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I . Introduction

These days, cellular phone becomes a basic in-
vehicle communication tool for publics not only
for the personal use but also for the ITS (Intelli-
gent Transport Systems) two-way communication
domain to supply the traffic and road information.
However, cellular phone use in a vehicle is
regarded a new contributor of traffic accidents
and disasters by arousing the ‘improper lookout’
and ‘inattention’ state as referred by Treat et al.
(1977) such as turning the radio, talking with
others in the vehicle, distraction from children,
daydreaming, and so on (John and James, 1996).

Three epidemiological studies have concluded
that drivers, who regularly use a cellular phone
in their vehicle including hands-free phones,
have an increased risk of having a road crash
including fatal crash involvement compared to
drivers who do not use cellular phone (Violanti,
1998). Then, many studies have indicated the
negative impacts of cellular phone use while
driving that decline the ability to stay in a traffic
lane (Stein, Parseghain and Allen, 1987), decrease
the drivers’ eye tracking movements (Iida and
Ito, 1993), disturb the driver’s behavior (Macnight,
1993; Kawano, Nishida, Hashimoto, and Moriwaki,
1998), affect the perceptual and motor skill (Stein
et al., 1987: Alm and Nilsson, 1990: McKnight
and McKnight, 1991, 1993: Zwahlen, Adams,
and Schwartz, 1998). Specifically, when drivers
attempted to maintain a constant headway to a
vehicle ahead and were engaged in a cellular
phone conversation, their reactions to headway
changes were somewhat delayed (Brookhuis, Ger-
brand, and De Waard, 1991: Brookhuis and De
Waared, 1994). Also, when considering the vehicle
performance aspects, on-road studies have shown
that hands-free phones cause less interference to
the driver’s handling of the vehicle than hand-
held phones, however, hands-free phones still
impair some aspects of driving performance (Brook-

huis et al., 1991). See Lamble et al and Viloanti’s
paper in reference for more previous research
results.

This study carried out the experiment to
investigate the impacts of hands-free cellular phone
use on driver’'s mental workload and performance
in an urban road situation with two different
secondary mental arithmetic tasks. Results were
compared in terms of eye movement, subjective
mental workload, secondary task performance, and
driving behavior using steering entropy technique
between straight and curve road sections among
four kinds of experimental driving situations for

each road section.
Il Experiment Conditions and Procedures

Field experiments were carried out in an urban
area of Japan on a dry road surface condition at
daylight. Four male subjects participated in the
experiment. Their ages were from 28 to 37 years
old (average : 31.5, S.D. : 3.35) with 11.25 years
average actual driving experiences (S.D. @ 5.67).
Their both eye acuity were higher than 1.5
without wearing glasses and eye-related disease.
Experiment route was about 2 kilometers course
(about 4 minutes driving distance), and its align-
ment was almost flat including two times of
curves (right turn) and three times of straight
road sections. This route was a familiar road for
all participants for their commuting and usual
driving.

To estimate the impacts of hands-free cellular
phone use while driving, subjects were required
five times of experimental driving like (Figure 1)
including two times of secondary task driving on
the same route. As a matter of fact, it is desirable
to use the natural conversation contents and
questions to evaluate the cellular phone impacts
and interferences for driving. However, to stan-
dardize and to differentiate the conversation
contents and the level of difficulty of them
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(Figure 1) Experiment Procedure

quantitatively, this study used two kinds of
secondary arithmetic tasks that enable to analyze
the impacts of hands-free cellular phone by the
change of required mental workloads degree. And,
use of standardized secondary tasks is helpful to
keep the subject’s safety to the highest degree
for on-road experiment.

First driving was the practice driving to make
aware of the exact experimental route and
calculation methods of secondary mental arithmetic
tasks, and the second driving was the common
driving (zero workload) without any secondary
task (Normal Driving). Then, the third was the
low mental workload required secondary task
driving that asked the subjects to calculate the
minuend of one point (Easy Arithmetic Task),
and the fourth was the high mental workload
demanded secondary task driving using PASAT
(PAced Serial Addition Task) method (Difficult
Arithmetic Task) (Gronwall and Sampson, 1974).
PASAT is a fairly hard combination of a memory
test and an addition test, sensitive to external
influences. This test, although rather inappropriate
for the subject matter itself (communication),
allow the experimenter to impose a fixed mental
load and study the subject’s tradeoff between

primary and secondary task (Brookhuis et al.,
1991). Vehicle cassette recorder suggested the
Arabic numerals as the stimulus for two arith-
metic tasks about two seconds delay through
whole experimental routes. Finally, the fifth driving
was the refresh driving without any secondary
task like a normal driving to investigate the
recovery of mental workload and to verify the
required workloads among situations (After Experi-
ment Driving).

Results were analyzed from the second to the
fifth experimental driving conditions excluding
the first practice driving. After each experimental
driving, subjects were asked to evaluate the
subjective mental workload using NASA-TLX
(National Aeronautics and Space Administration-
Task Load Index) evaluation sheet during about
10 minutes refresh time. Other evaluation
parameters automatically recorded using VCR and

portable computer.

Il. Measurements and Apparatus Configuration

To analyze the suggested four measurements,
various experiment apparatus were equipped in an
experimental vehicle (automatic transmission) that
is illustrated in (Figure 2). (Figure 3) shows, (a)
the inside of experimental vehicle and equipped
apparatus, and (b) the sample picture of recorded
video for analysis. Descriptions of detailed measure-
ments and system configurations are as follows.

steering

brake cCD 3 wheel
(road)

@ 2R

- = =

- ~Ny W

‘ data
collection

VCR Multiviwer system

oZm

yapms

Came)
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{Figure 2) System Configuration
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CCh 2 :
Driver

\
CCDh 3

Road ‘Ahead

(a) Inside of Experimental Vehicle

(b) Recorded EMR and CCD Images

(Figure 3) Inside of Experimental Vehicle and Sample Image of Recorded Video Data

1. Driver Eye Movement

This parameter is widely used and adapted
measurement to evaluate the mental workload of
the driver. Because this is regarded one of the most
effective index of mental workload, and recently
received a great deal of attention involves the
measure of a driver’s field of view (James et al.,
1990). Subjects were wearing the EMR (Eye
Movement Recorder, Model : NAC-8) through all
experimental driving conditions, and their eye
movements had been recorded in conjunction with
a VCR. For the data reliability, calibration was
performed under dark laboratory area, and threshold
was rearranged under the same condition of
experiment (on the road) for each subject.

Then, duration fixations were evaluated from
the divided visual sources of straight and curve

road sections.

2. Subjective Mental Workload

NASA-TLX was used as the subjective mental
workload assessment technique in this study,
because the subjective mental workload assess-
ment can suggest a comparative safety, sub-
jective preference and usability results among
target systems or information displays, and then
provide an appropriate tool to draw out the human-

machine interface design guidelines and evaluation
standards that other objective evaluation tech-
niques cannot suggest. NASA-TLX was firstly
developed by the Human Performance Group at
NASA Ames Research Center, and has been used
for broad samples of people in various situations,
and more recently, used for the driving and ITS
environments (Cha and Park, 2000).

NASA-TLX has the multidimensional rating scale
procedure that uses six dimensions to assess the
subjective mental workioad : mental workload,
physical demand, temporal demand, performance,
effort, and frustration level. The overall workload
score for the condition is obtained by multiplying
the ratings by dimension weights and divided the
sum by 15. The higher this score means the
higher mental workload required situation from
the subjects (Hart and Staveland, 1988).

3. Secondary Task Performance

It is certain that the driving with a cellular
phone use is a dual task: adding a secondary
task raises questions about the driver choice in
terms of priority, which task is considered the
main one. Thus, dual task interference provides an
index of the workload demands placed on driver's
attentional resources between primary and second-
ary tasks (Procter and Zandt, 1994).
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Applied secondary mental arithmetic tasks (Easy
and Difficult Arithmetic Tasks) for this experiment
enable to measure the workload at the low and
high mental workload required conditions because
these two conditions are undoubtedly basic condi-
tions for human errors. Also, since the mental
workload and the interface are external factors
which may influence the mental strain experienced
by the driver, it is necessary to change the level of
mental workload quantitatively by changing the
content of the stimuli that require information
processing, and it is also necessary to assign the
content of the secondary task and the level of
mental workload through both a visual and audi-
tory channels and the level of mental workload
can be changed by changing the number of terms
in the equation (James, Robert, Mary, William
and Julli, 1990). Secondary tasks performance of
this experiment was evaluated in terms of error
rate. This error rate was measured as the ratio
of incorrect responses to the total arithmetic stimuli
of easy and difficult arithmietic task driving condi-
tions between curve and straight road sections.
This data was collected directly during experimental
driving by the experimenter, and then rechecked

using recorded videotapes after experiments.

4. Steering Entropy

Steering wheel of experimental vehicle was re-
placed with a steering wheel angle sensor to
collect the trace of steering wheel angle data that
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was sampled by 100ms rate. These data were auto-
matically recorded to the portable computer. Then,
these collected data were analyzed using steering
entropy method developed by Nakayama et al
(1999). This technique has an assumption that
the driver's steering behavior tends to become
more discontinuous while performing an activity
in addition to driving task. To quantify these dis-
continuities, steering entropy values are obtained
from a time series history of steering angle data,
and this make it possible to quantify accurately
and easily the workload imposed on drivers by any
activity other than the action of driving itself
(Nakayama, Futami, Naamura, and Erwin, 1999).

V. Experiment Results

1. Driver Eye Movement Analysis

Recorded EMR data were analyzed among
interesting visual demand sources (boxed areas of
(Figure 5) and (Figure 6)) of the first straight
and right turn section that was about 200m
distances with 30 seconds driving time (average
time of straight section was 21.34 seconds, and
that of curve section was 5.7 seconds). {Figure 4)
(a) shows the classified areas of visual activity
demands of straight road section, and (b) does the
classified areas of curve road section for analysis.
Results were derived from calculating the relative
fixation duration percents(%) of visual demand

sources.

A—n: 8.

Areald

(a) Straight Road Section

(b) Righf T.urn Section

(Figure 4) Classification of Interesting Eye Activity Demand Sources
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(Figure 5) Relative Proportion of Fixation Duration
of Straight Section

Thus, the total percents of classified areas in
(Figure 5) and (Figure 6) are 100%. These data
were calculated using recorded timer of EMR
system that supports the 1/60 second time unit
by manual frame analysis using jog shuttle VCR.
During data analysis, unnecessary data were elimi-
nated such as eye movement among visual demand
sources and visual activities during stoppage for
right turn, and so on. There were no congestions
though whole experimental driving sessions.
(Figure 5) and (Figure 6) shows the distribution
of fixation durations by the visual activity demand
sources and tasks of the straight and curve road
sections, respectively.

The result of straight road section that can be
seen in (Figure 5), the visual demand of area 1
(road ahead) was increased whereas that of area
2 (by-lane) was decreased by the increase of task
difficulty level. Then, that of area 3 and 4 (left
and right roadsides) was decreased under secondary
task driving conditions. ANOVA (Analysis of
Variance) results of these visual resources showed
the significant differences in area 1 (F(3,12)=5.9,
pvalue=0.0114) and area 2 (F(3,12)=32, p-
value=0.000005), besides area 3 (F(3,12)=34,
p-value=0.0517) and area 4 (F(3,12)=2.1, p-value=
0.1509) did not show the significant differences

among experimental driving conditions.

WEasy Arithmetic Task
O After Experiment Driving

) ENormaI Driving
M Ditficult Arithmetic Task

Aread4 AreaB] Area7 Area8 Area9 |Area 10 Others
Ll Iy
L1
=* * pl.05
** p{.0l

Relative Proportion of Fixation Duration

(Figure 6) Relative Proportion of Fixation Duration
of Right Turn Section

This result explains that subjects tend to con-
centrate their visual activities on the road ahead
by the increase of secondary task difficulty on
the straight lane, whereas the monitoring ability
of by-lane and roadsides were reduced. However,
the visual activities of these areas are important
ones to monitor the lane change, collision and
traffic situations during driving that should be
considered. Then, concerning the result of curve
section in (Figure 6), visual activity demand of
area 9 (direction that subject should drive) was
increased, whereas that of area 7 (straight lane
toward area 4 direction) and 8 (entrance lane
toward area 9 from 7 area) was decreased by the
increase of task difficulty. ANOVA results of these
three areas showed the significant differences
(area 7 : F(3,12)=3.52, p-value=0,0488, area 8
: F(3,12)=6.3, p-value=0.0082, area 9 : F(3,12)=
3.88, p—value=0.0391) among experiment driving
conditions. Like the visual activity pattern of straight
section, subjects tend to concentrate their visual
activities on the direction that they should drive.

2. Subjective Mental Workload Analysis

Before conducting experiment, subjects were
instructed to remember the imposed workload

between straight and curve sections, and evalua-
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(Table 1) Results of Secondary Tasks

(Figure 7) Results of NASA-TLX

tions were performed for these two sections during
refresh times just after finishing each experimental
driving condition.

(Figure 7) is the results of subjective mental
workload assessment using NASA-TLX between
straight and curve section of four experimental
driving conditions.

Result indicates that the subjective mental work-
load increased as the secondary task difficulty did.
And, the higher subjective mental workload was
required on the curve section than the straight one
in each normal and secondary task situation. Then,
the required workload after experiment driving was
recovered at the similar level of normal driving.
ANOVA result supported this fact that workloads
among driving conditions were significantly increased
by the improvement of secondary task difficulty in both
F(3,12)=7.450, p-
F(3,12)=7.568, p-

road sections (straight section :
value=0.0045, curve section
value=0.0042).

3. Secondary Task Performance Analysis

(Table 1) shows the results of secondary tasks
between easy and difficult arithmetic tasks. Result
indicates that subjects were required more cogni-
tive workload on the curve section by the increase
of secondary task difficulty. Statistical test results
showed the significant differences in both road
sections (p-value (two-sided)=0).

Easy Arithmetic Difficulty Arithmetic
Task Task
Road . .
Situation Straight Curve Straight Curve
Error Rate
(%) 0.94 1.55 26.33 46.49
I Normal Driving B Easy Arithmetic Task

.é‘ [ Difficult Arithmetic Task ElAfter Experiment Driving
o
2
w
@
@
=
=
o
£
5]
&
17}

1 Straight | ’ Curve | I Whole Route |

L] * *
L——.—;——I * p(.05
Road Conditions " e¢ol

(Figure 8) Results of Steering Entropy

4. Steering Entropy Analysis

Result in (Figure 8) indicates that steering
entropy among driving conditions was significantly
increased by the improvement of task difficulty,
and then the required workload level of after
experiment driving was recovered at the normal
driving level in both road sections (straight section
1 F(3,12)=4.489, p-value=0.0240), curve section :
F(3.12)=6.44, p-—value=0.0075). Also, steering
entropy of total route showed the significant
differences among situations (F(3,12)=3.767, p-
value=0.040). However, dissimilar from the ten-
dency of other measurement results, required
entropy of curve section was lower than that of
straight one. Because the straight lane of analyzed
experimental route included two intersections to be
go straight. In practice, it is possible to calculate
the exact steering entropy of straight and curve
road by cutting the collected data between
intersections or curves. However, in this case, it is
impossible to reflect the real urban traffic situ-
ations that are very changeable and much traffic
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volumes with interferences of other vehicles.

V. Findings and Conclusions

This paper compared four mental workload mea-
surements such as normal driving, easy and difficult
arithmetic driving, and after experiment driving
conditions with hands—free cellular phone use.

Results of eye movement analysis indicate that
as the secondary task difficulty level start to
increases, the visual activities tend to focus on
the primary task operation (task for lane keeping
and advancing). [t means that the drivers tend
to concentrate their visual activities on the area
that they should drive to, so that the inspection
ability of circumference visual field for monitoring
other lanes and traffic situations become reduced.

The subjective mental workload and the secon-
dary task performance evaluation support this
result that more workloads are required to maintain
the primary driving task by the increase of
secondary task difficulty. Also, this result supports
the fact that more workload is required on the
curve section than that of straight section. It
means that the hands-free cellular phone use on a
curve section can make more dangerous situation
than on a straight section when the driver having
or holding a conversation demanding a high work-
load such as negotiation, calculation, quarrel, and
so on. However, more examination of steering en-
tropy method is required to adapt the specific road
and driving conditions as a new mental workload
index.

Initially, this experiment was designed to esti-
mate the reaction time between the brake light of
fore-vehicle and the start time of subject accel-
erator release using CCD 1 by experimental driving
situations. However, it was very difficult to estimate
by VCR analysis using the recorded data of
(Figure 3> (b), because of sunlight interference
and variable traffic situations, and this kind of
analysis method requires much experimenter’s time

and labor load for result derivation. Therefore, for
more exact experimental results, it is recommend-
able to use a leading vehicle (another experimental
vehicle) and multi-beam laser radar device to
estimate the accurate reaction time and headway
distribution that are also regarded as important
driver’s performance measurements. This way also
could diminish the experiment result analysis
time and, could improve ‘the data accuracy.
Nowadays, governments in many countries are
trying to prohibit the cellular phone use while
driving by the law. However, most of them only
restrict the use of hand-held types. Based upon
the results of current study, the hands-free cellular
phone use while driving can make a serious traffic
situation depending on the difficulty of convert-
sation. It means that hands-free cellular phone
use could arouse the negative effects to the driver’s
performance and workload that is one of the major
causes of traffic accident. However, to investigate
farther impacts of hands-free cellular phone use
on drivers, additional experiments with various
demographic groups in various driving situations

are strongly recommended.
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