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How Does Explanation-Based Knowledge Influence
Driver Take-Over in Conditional

Driving Automation?
Huiping Zhou , Makoto Itoh , Member, IEEE, and Satoshi Kitazaki, Member, IEEE

Abstract—This article focuses on explanation-based knowledge
about system limitations (SLs) under conditional driving automa-
tion (society of automotive engineers level 3) and aims to reveal
how this knowledge influences driver intervention. By illustrating
the relationships between the driving environment, system, and
mental model, knowledge in dynamic decision-making processing
for responding to an issued request to intervene (RtI), occurrence
of SL, concept of RtI, and scene(s) related to SL are determined by
knowledge-based learning. Based on three concepts, the knowledge
is examined at five levels: 1) no explanation, 2) occurrence of SL,
3) concept of RtI, 4) some typical scenes related to SL, and 5) all of
the above. Data collection is conducted on a driving simulator, and
100 people with no experience of automated driving participated.
The experimental results show that instructing drivers in typical
situations contributes to a greater increase in the rate of success-
ful intervention in car control from 55% to 95%. Furthermore,
instructing them on the concept of RtI is conducive to a significant
reduction in response time from 5.48 to 3.62 s in their first experi-
ence of RtI. It is also revealed that the knowledge-based learning
effect dwindles but does not vanish even after drivers experience RtI
a number of times. Compared to explaining all possible situations
to a driver, introducing typical situations results in better take-over
performances even in critical or unexplained scenarios. This article
demonstrates the importance and necessity of this knowledge,
especially the explanation of sample scenes related to SL, which
contributes to drivers’ take-over behavior.

Index Terms—Conditional driving automation, driver takeover,
human-machine interface, information processing, safety, system
limitations.

I. INTRODUCTION

THE CONCEPT of automated driving has become
widespread over the last decade as the capabilities of au-

tomated driving systems have rapidly increased, thereby raising
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the potential of such systems to not only improve traffic safety
[1]–[3] but also ease drivers’ mental workloads.

The development of automated driving systems has been a
step-by-step process. According to the taxonomy of automated
driving systems defined by the society of automotive engineers
(SAE) in their J3016 [4] directive, the first achievement was
Level 1 “driver assistance” systems. During the development of
such systems, issues that influenced driving safety while the
driver retained primary control, such as automation surprise
[5], inattention and distraction [6], [7], excessive trust, and
overreliance [8], were discussed and investigated.

Issues such as system limitation (SL) [9], automation com-
placency [10], and driver-vehicle interfaces [11], [12] under
Level 2 “partial driving automation” conditions became serious
because the driver could actually be physically removed from
the decision-making process. Partial automation supplies more
advanced control in comparison to the driving assistant system
in terms of reliance on the system, but drivers still need to be
constantly involved in its supervision.

Since users under Level 3, which is defined as “conditional
automated driving” (see SAE J3016), are not required to con-
stantly monitor the system and/or the surrounding environment
while the automated driving system is operating normally, they
have the option of engaging in additional nondriving-related
secondary activities, such as watching videos or reading books,
and it is much more likely that they will become fatigued
[13]–[15]. However, they are still expected to smoothly intervene
and resume control when the system requests them to take over
car control, similar to the lower levels of automated systems.

In their study, Zeeb et al. [16] pointed out that drivers’ readi-
ness states influenced their take-over behavior when it became
necessary to respond to an emergency situation and suggested
that their take-over behavior would increasingly worsen accord-
ing to the extent to which a driver was distracted by a nondriving-
related task. Therefore, it is vital to monitor the driver’s state
to ascertain whether they are in a normal state of readiness to
resume full control of the vehicle once the automated system
issues a request to intervene (RtI).

In response to these concerns, numerous efforts have been
made to assess driver readiness via gaze behavior [16], driving
data, physical state (such as hand, feet, and seating position),
and various combinations of such factors [17]. In addition,
numerous studies have been conducted to determine the optimal
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time for an RtI that would allow a driver to respond effectively
under different driving conditions, such as during noncritical and
critical events and when performing nondriving-related tasks
[18]–[20].

In such situations, one of the most important issues is de-
termining the best way to maintain driver readiness to resume
control from an automated driving system [21]. To improve
the driver’s perceptual ability regarding interventions under
highly automated driving conditions, one of the more important
issues is designing a human-machine interface (HMI) capable of
providing a continuous feed of dynamic information to ensure
that the user maintains situational awareness of evolving threats
while the system is operating. These include visual cues and/or
auditory messages [22], along with haptic indicators [23].

Although good experience and training are definitely effi-
cacious for improving driver interventions [25], as automated
cars become more widespread, it is inevitable that vehicles with
automated driving systems will be controlled by drivers who
have no experience with such systems. This makes it imperative
to provide appropriate training. In their study, Payre et al. [26]
focused on investigating the impact of training (mainly simple
and elaborate practice in a simulator, as well as text and tutorial
video instruction on automated driving) on driver interventions.
In addition to empirically based learning (experience and train-
ing), explanation-based learning is another possible approach
[27]–[29]. In explanation-based learning, which can be consid-
ered a general term for compiling knowledge [29], chunking
allows new concepts to be deduced from existing concepts [30].
This indicates that good explanation-based knowledge has the
potential to contribute to good information processing in the
dynamic decision-making processes in highly automated driving
systems [32], [33].

We focus on the study of human-machine interactions in
the dynamic information processing of driver intervention to
illustrate the concepts of explanation-based knowledge about
SL. This article aims to demonstrate the necessity of such
knowledge, to reveal why it is necessary, and to present how
that knowledge influences driver take-over performance during
conditional driving automation by collecting data on novice
drivers with no experience in using any of the assisted/automated
driving systems. Hence, the following research questions are
proposed.

1) Is knowledge-based learning necessary?
2) What kind of knowledge is more serviceable to help

drivers to perceive SL?
3) Could drivers extrapolate explained typical scene(s) to

unexplained scenes?
4) Could the learning effect compensate for the differences

due to the different extents of instructed knowledge?

II. FRAMEWORK OF HMI IN THE INFORMATION PROCESS OF

TAKING OVER CONTROL

Regarding decision making and knowledge, the most impor-
tant part of the mental model is thought to be a cognitive structure
consisting of specific knowledge and experience corresponding

to a specific behavior modification [33]–[35]. This could repre-
sent knowledge and situation information that enhance human
operators’ understanding, reasoning, and prediction [36]–[38].
Hence, this study takes three concepts—decision making,
mental model, and knowledge—into consideration within a
framework illustrating information flow among the driving
environment, system, human operator, and knowledge in the
dynamic decision-making process of taking over control from
conditional driving automation, as shown in Fig. 1.

In the learning theory of behavior modification, internal moti-
vation, evocative stimuli, and situational stimuli are critical parts
of the mental model [38]–[40]. Internal motivation is defined as
goal-oriented arousal and a psychological force that leads an
individual to process information, which is one of the crucial
factors influencing drivers’ behavior [41], [42]. The motivation
in this study denotes an internal force that could stimulate
drivers to resume vehicle control in the case system failures
and/or surpassed limitations. Evocative stimulus is defined as
an external incentive trigger to elicit a particular behavior, i.e.,
in our study, taking control of the vehicle. Hence, the RtI is
thought to be an evocative stimulus. A situational stimulus
denotes environmental information in a particular situation in
which the SL is triggered.

When a driver employs conditional automation, they are not
required to be aware of the dynamic situation when SL does
not occur. However, internal motivation impacts the response-
eliciting potency of behavior modification for a particular situa-
tion. Once SL occurs, an external stimulus of the RtI evokes an
intentional response to the particular situation. By perceiving the
situation with intention, the driver makes a reaction selection.

The explicit representation of knowledge is thought to be
attributed to the mental model of motivational response in var-
ious fields [38], [42]–[44]. Hence, knowledge-based learning
should correspond to internal motivation, evocative stimuli, and
situational stimuli. Specifically, in a dynamic decision-making
process of taking over car control due to SL, the possibility
for the occurrence of SL provides a motivational intention for
taking-over behavior. RtI provides the evocative message via the
HMI and scenes related to the SL supply situational cues when
the SL happens.

Since this study aims to discuss the extent to which knowledge
affects drivers’ taking over control, explanation-based knowl-
edge is broken down into five levels in terms of the three
concepts of occurrence of SL, RtI, and scene(s) related to SL.
The instructed contents at each level are represented in Table I.
Because novice drivers do not have any previous knowledge,
experience, or training, it is supposed that their initial knowledge
is determined by the instructed knowledge.

III. METHOD

A. Apparatus

A D3sim fixed-base research and development driving simu-
lation system (Mitsubishi Precision Co., Ltd., Tokyo, Japan) was
used during the data collection phase of this study (see Fig. 2).
This system provides simulated longitudinal direction control
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Fig. 1. Framework that illustrates information flow among the driving environment, system, human operator, and knowledge in the dynamic decision-making
process for intervening in automated driving control due to system limitations.

TABLE I
FIVE LEVELS OF EXPLANATION-BASED KNOWLEDGE (LOK) ACCORDING TO HMI IN DYNAMIC DECISION MAKING

∗Note that pictures of real-life scenarios were used for explaining these situations in which system limitation occurs.
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Fig. 2. Fixed-base driving simulator operated by a R&D driving simulation
system and electric control loading systems.

(acceleration and brake pedals) and electric control loading sys-
tems (MOOG Inc., Elma, NY, USA) to simulate lateral direction
(steering wheel) control on a multilane expressway.

The vehicle control installed in the driving simulator was
designed to operate at SAE Level 3. More concretely, the auto-
mated driving system manipulates the longitudinal (e.g., target
following, cruising) and lateral (e.g., lane keeping) directions
during vehicle control. Note that automatic lane changing was
not operative in the conditional driving automation used in this
study.

Conditional driving automation allows drivers to release their
hands from the steering wheel and remove their feet from the
accelerator and brake pedals when automated driving is engaged.
However, if an RtI is issued, automated driving will be cancelled
10 s later, and the driver must resume full control of the vehicle
by that time. Merat et al. [18] and Melcher et al. [19] proved
that a lag of 10 s was sufficient for the driver to resume vehicle
control comfortably and safely.

Fig. 3(a) shows the automated driving system’s human–
machine interface as it appears to the drivers. When an RtI is
issued, the HMI screen picture changes to orange and blinks at
5 Hz simultaneously with an audible “beeping” signal, as shown
in Fig. 3(b).

B. Participants

After receiving approval from the University of Tsukuba Re-
search Ethics Committee (2016R119), 100 test subjects ranging
in age from 19 to 85 years old (mean = 50.1, SD = 20.1)
were recruited via a local organization as test participants. The
distribution of the participants is described in Table II. Each
participant possessed a valid driving license and drove daily.
Note that special efforts (driver’s self-assessment and past record
of participating in experiments) were made to ensure that none of
the test subjects had any prior knowledge of automated driving
systems, including any experience using an autonomous car and
any specific technical knowledge. After receiving an explanation
of the data collection process, all test subjects gave written
informed consent for their participation.

Fig. 3. (a) HMI when the automated driving system is active. (b) HMI of RtI
including acoustic alert message and blinking visual icon has been issued.

TABLE II
NUMBER OF PARTICIPANTS, AVERAGE AGE OF EACH GROUP

∗ SD = Standard deviation.

C. Tasks

After starting the vehicle, drivers were asked to perform two
tasks in relation to the automated driving system.

1) Driving Safely: Each driver was instructed to operate the
simulated vehicle as safely as they would a real vehicle on an
expressway prior to engaging the automated driving system,
after which they could release their feet from the pedals and
remove their hands from the steering wheel.

2) Nondriving-Related Task: Note that since nondriving-
related tasks can be performed in cases involving conditional
driving automation, participants were instructed to use the
standardized visual surrogate reference task (SuRT) [45], [46].
Specifically, each participant was instructed to begin the SuRT
upon hearing an audible signal that was given after the start of
the automated driving system.

D. Explanation-Based Knowledge

In our study, the explanation-based knowledge consisted of
1) the automated driving system user’s manual, i.e., information
on the lateral and longitudinal control and system operation
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procedures; and 2) system failure/limitation. There are five levels
of explanation-based knowledge about system failure/limitation,
as represented in Table I.

E. Scenes

According to SAE J3016 [4], functional system limitations
are thought to involve geographic, roadway, environment, traffic,
speed, and/or temporal functional errors. Thus, eight scenes were
designed for the following eight scenarios in which SL occurs.

1) Car approaches expressway junction [#01_Junction].
2) Lane is closed because of falling objects (#02_Lane(a)],

stopped vehicle(s) [#05_Lane(b)], or a construction site
[#09_Lane(c)].

3) Range of visibility is below 40 m due to heavy fog
(#04_Fog).

4) Lane markers are blurred (#08_Lanemark).
5) A neighboring car suddenly intrudes from an adjacent lane

and closely approaches the host car (#10_Intrusion).
6) System function failure occurs (#11_Failure).
In addition, three scenes in which no system failure/limitation

occurs were also prepared for three other trials (#03, #06, and
#07). Note that the numbers in parentheses refer to the executed
order of each trial.

In each trial, approximately 30 s after the start of automated
driving, participants were instructed to start a nondriving-related
task after hearing an audible signal. All trials lasted an average of
174 s (SD= 38 s), and events occurred approximately 160 s after
starting the drive. This signal was different from the acoustic
message of RtI. Note that the meanings of the two types of
audible messages were clearly explained to participants.

F. Experimental Design

Our experiment employed a single-factor design. The single
factor is the level of knowledge of the SL. A single-factor (with
five levels) analysis of variables (ANOVA) was performed for
all variables. The factor was between subjective. A significance
level of p = 0.05 was used.

G. Procedure

It must be noted that this study strictly controls the instructions
of the SL. First, to reduce individual reading variations, an ex-
perimenter read the instruction manual of the driving automation
system page-by-page while showing it through a display to each
participant. It should also be noted that the experimenter was
required to obtain the participant’s approval before proceeding
to the next page. However, to eliminate potential effects of varia-
tions in the experimenter’s commentary on the limitations of the
automated driving system, the experimenter was not permitted
to answer any questions or provide additional clarifications to
the reading material.

All participants were divided randomly into five groups ac-
cording to the five SL explanation levels: none, feasibility, HMI,
partial, and all-scenes. Participants received an explanation of
the experiment’s primary purpose and driving tasks. They signed
an informed consent form after agreeing to participate in the

experiment. After being introduced to the driving simulator,
participants were given approximately five minutes of manual
driving time to familiarize themselves with the device. After
the automated driving system’s user manual was read to all
participants, two three-minute driving trial exercises were con-
ducted in which every driver was required to intervene in vehicle
control more than once. After confirming that a driver had suc-
cessfully and smoothly taken over vehicle control from the sys-
tem, the experimenter introduced the SuRT nondriving-related
task.

Next, knowledge of system limitations was provided to each
group at different levels.

Then, in the actual experimental step that followed, all
drivers participated in eight event trials and three dummy trials,
which were conducted in the same order from #01_Junction to
#11_Failure. A maximum of one RtI was issued during each
trial, and each participant was given a five-minute rest period
after undergoing four trials.

Finally, each of the participants was interviewed.

H. Measures

To investigate how effective explanations for system limita-
tions are in driver interventions, rates of successful intervention
(RSI) and driver response times (RT) in response to RtIs were
collected. This study defines successful interventions as cases in
which the driver resumes full control of the vehicle safely within
the 10 s period following the RtI and, thus, before automated
driving control is completely cutoff. Because RTs are used to
interpret the driver’s perception, recognition, and decision to
physically respond [47], [48], this study denotes it as the time
from the moment that the RtI is issued to the moment that the
driver initiates the intervention—either by operating the steering
wheel, i.e., the operated steering angle is larger than 30° or
depressing the accelerator/brake pedal, i.e., the slot opening is
larger than 0.3. These variables are calculated based on log data
recorded by the driving simulator.

The other two dependent variables used were the standard
deviation of the lateral position (SDLP) and maximum steering
angular velocity, which were calculated for 15 s from the RtI at
30 Hz.

IV. RESULTS

A. Rate of Successful Intervention

The results of ANOVA conducted on the RSI for each par-
ticipant show that the effect of the SL explanation level is sta-
tistically significant (F (4, 95) = 7.69, p < 0.001∗∗). According
to Tukey’s test, the significant differences between any pair of
LoK-0 versus III (p < 0.001∗∗), LoK-0 versus IV (p < 0.008∗∗),
LoK-I versus III (p< 0.001∗∗), and LoK-I versus IV (p< 0.019∗∗)
[see Fig. 4(a)] indicate that the driver’s interventions under
LoK-III are more successful (LoK-III, RSI = 0.79 ± 0.04) when
compared with the other four conditions (LoK-0, RSI = 0.49 ±
0.28; LoK-I, RSI = 0.51 ± 0.26; LoK-II, RSI = 0.67 ± 0.21,
and LoK-IV, RSI = 0.72 ± 0.18). This result answers questions
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Fig. 4. (a) Mean rate of successful intervention (Error bars = standard error).
(b) Response time of responding to request to intervene (RT) (Error bars =
standard error).

Fig. 5. Mean rate of successful intervention under five levels of explanation
on system limitation as a function of the experienced trial.

(i) and (ii); i.e., knowledge is necessary, and sample scenes are
more serviceable to help drivers comprehend SLs.

Fig. 5 shows RSIs from responding to RtIs as a function
of experienced trials. In addition to LoK-I, the rate increases
progressively as experience is gained. This overwhelming in-
crease from #01_Junction to #02_Lane (a), particularly under
conditions of LoK-0 and LoK-II, indicates a learning effect of
experience different from that of instructed knowledge.

The results also show that the rate at LoK-III maintains a
value above 90%, which is even better than LoK-IV, and that
even though the success rate at LoK-0 grows most significantly,
the highest rate achieved does not exceed that shown in Fig. 4.

B. RT to the RtI

Fig. 4(b) shows the average value and standard errors of the
RT response to RtI as a function of SL explanations. According
to the ANOVA conducted on the RT, the primary effect of the
SL explanations is significant (F (4, 91) = 5.79, p < 0.001∗∗).
Tukey’s test revealed significant differences between any pair of
LoK-0 versus LoK-III (p < 0.004∗∗), LoK-0 versus LoK-IV (p <
0.018∗), LoK-I versus LoK-III (p < 0.008∗), and LoK-I versus
LoK-IV (p < 0.028∗).

Fig. 6. Kaplan–Meier survival time in RSI under five levels of explanation on
system limitation in #01_Junction.

C. Driver Behavior in the First Experienced Scene,
#01_Junction

Kaplan–Meier survival curves for the five SL explanation
levels in the full original data are shown in Fig. 6. According
to the survival analysis, the effects of explanations of SL were
significantly different at each of the five levels (χ2 = 21.32,
df = 4, p < 0.001∗∗). Using the estimated survival curves, the
absolute reduction in the probability of survival to 10 s from RtI
was 70.0%, 25.0%, 38.9%, 0%, and 11.1% for LoK-0, LoK-I,
LoK-II, LoK-III, and LoK-IV, respectively. Here, again, it should
be noted that automated control is cancelled completely in cases
where no intervention is initiated after 10 s have passed from
the RtI.

D. Influence of Experience versus Knowledge

Drivers’ interventions in similar scenes [#02_Lane(a),
#05_Lane(b), and #09_Lane(c)] were investigated to determine
the impact of experience-explanation knowledge on similar sit-
uations. In such cases, the important point was that the driver
should change lanes after intervening in the vehicle’s control to
avoid a collision with a stopped vehicle. Note that it was only
scene #09_Lane(c) in which the host vehicle was following a
target, i.e., a driver could not visually recognize the construction
site when the system issued an RtI.

ANOVA of the RT in response to RtI for explanation and
experience (the three trials) is shown in Fig. 7(a). The effect
is revealed in the RtI for both the SL explanations (F (4, 242)
= 3.17, p <0.014∗) and experience (F (1, 242) = 4.07, p <
0.018∗). According to Tukey’s test, a significant difference could
be observed between any pair of LoK-0 versus LoK-III (p <
0.031∗). In addition, ANOVA was conducted for the time from
the RtI to the lane change employed to examine lane-changing
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Fig. 7. Mean values of RT response to RtI, (a) and time from RtI to lane
change (b) as a function of experienced trial where changing lanes was required
in #02_Lane(a)), #05_Lane(b), and #09_Lane(c).

behavior after taking over. Note that the effect of experience
is only significant (F (1, 231) = 13.14, p < 0.001∗∗) for the
time from the RtI to the lane change and had no effect on the
SL explanations [F (4, 231) = 0.78, p = 0.534, see Fig. 7(b)].
The results statistically demonstrate the learning effect on driver
interventions. Hence, we give an affirmative answer to Question
(iii).

E. Driver Interventions in Ungiven Scenes

Note that LoK-II, LoK-III, and LoK-IV differ based on the
drivers’ knowledge about the related scenes. Among all the
scenes used in this study, instructions for the scenes in #08_Lane-
mark (i.e., blurred highway lane pavement) and #10_Intrusion
(i.e., sudden vehicle intrusion from adjacent lanes) were pro-
vided to participants in the LoK-IV group but not in the LoK-II
and LoK-III groups. Fig. 8 shows the maximum steering wheel
angular velocity after the driver’s intervention.

After conducting a statistical comparison of these driving
performance values, no significant difference was found (F (2,
57) = 0.11, p < 0.892) in #08_Lanemark, although a significant
difference was reported for the maximum steering lateral angular
velocity (F (2, 57) = 6.20, p < 0.007∗∗) in #10_Intrusion. This
result suggests that drivers would also deal well with unfamiliar
scenes if they could effectively process lessons learned from
other given scenes, which gives a positive answer to Question
(iv).

F. Driver’s Intervention During System Function Failure

A system function failure occurs in #11_Failure, in which it is
difficult for drivers to perceive a hazard because the event is not
obvious. According to ANOVA on RtI and SDLP, the primary
effect of the SL explanations is revealed in driver intervention

Fig. 8. Maximum steering angular velocity after intervention in all 8 trials,
where #08_Lanemark and #10_Instrusion were not included in those sample
scenes at LoK-III) (Error bars = standard error).

Fig. 9. SDLP during 15-s from RtI in the 5 trials (i.e., #01_Junction, #04_Fog,
#08_Lanemark, #10_Instrusion and #11_Failure), where changing lanes was not
required. (Error bars = standard error).

(F (4, 86) = 2.57, p <0.05∗). Tukey’s test revealed a significant
difference between I (possible of occurrence) and III (partial
scenes) (p < 0.05∗) (see Fig. 7).

Likewise, the ANOVA results also indicate the primary effect
of the system limitation explanations on driver performance
(SDLP, F (4, 86) = 2.57, p <0.05∗). Tukey’s test showed that a
significant difference (p< 0.05∗) exists between the pair of None
versus (3)-Partial, and that a slight difference exists between any
pair of LoK-0 versus LoK-II (p< 0.1†) and LoK-0 versus LoK-IV
(p < 0.1†) (see Fig. 9).

G. Limitations

Because this study was conducted in a fixed-base driving
simulator, drivers might pay more attention to the nondriving-
related task than they would when driving a real vehicle. This
might lead to a relatively low RSI, especially in the first scenario
(#01_Junction).

Another limitation of this study is that an order effect was not
removed. We intentionally fixed the scenes’ order to focus on
the effects of knowledge and its variation with the experience
at different periods, as shown in Fig. 5. Consequently, we must
admit that the results might be affected by order, as shown in
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Fig. 4. On the other hand, although we controlled the scenes’
effect to focus only on discussing experience influence, it is
difficult to ignore the effect of the scene type.

Finally, this study did not analyze drivers’ gaze behavior
before and after taking over car control, which is an important
way to measure drivers’ attitudes toward an automated system.
However, we could not conduct statistical analysis on gaze
behavior due to a failure in collecting eye movement.

V. DISCUSSIONS AND IMPLICATIONS

Overall, our experimental results demonstrate the necessity
of knowledge-based learning for novice drivers and experienced
drivers without appropriate knowledge, such as people in LoK-0
and I.

Although the drivers in LoK-II (who were instructed in the
concept of the RtI and the possible occurrence of limitations)
intervened in vehicle control from automated driving more
safely than those in LoKs 0 and I, their performance was still
worse than those in LoKs III and IV. The results revealed the
importance of instructing the concept of RtI in HMI.

Pazzani’s [30] study implied that causal knowledge could
dominate the influence of an individual’s logical form, which
might explain why LoKs III and LoK-IV performed better than
the others. More specifically, the knowledge under conditions of
LoKs III and IV presents the related scenes that would support
the driver in perceiving a situational stimulus for comprehending
the causal relationship between the issued RtI and the given
scene. This causal representation helps drivers process informa-
tion more logically and, thus, perceive potential hazards more
thoroughly.

On the other hand, from the ecological perspective of human
information processing, a driver’s response to the incoming
stimulus is addressed as perception-action coupling [49], [50]
in which RT reflects strategic aspects of coding rules or mental
representation [51], [52]. The typical scenes taught through
explanation-based knowledge represented the decision rules of
the SLs. The largely decreased RT under LoK-III (partial scenes)
demonstrates that strategically acquiring knowledge about these
rules significantly improves the functionality of the mental
model when reacting to an issued RtI (i.e., evocative stimulus)
in a particular situation (i.e., situational stimulus). That is, the
mental model is serviceable to the driver’s stimulus action when
responding to a critical situation.

It should also be noted that the participants in the LoK-III
group were only instructed on some of those scenes. Neverthe-
less, these drivers’ taking-over performance was achieved in the
same manner as those in the LoK-IV group. This suggests that
drivers might be able to internally generate specific scene(s)
in response to general scenes. Moreover, if related scenes are
presented in an adequate way, drivers are still able to achieve
successful intervention in an ungiven critical scene (such as
#08_Lanemark, #10_Intrusion, see Fig. 8) or a perplexing urgent
situation (such as #11_Failure, see Fig. 9).

This article also demonstrates the positive impact of experi-
ence on driver interventions (see Figs. 5 and 7). Nevertheless, a
definite margin still exists between any combination of LoK 0, I

or II and LoKs III and IV. Note that their differences imply that
empirically based learning without explanation-based learning
is limited in its capacity for improving driver intervention. The
experimental results also demonstrate that a driver with an
inadequate level of knowledge might still fail to accomplish
an intervention even if they experience multiple related scenes.
This finding indicates that practical experience could improve
drivers’ perceptual ability to observe external stimuli such as
evocative stimuli through HMI and situational stimuli from the
driving environment and that knowledge of SL occurrence could
effectively induce internal motivation.

As mentioned in our study’s limitations, driver reactions
might be affected by scene type, such as the extent of dan-
ger, suddenness and perceivability of a hazard. Although the
same type of SL occurred in #02_Lane (a), #05_Lane (b),
and #09_Lane (c), it was difficult to identify what was hap-
pening while an RtI was issued in #09_Lane (c). Drivers’
anxiety about an unpredictable situation might induce a more
rapid reaction to the RtI, as shown in Fig. 7. Unidentified
internal motivation relying only on experience also increased
anxiety, resulting in a relatively rapid response, as revealed
in Fig. 9(a), while a higher SDPL in Fig. 9(b) represents
an unstable performance after taking over control from the
system.

This study naturally presumes that a driver would be suffi-
ciently motivated to take over the system’s control if they could
predict that the system would soon become inoperative due to
failures or surpassed limitations in protection motivation theory
[53]. However, in uncertainty processing theory, maintaining
an adequate level of motivation requires some degree of un-
certainty [54]. Giving partial scenes in LoK-III allows for the
uncertainty that other scenes that are not explained beforehand
might cause. This explains why the driver take-over performance
in LoK-III appears to occur more stably and effectively, as
shown in Fig. 4. In other words, the decreased uncertainty at a
relatively low level in LoK-IV might have degraded the level of
motivation.

When reviewing the comments from all participants, we found
that drivers in LoK-II gave more negative comments (e.g., “the
volume of the audio message is too low to hear”) and fewer
positive comments (e.g., “the message is useful to know what is
happening”) on the concept of HMI. This may be because those
drivers depended strongly on information supplied through the
HMI when a system failure or surpassed limitation occurred;
therefore, they tended to expect more information from the HMI.
Those drivers also showed a preference for a voice message over
the simple audible signal used in our experiment. Such initiative
comments about the HMI imply that more information might be
expected from a voice message if no other knowledge source is
available.

Finally, through the interview comments, drivers in LoK-0
showed an overwhelming negative attitude of distrust toward
automation (e.g., “I could not completely trust the system”) but
expressed relatively high expectations in relation to automated
driving itself. The conflict between negative attitudes and pos-
itive expectations suggests that a lack of primary knowledge
would influence driver trust calibration in the proper manner.
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VI. CONCLUSION

This study investigated the influence of SL explanations on
driver behaviors when responding to RtI under conditioned
driving automation (SAE Level 3) conditions. Because drivers
using conditional automation are not requested to monitor the
operational environment, the instructed knowledge greatly im-
pacts the drivers’ take-over performance, as shown in this study.
The experimental results presented in this article show that driver
interventions could be degraded if SL explanations were insuf-
ficient in terms of the related system failures and/or surpassed
limitations.

Additionally, we have shown that supplying some typical
scenes in which system limitations might occur is essential for
a driver’s ability to generalize selection rules when working to
perceive system failures and surpassed limitations, which sup-
ports the findings of Payre et al. [26]. This generalization ability
is beneficial when it is necessary to respond to an unfamiliar
situation.

Furthermore, the results of our participants’ interviews appear
to indicate that improving generalization abilities might also
serve to facilitate driver trust and/or more positive attitudes in
relation to automated driving systems.

Finally, even though this article clarifies the extent of knowl-
edge regarding system failures and/or surpassed limitations that
should be explained to a driver, the method used to supply that
knowledge is still one of the more important issues related to
driver intervention in a highly automated driving system; thus,
it must be considered an important topic for our future work.
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response time in the simulated and real emergency driving situations,”
PROMET-Traffic Transp., vol. 18, no. 1, pp. 23–32, 2006.

[49] T. Hasbroucq, Y. Guiard, and L. Ottomani, “Principles of response de-
termination: The list-rule model of SR compatibility,” Bull. Psychonomic
Soc., vol. 28, pp. 327–330, 1990.

[50] P. R.W., T. Van Zandt, C. Lu, and D. J. Weeks, “Stimulus-response
compatibility for moving stimuli: Perception of affordances or directional
coding?,” J. Exp. Psychol., Human Perception Perform., vol. 19, pp. 81–91,
1993.

[51] C. F. Michaels, “Destination compatibility, affordances, and coding rules:
A reply to Proctor, Van Zandt, Lu, and Weeks,” J. Exp. Psychol., Human
Perception Perform., vol. 19, 1993, Art. no. 1121-l127.

[52] J. Alegria and P. Bertelson, “Time uncertainty, number of alternatives and
particular signal-response pair as determinants of choice reaction time,”
Acta Psychologica, vol. 33, pp. 33–44, 1970.

[53] R. W. Rogers, “Cognitive and physiological processes in fear appeals and
attitude change: A revised theory of protection motivation,” in Social
Psychophysiology, J. Cacioppo, R. Petty, Eds. New York, NY, USA:
Guilford Press, 1983.

[54] P. Anselme, “The uncertainty processing theory of motivation,” Behav.
Brain Res., vol. 208, no. 2, pp. 291–310, 2010.



<<
  /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 true
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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


