < 0.05; n.s., not significant; -, not applicable

TABLE XI
SUMMARY OF MULTIPLE REGRESSION ANALYSIS FOR VARIABLES PREDICTING

SYSTEM TRUST

Variable Coefficient (β) SE t value p value

Constant .063 .218 .290 –
Awareness trust .427 .055 7.142 .000∗∗
Performance trust .549 .036 12.890 .000∗∗
Driver perception .146 .043 2.787 .007∗∗

IP-. 894 F(3,83)—243.735 .000∗∗

∗∗, p < 0.01; ∗, p < 0.05; n.s., not significant; -, not applicable

effects were significantly larger in the middle method than over
(p = 0.001) and not significantly different between the middle
and straight methods (see Table X).

E. Regression Analysis

A multiple linear regression was performed to predict the
overall system trust based on awareness trust, performance trust,
and driver perception (see Table XI). A significant regression
equation was found (F (3, 83) = 243.735, p = 0.000), with R2

of 0.894. The predicted overall system trust is equal to

0.063 + 0.427X1 + 0.549X2 + 0.146X3 , (1)

where X1 stands for awareness trust, X2 signifies performance
trust, and X3 denotes driver perception. Awareness trust, per-
formance trust, and driver perception were significant predic-
tors of overall system trust (p = 0.000, p = 0.000, p = 0.007:
Table XI).

The full set of remaining nine questions was included as
part of the regression analysis to predict overall system trust
(question 10). However, the stepwise methods of regression
analysis remained only “awareness trust,” “performance trust,”
and “driver perception,” and the other questions were deleted.
The effects of the categorical variables of the vibrotactile dis-
play (no, nondirected, directed) and automated drive maneu-
ver method (straight, middle, over) were already analyzed by
ANOVA and not included in the regression model. This analy-
sis focused on the level of question.

IV. DISCUSSION

This study assessed driver trust in automated driving when
passing other objects in a heavy traffic situation with spatial
information of approaching vehicles using a vibrotactile display.
Spatial information was expected to increase driver trust because
a driver can perceive some part of the decision process of an
automated driving system through the information. This effect is
expected to increase when the system performs lane changes in
which a driver might feel the risk of collision with other objects.

The driving method is a necessary factor for driver trust in
automated driving. When an automated vehicle passes another
object such as a bicycle or motorbike, the driver is sensitive to
the steering timing of lane changes and the lateral distance from
the object [11]. With earlier steering timing or longer lateral
distance, the subjective rating of system trust was high [11]. Es-
pecially, each driver felt that it was inappropriate when the auto
driving used exactly the same distance or timing as the driver’s
own performance. Designing a trustable system requires driv-
ing with earlier timing or more distance than that of each driver
when passing other objects, which is expected to affect automa-
tion usage [16]–[18]. In the present study, the middle driving
method of automated driving showed a higher subjective rating
for trust than either the straight or over method [see Fig. 4(i)].
The straight method did not avoid the left side motorbike, which
might affect performance trust. The over method returned late
to the left lane. The rear vehicle passed very close to the driver’s
vehicle. The subjective rating of return timing was not signifi-
cantly different in the over and middle methods [see Fig. 4(e)].
The close passage of a rear vehicle might affect the performance
trust of the over method, which was smaller than that of middle
[see Fig. 4(h)].

Spatial information is highly effective to increase trust in au-
tomation [see Figs. 4(i) and (j)]. The information also made it
easy for drivers to perceive other vehicles [see Fig. 4(a)]. Con-
sequently, directed information contributed more to driver trust
than nondirected information [see Fig. 4(j)]. From the informa-
tion related to whether or from which direction other vehicles
approach, a driver can anticipate the driving performance of an
automated driving system, especially for avoiding collisions.
The predictability or SA of an automated driving system culti-
vates much trust in a driver [see Fig. 4(i)]. Therefore, display-
ing information of other vehicles can increase driver trust [see
Fig. 4(j)].

Such a display can be effective even if the driving method
is exactly the same with the exception of spatial information:
the straight method did not avoid the motorbike, and the over
method allowed the close approach of the rear vehicle. Without
behavioral outcomes, the system can obtain driver trust, showing
the system SA of the traffic environment.

System trust consists of awareness trust, performance trust,
and driver perception (1). System trust increased with the display
of spatial information [see Fig. 4(j)]. The trust also increased de-
pending on the driving method: the middle method showed the
highest subjective rating in all information conditions. However,
performance (driving method) and awareness trust might not be
independent factors. Awareness trust presented a higher rating
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with the middle method than with straight or over in the no infor-
mation condition [see Fig. 4(i)]. Consequently, the performance
of an automated driving system might affect awareness trust.
The driver might judge whether the system can perceive the
surrounding traffic situation by its driving performance, which
is expected to reduce the potential risk of collision. The results
show that displaying system SA by showing performance will
be highly effective to increase driver trust in automation.

Displaying system SA is expected to be useful when design-
ing an automated driving system [19]. If a driver can know the
system SA, the driver would perceive the sensor range of the
system. When system sensors do not detect traffic objects,
the driver can ascertain the system error. Therefore, the knowl-
edge is expected to facilitate driver readiness to back up the sys-
tem during a system emergency [20], [21]. The facilitation will
be valuable for the takeover process [22]–[24]. Furthermore,
spatial information can make a driving method more accept-
able to drivers [see Fig. 4(j)]. When some drivers prefer longer
lateral distance from other objects when passing, the spatial
information can reduce driver dissatisfaction without changing
the driving method.

This study showed that displaying the system SA increased
driver trust in the automated vehicle. Over-trust effects were not
investigated in this study. However, the proposed assist method
is expected to reduce over-trust because spatial information
gives the driver system comprehension for the ongoing traf-
fic situation that would prevent misunderstanding of the system
ability. This hypothesis must be investigated in future work.

This study was based on previous work presented in con-
ference proceedings [25]. The previous work presented partial
evidence for the effects of the proposed method. The present
study, however, revealed how factors contribute to increased
driver trust in automated driving. Further analysis and deeper
discussions were provided.

V. CONCLUSION

A vibrotactile display for system SA was used to investigate
driver trust in automated driving. Three driving methods were
considered with the scenes of passing traffic vehicles. Although
the sample is narrow and small, the results supported the fol-
lowing conclusions:

1) Spatial vibrotactile information contributes to driver trust
in automated vehicles. Directional information for ap-
proaching vehicles increases driver trust more than nondi-
rectional information.

2) The driving method used for passing other traffic objects
affects driver trust in automated driving systems. Appro-
priate lateral distance is best for trust. However, the SA
display can compensate for inadequate driving methods.
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[6] F. O. Flemisch, J. Kelsch, C. Löper, A. Schieben, J. Schindler, and M.
Heesen, “Cooperative control and active interfaces for vehicle assistance
and automation,” in Proc. FISITA World Automot. Congr., Munich, Ger-
many, 2008, Paper F2008-02-045.

[7] J. D. Lee and K. A. See, “Trust in automation: Designing for appropriate
reliance,” Human Factors, vol. 46, no. 1, pp. 50–80, 2004.

[8] K. Mosier, L. J. Skitka, and K. J. Korte, “Cognitive and social psycholog-
ical issues in flight crew/automation interaction,” in Human Performance
in Automated Systems: Current Research and Trends, M. Mouloua and R.
Parasuraman, Eds. Hillsdale, NJ, USA: Erlbaum, 1994, pp. 191–197.

[9] I. L. Singh, R. Molloy, and R. Parasuraman, “Automation-induced “com-
placency”: Development of the complacency-potential rating scale,” Int.
J. Aviation Psychol., vol. 3, pp. 111–121, 1993.

[10] R. Parasuraman and V. Riley, “Human and automation: Use, misuse,
disuse and abuse,” Human Factors, vol. 39, no. 2, pp. 230–253, 1997.

[11] G. Abe, K. Sato, and M. Itoh, “Driver’s trust in automated driving when
passing other traffic objects,” in Proc. IEEE Int. Conf. Syst., Man, Cybern.,
2015, pp. 897–902.

[12] J. D. Lee and N. Moray, “Trust, self-confidence, and operators’ adaptation
to automation,” Int. J. Human-Comput. Stud., vol. 40, no. 1, pp. 153–184,
1994.

[13] S. Lewandowsky, M. Mundy, and G. Tan, “The dynamics of trust: Com-
paring humans to automation,” J. Exp. Psychol., Appl., vol. 6, no. 2,
pp. 104–123, 2000.

[14] S. Halprin, E. Johnson, and J. Thornburry, “Cognitive reliability in manned
systems,” IEEE Trans. Rel., vol. R-22, no. 3, pp. 165–169, Aug. 1973.

[15] J. Carifio and R. Perla, “Resolving the 50-year debate around using and
misusing Likert scales,” Med. Educ., vol. 42, pp. 1150–1152, 2008.

[16] T. Aizawa and M. Itoh, “Shared automation of lane change for avoiding
forward obstacle,” in Proc. IEEE Int. Conf. Syst., Man, Cybern., 2016,
pp. 003782–003787.

[17] J. Lee and N. Moray, “Trust, control strategy and allocation of function
in human-machine systems,” Ergonomics, vol. 35, no. 10, pp. 1243–1270,
1992.

[18] B. M. Muir, “Trust in automation: Part I. Theoretical issues in the study of
trust and human intervention in automated systems,” Ergonomics, vol. 37,
no. 11, pp. 1905–1922, 1994.

[19] S. M. Petermerijer, J. C. F. de Winter, and K. J. Bengler, “Vibrotactile
displays: A survey with a view on highly automated driving,” IEEE Trans.
Intell. Transp. Syst., vol. 17, no. 4, pp. 897–907, Apr. 2016.

[20] C. Ho, H. Z. Tan, and C. Spence, “Using spatial vibrotactile cues to direct
visual attention in driving scenes,” Transp. Res. F, Traffic Psychol. Behav.,
vol. 8, no. 6, pp. 397–412, Nov. 2005.

[21] A. Telpaz, B. Rhindress, I. Zelman, and O. Tsimhoni, “Haptic seat for
automated driving: Preparing the driver to take control effectively,” in
Proc. 7th Int. Conf. Automot. User Interfaces Interact. Veh. Appl., 2015,
pp. 23–30.

[22] C. Gold and K. Bengler, “Taking over control from highly automated
vehicles,” in Proc. 15th Int. Conf. Appl. Human Factors Ergonom., 2014,
pp. 3662–3667.

[23] K. Zeeb, A. Buchner, and M. Schrauf, “What determines the take-over
time? An integrated model approach of driver take-over after automated
driving,” Accident Anal. Prevent., vol. 78, pp. 212–221, May 2015.

[24] N. Merat, A. H. Jamson, F. C. H. Lai, M. Daly, and O. M. J. Carsten,
“Transition to manual: Driver behaviour when resuming control from a
highly automated vehicle,” Transp. Res. F, Traffic Psychol. Behav., vol. 27,
pp. 274–282, Nov. 2014.

[25] K. Sonoda and T. Wada, “Driver’s trust in automated driving when sharing
of spatial awareness,” in Proc. IEEE Int. Conf. Syst., Man, Cybern., 2016,
pp. 002659–002664.



SONODA AND WADA: DISPLAYING SYSTEM SITUATION AWARENESS INCREASES DRIVER TRUST IN AUTOMATED DRIVING 193

Kohei Sonoda was born in Hyogo, Japan, in 1979.
He received the B.S. degree in physics from the
Tokyo Institute of Technology, Tokyo, Japan, in 2003,
and the M.S. and Ph.D. degrees in science from
Kobe University, Kobe, Japan, in 2005 and 2011,
respectively.

He is a Postdoctoral Fellow in the Human Robotics
Laboratory, Ritsumeikan University, Kyoto, Japan.
His research interests specifically examine affor-
dance and haptic-shared control in driving assistance
systems.

Mr. Sonoda received the Outstanding Oral Presentation Award at the SICE
System Integration Conference in 2012.

Takahiro Wada (M’99) received the B.S. degree in
mechanical engineering, the M.S. degree in informa-
tion science and systems engineering, and the Ph.D.
degree in robotics from Ritsumeikan University,
Kyoto, Japan, in 1994, 1996, and 1999, respectively.

In 1999, he became an Assistant Professor with
Ritsumeikan University. In 2000, he joined Kagawa
University, Takamatsu, Japan, as an Assistant Profes-
sor in the Department of Intelligent Mechanical Sys-
tems Engineering, Faculty of Engineering, and was
promoted to an Associate Professor in 2003. Since

2012, he has been a Full Professor in the College of Information Science and
Engineering, Ritsumeikan University. He spent half a year (August 2006 to
January 2007) at the University of Michigan Transportation Research Institute,
Ann Arbor, MI, USA, as a Visiting Researcher. His current research interests in-
clude human–machine systems, automotive safety by driver assistance systems,
rehabilitation robotics, and various other areas of human–machine physical
interactions.

Mr. Wada received the Best Paper Award from JSAE in 2008 and 2011, the
Young Investigator Excellence Award from RSJ in 1999, the Best Paper Award
at the IEEE/ICME International Conference on Complex Medical Engineering
in 2010, and the Outstanding Oral Presentation from the American Society
for Automotive Engineers Engineering Meeting Board in 2010, among other
awards.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


