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Abstract. A procedure for predicting the point in time with high risk of crash
before the point in time of virtual accident was proposed using X-bar chart of
the behavioral measures during a simulated driving task. The tracking error, the
back pressure, the sitting pressure (COP movement on the sitting surface), the
horizontal neck bending angle, and the vertical neck bending angle were mea-
sured during a driving task on the driving simulator. As a result of applying the
proposed method to these data, we could identify the point in time with high risk
of crash before the point in time of virtual accident occurred for nine participants
out of ten. The time interval between the point in time with high risk of crash
and the point in time of virtual accident ranged from 136 s to 526 s. As for the
other one participant, the point in time with high risk of crash was identified 9 s
after the point in time of virtual accident. In such a way, it has been verified that
the proposed procedure for predicting the point in time with high risk of crash is
effective and promising for warning drivers of the high risky state of crash.

Keywords: Point in time with high risk of crash � Behavioral measures � X-bar
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1 Introduction

From the viewpoint of automotive preventive safety, effective measures for monitoring
drowsiness during driving, detecting a decrease of arousal level, and warning drivers of
the risk of causing a traffic accident must be established so as to prevent drivers from
driving under drowsy state and causing a disastrous traffic accident. In order to realize
the development of such a system, not only the gross tendency of reduced arousal level
but also the more accurate prediction of the state when the drowsiness occurs is
indispensable. It is not until such accurate methods to predict the occurrence of risky
and drowsy driving is established that we apply this prediction technique to the
development of automotive preventive safety system which can support so that drivers
can avoid unsafe and drowsy driving.

A few studies used psychophysiological measures such as blink, saccade, Elec-
troencephalography (EEG) and Electrocardiography (ECG) and made an attempt to
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assess drowsiness or fatigue [1–3]. These studies showed that psychophysiological
measures were to some extent correlated with subjective rating on drowsiness or
fatigue especially at the end of the field or laboratory experiment. Kecklund and Waard
[3] carried out a field study, and showed that end-of-drive subjective sleepiness and the
EEG alpha burst activity were significantly correlated with total work hours. No
measures alone can be used reliably to assess sleepiness or drowsiness. Moreover, these
studies did not make an attempt to predict but the drowsy state using these psych-
physiological measures.

Murata and Hiramatsu [4] and Murata and Nishijima [5] objectively evaluated the
drowsiness of participants under simulated driving environment using EEG or HRV
(Heat Rate Variability) measures. They succeeded in clarifying the decrease of EEG-
MPF or the increase of RRV3 when the participant’s arousal level is low. However, it
was also not possible for these studies to predict the drowsiness on the basis of the time
series of EEG-MPF or RRV3.

Murata, Matsuda, Moriwaka, and Hayami [6] applied Bayesian theorem and pro-
posed a method to evaluate the arousal level using EEG, heart rate variability, and
tracking error during the simulated driving task. However, this study did not make an
attempt to prediction the arousal level. Murata, Ohkubo, Moriwaka, and Hayami [7]
and Murata, Koriyama, and Hayami [8] applied logistic regression model to mainly
physiological measures such as EEG, ECG, or EOG in order to predict the arousal level
(the subjective rating on drowsiness), and attained a prediction accuracy of about 85 %.

Such equipments to measure EEG or HRV are too expensive to put these systems
into practical use in automotives. The drowsiness prediction system that should be used
in automotive cockpit must be less expensive and more convenient. As a more con-
venient measure for predicting the arousal level, we paid attention to the vertical and
horizontal neck bending angle and the change of COP (Center of Pressure) of the
sitting surface. Murata, Koriyama, Ohkubo, Moriwaka, and Hayamai [9], Murata,
Nakatsuka, and Moriwaka [10], and Murata, Urakami, Koriyama, Ikeda and Hayami
[11] used a behavioral measures such as tracking error in simulated driving task, back
and foot pressure, and COP during sitting pressure measurement, and demonstrated that
behavioral measures are as effective as physiological measures such as EEG-MPF or
RRV3. Although these studies could predict the psychological rating on drowsiness
using behavioral and physiological measures with high probability, it is impossible to
predict the point in time with high risk of crash (traffic accident) before the virtual
accident in which the participant surely would have been encountered a serious acci-
dent with fairly high probability if continued driving.

As mentioned above, a larger part of studies on drowsiness evaluation or prediction
pay attention to both physiological and behavioral measures. In order to prevent traffic
accidents due to drowsy driving, a lot of attempts are made to detect the tendency of
decreased arousal level using physiological measures such as ECG, EEG, or EOG, or
performance measures such as a tracking error. Generally, it has been demonstrated that
such physiological measures respond sensitively to the change of arousal level. Until
now, there are no useful methods to predict drowsiness with high reliability. Methods
using physiological measures are not practical due to expensive price of their mea-
surement apparatus.

266 A. Murata and K. Naitoh



From the practical viewpoint, only behavioral measures were used for the drows-
iness prediction. In this study, the tracking error, the back pressure, the sitting pressure
(COP movement), the horizontal neck bending angle, and the vertical neck bending
angle were measured during a driving task on the driving simulator. Using psycho-
logical rating on drowsiness and X-bar chart of behavioral measures, a procedure for
predicting the point in time with high risk of crash before the point in time of virtual
accident was proposed.

2 Method

2.1 Participants

Fifteen healthy male undergraduate students from 21 to 24 years old took part in the
experiment. The visual acuity of the participants in both young and older groups was
matched and more than 20/20. They had no orthopedic or neurological diseases. All
provide the experimenter with informed consent on the participation to the experiment.
They were required to stay up all night and visit the laboratory. In this way, we carried
out an experiment so that the participants readily felt asleep or carry out an experi-
mental task under a drowsy or low arousal state.

2.2 Apparatus

The simulated driving system consisted of the display of simulated driving task, the
steering wheel used for simulated driving task and switch location for evaluating
subjective drowsiness every 1 min. The detailed display of inside lane in the simulated
driving task was the same with Murata et al. [7–11]. The display consisted of three
lanes, and the width of each lane corresponded to 3.6 m. Goniometers (DKH) were
attached to the back of neck to measure the bend angle of neck. A measurement system
of sitting pressure distribution (Nitta, Conform-Light) was placed on a driver’s seat.
Eight pressure sensors (OctSense, Nitta) were attached to the shoes insole for mea-
suring foot pressure. Eight pressure sensors (OctSense, Nitta) were attached to the
backrest of the driving seat for measuring back pressure.

2.3 Task

The participants sat on an automobile seat, and were required to carry out a simulated
driving task. The participants were required to carry out a simulated driving task. The
participants were required to steer a steering wheel and keep their vehicle to the center
line (purple color) as much as they could. If the participant kept the distance between
two cars to a moderate level, the following car was encompassed by a green rectangle.
If the distance between two cars was too short or too long, the color of the encom-
passed rectangle changed to different color (red for short distance or blue for long
distance between two cars).
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The psychological rating included the following three categories: 1: arousal, 2:
a little drowsy, 3: very drowsy. It is possible to use a more detailed category such as
7-point or 5-point category. The following advantages and disadvantages exist in such
categorization. While the finer categorization enables us to conduct finer evaluation of
drowsiness, the disadvantage of such categorization is that the exact evaluation
according to finer categories is difficult and suffers from more frequent false (ambig-
uous) evaluation at the boundary of arbitrary two categories. Moreover, it is pointed out
that more choice alternatives are, the less effective the choice is [12]. In this study, the
participant must report their subjective rating on drowsiness every one minute. The
more alternatives force the participants to feel it difficult to evaluate their feeling, and it
is possible that the subjective evaluation cannot be carried out properly. Therefore, we
adopted 3-point categorization of drowsiness. The participant was required to evaluate
his drowsiness using the switches 1-3 every one minute.

2.4 Procedure

The psychological rating of drowsiness checked every 1 min. The neck vending angle
(horizontal and vertical), the back pressure, the sitting pressure (COP movement), and
the tracking error in driving simulator task were used as behavioral measures. The neck
bending angle was sampled with the sampling frequency of 100 Hz. The back pressure
and the sitting pressure (COP movement on sitting surface) were sampled with the
sampling frequency of 50 Hz. The tracking error (deviation of arrow in the simulator
display from the center of 2nd lane) was measured every one second (sampling fre-
quency of 1 Hz).

Behavioral measures above were recorded while performing a simulated driving
task for (at most) one hour under the low arousal condition. The duration of experi-
mental task differed among the participants, because the extent of induced drowsiness
differed among the participants. Deliberating the degree of drowsiness of each par-
ticipant, the experiment was continued for at most 90 min.

2.5 Identification Procedure of Point in Time of Virtual Accident

We judged that the participant surely would have been encountered a serious accident
with fairly high probability if continued driving, when the following two conditions
simultaneously occurred. (i) Mean tracking error per one minute is more than 1.8 m.
(ii) The participant could not report subjective drowsiness using a switch. The tracking
error of 1.8 m corresponds to the half of lane width and indicates that the vehicle
location is dispersive, and thus we cannot judge that the participant is driving normally.
This judgment that the participant must surely encounter a crash if he or she continued
driving in a real-world driving environment was also visually checked by the experi-
menter while monitoring the behavior of the participants.
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2.6 Procedure for Predicting Point in Time with High Risk of Crash

An X-bar chart of time series for tracking error was plotted every 10 s. This 10 s-interval
was updated every 1 s. The 10 s-interval where the tracking error above CL (central
line) + SD (standard deviation) was observed not less than two times was regarded as a
cautious interval necessary to be cautious for the decreased arousal level. The procedure
for predicting the point in time with high risk of crash before the virtual accident occurs
consists of the following two phases.

(Phase I)
The cautious intervals are observed more than 45 times per 60 (60 min) (75 %).
(Phase II)
The following conditions (i) and (ii) are simultaneously satisfied.

(i) Not less than two measures out of four measures (back pressure, foot pressure,
vertical bending angle, and horizontal bending angle) satisfy the condition
below. The values above CL (central line) + SD (standard deviation) was
observed not less than two times during the 10 s-interval.

(ii) The subjective ratings on usability equal or more than 2 (2: a little bit drowsy,
3: drowsy) were observed not less than eight times for 10 min.

3 Results

As a result of checking the data of all participants, the point in time of virtual accident
was detected in ten out of fifteen participants. As for other five participants, no definite
virtual accident was identified, although they tended to feel drowsy with the elapse of
experimental time. As the aim of this study was to propose a method to predict in
advance the crash risk before the virtual accident occurs, we applied the procedure for
predicting the point in time with high risk of crash described in 2.6 above to only
ten participants for whom the point in time of virtual accident was detected. For other
five participants, we judged that an attempt to predict in advance the point in time with
high risk of crash by means of the proposed procedure was meaningless, because the
virtual accident did not occur for them.

The 10 s-interval where the tracking error above CL (central line) + SD (standard
deviation) was observed not less than two times was regarded as a cautious interval
necessary to be cautious for the decreased arousal level. Figure 1 shows an example of
judgment on whether the participant is arousal or drowsy on the basis of 10 s-interval
of X-bar chart. In this case, the judgment during 10 s- interval is arousal. Figure 2
shows the example of judgment on whether the participant is arousal or drowsy on the
basis of 10 s-interval of X-bar chart. In this case, the judgment during 10 s-interval is
cautious (drowsy).

Figure 3 shows an example of time series of judgment on whether the participant is
arousal or drowsy on the basis of 10 s-interval X-bar chart. According to the procedure
in Phase I above, overall judgment is arousal (normal). Figure 4 shows an example of
time series of overall judgment of whether the participant is arousal or drowsy on the
basis of 10 s-interval X-bar chart. In this case, the overall judgment is drowsy.
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Figure 5 shows an example of time series of X-bar chart of back pressure and
subjective rating on drowsiness. This corresponds to Phase II, and the overall judgment
at Phase II is drowsy. Filled rectangle means that the back pressure satisfies the con-
dition (i) in Phase II. Figure 6 shows an example of time series of X-bar chart of sitting
pressure (COP movement) and subjective rating on drowsiness. The overall judgment
at Phase II is drowsy. Filled rectangle means that the sitting pressure (COP movement)
satisfies the condition (i) in Phase II. Figure 7 shows an example of time series of X-bar
chart of vertical bending angle and subjective rating on drowsiness. The overall
judgment at Phase II is drowsy. Filled rectangle means that the vertical bending angle
satisfies the condition (i) in Phase II. In Fig. 8, an example of time series of X-bar chart
of horizontal bending angle and subjective rating on drowsiness is depicted. The
overall judgment at Phase II is drowsy. Filled rectangle means that the horizontal
bending angle satisfies the condition (i) in Phase II.

Fig. 1. Example of judgment on whether the participant is arousal or drowsy on the basis of
10 s-interval of X-bar chart of tracking error (When judgment during 10-s interval is arousal)
(Phase I).

Fig. 2. Example of judgment on whether the participant is arousal or drowsy on the basis of
10 s-interval of X-bar chart of tracking error (When judgment during 10 s-interval is drowsy)
(Phase I).
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4 Discussion

Figures 1 and 2 are preparatory phase before entering Phase I. Thus obtained judgment
during 10 s-interval is plotted as shown in Figs. 3 and 4. In Fig. 3, according to the
procedure in Phase I above, it is judged that the overall state of the participant is judged
to be arousal (normal). In case of Fig. 4, the overall judgment corresponds to a drowsy
state.

Figures 5, 6, 7 and 8 exemplify the results of Phase II. All examples in Figs. 5, 6, 7
and 8 indicate that the overall judgment at Phase II is drowsy. According to the
procedure in Phase II, we can identify the point in time with high risk of crash.

For nine participants out of ten, we could identify the point in time with high risk of
crash before the point in time of virtual accident occurred. The time interval between
the point in time with high risk of crash and the point in time of virtual accident ranged
from 136 s to 526 s. As for the other one participant, the point in time with high risk of
crash was identified 9 s after the point in time of virtual accident. It has been verified

Fig. 3. Example of time series of judgment on whether the participant is arousal or drowsy on the
basis of 10 s-interval X-bar chart of tracking error (When overall judgment at Phase I is arousal).

Fig. 4. Example of time series of overall judgment of whether the participant is arousal or
drowsy on the basis of 10 s-interval X-bar chart of tracking error (When overall judgment at
Phase I is drowsy).
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Fig. 5. Example of time series of X-bar chart of back pressure and subjective rating on
drowsiness (When overall judgment at Phase II is drowsy). Filled rectangle means that the back
pressure satisfies the condition (i) in Phase II.

Fig. 6. Example of time series of X-bar chart of sitting pressure and subjective rating on
drowsiness (When overall judgment at Phase II is drowsy). Filled rectangle means that the sitting
pressure satisfies the condition (i) in Phase II.
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Fig. 7. Example of time series of X-bar chart of vertical bending angle and subjective rating on
drowsiness (When overall judgment at Phase II is drowsy). Filled rectangle means that the
vertical bending angle satisfies the condition (i) in Phase II.

Fig. 8. Example of time series of X-bar chart of horizontal bending angle and subjective rating
on drowsiness (When overall judgment at Phase II is drowsy). Filled rectangle means that the
horizontal bending angle satisfies the condition (i) in Phase II.
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that the proposed procedure for predicting the point in time with high risk of crash is
effective for warning drivers of the high risky state of crash. Such a technology must
predict the occurrence of highly state before the virtual accident as accurately as
possible. In the range of this study, the point in time with high risk of crash could not
be identified before the occurrence of virtual accident for one participant.

Future study should aim at enhancing the accuracy of procedure for predicting the
point in time with high risk of crash by collecting more data and increasing the sample
size.
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