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The control theory of driving suggests that driver distraction can be analyzed as a breakdown of control at three levels. Common
approach for analyzing distraction experimentally is to utilize capacity-based measures to assess distraction at the level of
operational control. Three driving simulation experiments with 61 participants were organized to evaluate which kind of measures
could be used to analyze drivers’ tactical visual sampling models and the related effects of distraction while searching textual
information on in-car display. The effects of two different text types were evaluated. The utilized capacity-based measures seemed
to be insufficient for revealing participants’ tactical behaviors or effects of text type. The measures of workload or performance
did not indicate reliably the differences found between participants’ visual sampling strategies or which text type is better for
enabling safer task timing behaviors. Visual sampling measures did indicate effects of text type on participants’ tactical abilities.
Differences in participants’ visual sampling strategies leading to different levels of systematicity in visual behaviors can explain the
variances in visual sampling efficiency. Displays encouraging unsystematic glance allocation behaviors were found potentially the
most distracting in relation to safe visual sampling of in-vehicle displays.

1. Introduction

Use of in-vehicle information systems (IVISs) and mobile
devices for various purposes on road is increasingly popular.
The growing availability of versatile information systems
while driving underscores the importance of finding ways to
assess in a valid way these systems’ distraction-related safety
risks on multiple levels [1]. This research should also guide in
finding ways to design safer user interfaces for these systems.

Major advancements in the investigation of driver dis-
traction have taken place under the paradigms based on
the limited resources or information processing capacity of
the human being (e.g., [2–4]). Dual-task experiments on
driving, which are based on the premise that secondary tasks
divert capacity or resources from the primary task, make it
possible to uncover the possible consequences of a capacity
limitation, such as deteriorated object and event detection

(e.g., [5–9]). Major parts of driver distraction research have
focused on revealing this type of dual-task interference at
the level of operational control [1]. From control-theoretical
point of view [10], however, there are additional levels of
control in driving. The level of operational control is the low-
est level, at which the drivers control investment of their
information processing resources at a timescale of millisec-
onds to seconds [1]. Above this level, there are the levels of
tactical control, for example, distribution of tasks over time
at a timescale of seconds to minutes, and of strategic control,
for example, strategic planning and task prioritization at
a timescale of minutes to weeks [1]. On the tactical level,
distraction means failure in task timing, and, on the strate-
gic level, it can be understood as inappropriate priority cali-
bration [1].

It is known in expertise research that all the errors of
experts cannot be explained in terms of limited capacity and
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excessive workload [11]. Some of them seem to be connected,
instead, to the information contents of mental representa-
tions, that is, mental contents [11]. From the capacity point
of view, it is irrelevant whether the information in the lim-
ited processing system of a human operator is inclusive, cor-
rect, relevant, or making sense. The only critical aspect of
that information is its complexity relative to the operator’s
capacity to perceive, attend to, or remember it in normal situ-
ations or in situations where the operators’s capacity has
decreased, for example, in the cases of low vigilance or men-
tal underload. However, people might also misrepresent the
situation they find themselves in and, consequently, they
may err. In this way the nature of their mental contents
can be used to explain why things may have gone in a
suboptimal manner. This is why it is logical to apply content-
based approach also when investigating human-computer
interaction problems.

From this point of view, the limitations of the experi-
mental research focusing on the level of operational control
and the limited resources or capacity of the human operator
are obvious. There are a lot of examples of studies with
time pressured and not self-paced secondary tasks that surely
reveal decreased driving performance and, thus, capacity
limitations of the participants, but the external validity of
the conclusions can be questioned (e.g., [12, 13], see also
[14]). These types of experimental settings do not allow or
investigate the tactical or strategic abilities of the participants
in more realistic task environments.

A common denominator behind the measures utilized in
these experiments is the logic of explanation that proceeds
as follows: drivers make errors, because the situational work-
load exceeds the limited capacity of the driver (see Figure 1).
In the following, we will refer to these types of measures as
the capacity-based measures. The capacity-based measures
are intended to measure either workload (e.g., subjective
workload ratings, visual load, and physiological measures) or
its performance effects (e.g., driving performance, task times,
and reaction times). Thus, the measures seem to be alone
inadequate for analyzing the tactical and strategic behaviors
of the participants. Neither can they provide information
on the qualities of drivers’ ways of interacting with IVIS in
the space of possible strategies [15]. For these reasons, the
measures seem to be insufficient for discovering distraction
effects and providing guidance on how to enhance IVIS
interactions at the higher levels of control.

In this paper, we will try to illustrate the limits of the
capacity-based measures and explore what kind of measures
could be utilized to assess driver distraction and thinking
at the levels of tactical and strategic control. While focusing
on visual IVIS interaction, variance in glance durations has
been used previously by [16–18] as a measure for visual
sampling efficiency, that is, the efficiency of distributing
visual attention over time between two tasks. Victor et al.
[2] suggested that variance in glance durations towards IVIS
increases as a function of in-vehicle task difficulty. However,
visual sampling efficiency is not a capacity-based concept,
because it does not describe the level of workload or the
related performance effects (see [10]). Instead, it can provide
information on the systematicity of the visual behavior
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Figure 1: Capacity-based model of human dual-task performance
(after [4]).

and thus, if the driver is able to utilize tactical or strategic
thinking in the dual-task condition. Evidently, the variance
in glance durations can increase by too short glances on
display, inefficient for acquiring any useful information, or
by overlong glances, which are potentially the most danger-
ous while driving [16, 20]. However, the variance in glance
durations can also increase even if the driver is able to
time glances to the IVIS efficiently in relation to the driving
situation, but the driving demands are dynamic, as they often
are in real traffic. This suggests that more exact measures that
take the dynamics of the driving environment into account
should be developed for visual sampling efficiency.

To evaluate if the measures of visual sampling efficiency
could reliably reveal potential distraction-related risks of
visual IVISs while allowing for tactical and strategic thinking,
we organized three experiments with the help of an eye-
tracking system and a series of self-paced visual secondary
tasks on two different display designs in a dynamic driving
simulation. We compared the explanatory power of the
capacity-based measures to that of visual sampling efficiency
measures regarding what types of measures can reveal how
IVIS interaction designs should be enhanced for enabling
safer task timing behaviors and strategies. The theoretical
focus of investigation was on the limits of capacity-based
measures for providing an exhaustive analysis of the signif-
icance of behavioral tactics and strategies in dual-tasking
while driving.

2. Experiment 1

In the first experiment, we varied the properties of a text
chapter displayed on an in-vehicle display in which the
participants searched information while driving. We hypoth-
esized that the capacity-based measures of subjectively
assessed workload, task times, and driving performance
lack the power of expression in determining which features
of a visual display design are safer than others from the
viewpoint of safe task timing behavior. In quantitative terms,
there should not be significant effects of differences in
visual displays on the capacity-based measures of subjective
workload, total task times, or driving performance, although
there would be effects of dual-task condition over single-
task condition on this operational level of control. Instead,
a detailed analysis of variances in visual sampling behavior
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Figure 2: The driving simulation environment.

should reveal significant effects of display designs in the fre-
quency of occasional overlong glances off road associated
with safety risks [21] and failures in tactical task timing be-
havior. In addition, we hypothesized that this detailed anal-
ysis of variances in visual behavior with information-filled
visual displays will reveal significant differences in individual
visual sampling efficiencies that cannot be explained merely
by capacity-based analysis.

2.1. Research Method

2.1.1. Participants. The 16 volunteers were recruited via pub-
lic university e-mail lists. They included 9 women and 7 men
between the ages of 20 and 33 (M = 24.3; SD = 3.9). They
all had a valid driving license and lifetime driving experience
from 2 to 100 thousand kilometers (M = 45.3; SD =
39.8). Eight of them were classified as experienced drivers
(≥30 000 km, 4 men, 4 women) and eight as novice drivers
(≤20 000 km, 3 men, 5 women). All the participants had a
vision that was normal or corrected to normal. The experi-
ment was conducted in Finnish with fluent Finnish speakers.

2.1.2. Materials. The tools used in the experiment included
a driving simulator, consisting of a high-definition data pro-
jector, a computer, speakers, and a steering wheel with force
feedback and pedals (see Figure 2). The use of the driving
simulation in this case can be justified by the requirements
of safety for the participants being subjected to demanding
visual secondary tasks. We used the open-source Racer driv-
ing simulation software (http://www.racer.nl/). The software
uses motion formulae from the actual engineering docu-
ments of the Society of Automobile Engineers. The car select-
ed for the experiment was a Ford Focus RS with automatic
gears, and it was adjusted for a realistic driving experience.
The driving view included a speedometer and a tachometer
just above the steering wheel.

For practice, the simulated road used was a track-like
circuit, but the actual trials were driven on a two-lane rural
road simulating a Polish country road with a speed limit
of 50 km/h. Driving speed was kept within static limits
between 40 and 60 km/h by instructions in our experiment.
Also the width of the road, wind speed, and other possible

factors affecting the position of the car were fixed. There
was no other traffic on the road. The curvature of the
road and visibility of the road ahead were the dynamic fac-
tors. Other equipments included a helmet-mounted SMI
eye-tracking system with a 50 Hz sampling rate, video and
audio capturing devices, questionnaires, and a computer for
controlling the secondary task. A 17′′ display was located
20 centimeters below the driving view and over 45◦ from the
normal sight axis, on the right side of the participant.

2.1.3. Procedure. The experimental design consisted of a
driving task with the driving simulator and a series of visual
secondary tasks. The secondary tasks consisted of a spaced or
compressed text, which made the discriminability of the text
vary between groups (see Figure 3). The task design imitated
situations in which the driver is reading a newsfeed or an e-
mail message with an in-car Internet system while driving.
The reading task was not the most typical of real-world in-
car secondary tasks but the task could also be well related
to in-vehicle visual search tasks that are common with, for
example, modern point-of-interest or music track browsers.
One of the examples of a news-related question in the display
was, “How often disturbances caused by passengers happen
in domestic flights?” The experiment included trials with and
without the secondary task. The design was thus a within-
subject design over dual-task condition and a between-
subjects design over text type.

The instructions for the driving task were to keep the blue
bonnet of the vehicle between the white lane markers and
to keep the velocity of the vehicle between 40 and 60 km/h.
In the secondary task, the participants were asked to answer
orally questions located in the upper part of the display,
drawn on text chapters below the question. The text and the
related question changed after each correct answer. There was
no time pressure in completing the secondary tasks, but the
trial lasted as long as the participant took to complete five
secondary tasks.

In the beginning of the experiment, general background
information was collected from each participant. After this,
the eye tracker was calibrated and overall instructions for the
experiment were given. Prior to the trials, each participant
was informed that the 10 most accurate participants in the
driving tasks would be rewarded with movie tickets and
that inaccuracy is defined by the total time spent outside
the instructed areas (lane/speed zone). This was to make
them prioritize the driving task. A practice driving task of
about five minutes, consisting of driving around a track-like
circuit, was performed without any secondary tasks. After
this, the participants completed the trials with and without
secondary tasks. The order of the trials was counterbalanced
to eliminate learning effects from the driving performance
data. The participants completed a reduced NASA Task Load
Index (NASA-TLX) questionnaire (no weighting; [22]) after
both trials. Before their dual-task trial, each participant
was given, for practice, one secondary task without driving.
Finally, the participants were shortly interviewed about their
visual sampling strategies during the dual-task trial and
about whether they were able to keep to their lane with
peripheral vision (see [23]). The latter question is of great
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Figure 3: Two alternative ways to represent textual information on an in-vehicle display.

importance for the glance duration analysis and for the con-
clusions that follow [24].

2.1.4. Variables. The independent variables for analysis
included the dual-task condition and the text type for the
secondary task. The dependent variables included the total
frequency and duration of lane excursions, which were de-
fined to occur when the visible part of the car was over the
lane markings for measuring deviations in lateral position;
the total glance time; the total frequency of glances; the
means, standard deviations, and maximum lengths of glance
durations; the frequency of glances longer than 2 seconds, in
total and while driving in curves; the NASA-TLX ratings. We
also wanted to analyze whether task times [25] could reveal
effects of text type. Glance durations of more than 2 seconds
can be considered as unsafe in many circumstances [21, 26]
(for similar measures, see [16]). Glances of over 2 seconds
while driving in curves measured the participants’ abilities to
assess the difficulty of the driving situation and the extent to
which they were able to adapt their task switching according
to this information.

The controlled variables included driving experience and
gender, which were balanced between the groups. Display
properties other than the one varied were fixed between the
different designs the same fonts (Arial, 12 pt), line spacing
(single), and text locations. In addition, the point of the in-
formation searched for varied within text between tasks. The
order of the trials was counterbalanced within groups.

2.1.5. Analyses. Mixed videos (25 frames per second) from
the eye-tracking system and the driving scene were scored
frame by frame for lane excursions, task times, and eye-
movements with advanced video scoring software for behav-
ioral research. A glance to the secondary task display was
scored to begin at the frame the participant’s gaze was off
the road scene and to end at the frame with the gaze back
in the road scene, following the SAE J2396 definition [27].
Other data included the interview notes of the experimenter.

Questionnaires were analyzed for means and variances with-
in and between groups. Repeated measures ANOVA, two-
tailed t-tests, and nonparametric Mann-Whitney U and
Wilcoxon tests were used in order to find statistical signifi-
cance and interaction effects in the results. Alpha level of 0.05
was used in statistical testing.

2.2. Results. The dual-task condition had a significant in-
creasing effect on the mean frequency of lane excursions,
from 3.38 to 12.63, F(1, 14) = 19.38, P = 0.001, and on the
mean total duration of lane excursions, from 4.50 to 20.66
seconds, F(1, 14) = 8.62, P = 0.011. However, the text type
did not have a significant effect on the frequency or duration
of lane excursions. No interaction effects were found. Total
task time did not indicate significant effects of text type,
t(14) = 0.380, P = 0.712. Neither did the total task times
correlate with the frequency or duration of lane excursions
(Pearson’s correlation).

The total duration or total frequency of glances at the
secondary display during the tasks did not vary significantly
between the text groups. Instead, the Compressed Text group
had significantly greater means, t(14) = 2.308, P = 0.039,
maximums t(14) = 2.658, P = 0.030, and standard
deviations, t(14) = 0.355, P = 0.010 of glance durations at
the text, compared to the Spaced Text group (see Table 1).
They also made significantly more over-2-second glances to
the display in total, t(14) = 2.932, P = 0.015, and while
driving in curves, t(14) = 2.966, P = 0.017, than the Spaced
Text group did. In the trial without secondary tasks there was
a significant difference, t(15) = 6.484,P < 0.001, between the
frequency of lane excursions committed in curves, M = 3.19,
SD = 1.87, and the frequency of lane excursions committed
on a straight road, M = 0.06, SD = 0.25, which indicates
that driving in a curve was more demanding than driving on
a straight road.

NASA-TLX measured the subjectively experienced de-
mands of the tasks. There were no effects of text type in
the results. Instead, excluding physical demand, there were
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Table 1: Experiment 1: mean values of glance measures to the text
display (standard errors).

Spaced text (n = 8)
Compressed text

(n = 8)

Total glance time (s) 209.92 (28.24) 249.82 (35.99)

Mean duration (s)∗ 0.97 (0.12) 1.46 (0.18)

Standard deviation of
durations (s)∗∗

0.59 (0.05) 1.33 (0.21)

Max duration (s)∗ 3.47 (0.44) 8.89 (1.99)

Total frequency of
glances

230.50 (30.08) 174.50 (22.72)

Frequency of >2 s
glances∗

13.38 (3.88) 38.75 (7.74)

Frequency of >2 s
glances in curves∗

2.00 (0.68) 8.88 (2.22)

∗Significant difference at 0.05 level; ∗∗significant difference at 0.01 level (t-
test, two-tailed, equal variances not assumed).

differences between trials in all the reported scales: mental
demand (Z = −3.53, P < 0.001), temporal demand (Z =
−3.41, P = 0.001), effort (Z = −3.37, P = 0.001), perform-
ance (Z = −3.37, P = 0.001), and frustration (Z =
−3.04, P = 0.002). Every participant in both groups rated
the dual-task trial as more demanding on these scales than
the trial without the secondary task.

In the short postexperiment interviews, it was found out
that the participants had different visual sampling tactics.
They tried to, for instance, allocate their visual attention to
the display only while they were driving on a straight road or
when the speed was easy to keep constant (no hills) or tried to
maintain the lane position with their peripheral vision while
reading the text. Eight participants reported that they tried
to concentrate on reading the text and on maintaining the
lane position at the same time with their peripheral vision,
although they found it difficult, especially in curves.

2.3. Discussion. The dual-task condition had a significant
effect on driving performance, which illustrates that capac-
ity-based view of distraction as a breakdown of operational
control can explain driving errors in our experiment. This
was naturally expected, since extensive research on secondary
tasks with driving has demonstrated this (e.g., [21, 26, 28]).
However, text type did not have a significant effect on the
frequency or duration of lane excursions, on total task times,
or on the workload ratings. Instead, text type had an effect
on the mean duration of glances, maximum glance dura-
tions, and variance of the glance durations. Finally, text type
affected the frequency of overlong glances in total and in
curves.

The first findings indicate that risky glance timing behav-
ior is not in direct relation with capacity-based driving per-
formance measures, total task times, or subjective workload
ratings. As a matter of fact, the measures for driving per-
formance, such as deviations in lane position, do not neces-
sarily tell much about the differences of use risks between
different secondary system designs, because the risks do not
necessarily manifest themselves as driving errors or accidents

in experiments or in real traffic (e.g., [6, 24, 29]). Occurrence
of a decrease in driving performance is a consequence of per-
formance variability, the explanation of which requires a de-
tailed description of the concurrencies of human and contex-
tual variabilities and cannot be explained merely by the no-
tion of an oversimplified conception of human performance
[30, 31].

The other findings indicate that glance duration distribu-
tions are essentially affected by the differences in texts. The
mean durations stayed on an acceptable level in both groups
and are in line with Wierwille’s et al. [32] visual sampling
model. However, a more detailed analysis of glance durations
can be indicative with respect to the efficiency of visual
sampling behavior [16, 20]. It seemed that there were sig-
nificant differences even between experienced drivers in their
skills of visual sampling as measured by the variances in
glance durations. In addition, the qualities of in-car visual
displays, in this case, a difference as subtle as text spacing,
were seen to have a clear effect on the visual sampling effici-
ency of the drivers. This means that detailed glance duration
distributions are essential for analyzing risk factors in inter-
action between the driver and a visual IVIS while allowing
for tactical and strategic thinking.

The data indicates that it is not sufficient to know that
behaviors are different with respect to some gross capacity-
based measure, such as the frequency of lane excursions be-
tween single-task and dual-task trials. This information does
not yet tell what precisely should be changed in the inter-
action for enhancing safer dual-task behavior unless there is
an obvious difference in the levels of workload or perfor-
mance produced by two different display designs. Neither
can capacity-based thinking explain the inter- and intrain-
dividual differences in visual sampling behaviors, because
participants’ cognitive capacities are generally assumed to be
basically equal between individuals and across situations (see
[33]). Furthermore, the level of efficiency in visual behav-
ior is a phenomenon that cannot be explicated by capacity-
based explanations but rather requires analysis of the mental
representations guiding visual attention. Accurate quantita-
tive and qualitative information about how visual sampling
behaviors and the respective individual mental representa-
tions are different would be required.

3. Experiment 2

The limitations of our first experiment included absence of
other traffic on the road and, thus, low expectancy for unex-
pected hazardous events. These missing factors may have
influenced the participants’ visual sampling behavior [34].
However, the task of lane keeping by peripheral vision was
evaluated as difficult by the participants, especially while
driving in curves. This may have been due to the relatively
large distance between the driving view and the secondary
display [23]. Half of the participants were novice drivers,
which could have magnified the effects of the text type (see
[16]). The experimental design in the second experiment was
improved to take these possible effects into account. More-
over, the analyses of glance durations in relation to the con-
tents of the participants’ search strategies were left open in
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the first experiment. In the second experiment, we wanted to
replicate and extend the findings of the first experiment, as
well as to take the qualitative analysis of drivers’ visual sam-
pling and search strategies to a more detailed level. We
wanted to find out if and how the measures of visual sam-
pling efficiency relate to the contents of the found strategies.

Here, we hypothesized large variances in the visual sam-
pling performance of the experienced participants and that
the text type on a visual display would affect the partic-
ipants’ ability to utilize effective visual sampling and search
strategies. Furthermore, we hypothesized that the quanti-
tative capacity-based measures of performance would not
provide us significant knowledge about the diverse safety-
relevant effects of the differing visual display designs and,
consequently, about how the interaction should be designed.
Again, in quantitative terms, this means that (a) there should
be significant differences between groups and large variances
within groups with different visual displays in the measures
of visual sampling efficiency, but (b) no significant effects
of visual display design on capacity-based measures will be
observable.

3.1. Research Method

3.1.1. Participants. The 18 participants (9 male and 9 female)
were recruited from the public e-mail lists of the University
of Jyvöskylö. This time, all participants were experienced
drivers, in order to eliminate the effects of low driving expe-
rience in the results and to test more carefully the assumption
that experienced drivers are generally capable of efficient
visual time-sharing between driving and secondary tasks.
The participants had a lifetime driving experience from 25
to 500 thousand kilometers, with a mean experience of 143.6
thousand kilometers (SD = 152.9), and they all drove a car
on a weekly basis. The participants’ ages were from 22 to
34 years, with a mean of 27.0 years (SD = 3.0). Again, all
participants had a vision that was normal or corrected to
normal, and the study was conducted in Finnish with fluent
Finnish speakers.

3.1.2. Materials. The environment and the tools were the
same as in the first experiment. A total of four secondary
tasks similar to those in the first experiment were presented
for the participants in the dual-task condition.

3.1.3. Procedure. The experimental design and procedure of
the first experiment were replicated. However, improvements
to the experimental design included oncoming traffic (four
cars in preset points on the road) and an instruction to
the participant to be aware of the possibility of unexpected
events. This was to eliminate those overlong glances that
would not be realistic in an actual driving environment and
to encourage the participants to observe the driving environ-
ment for possible hazardous events as they would in real cir-
cumstances. The participants completed first the single driv-
ing trial and then the dual-task trial. The order of the trials
was not counterbalanced this time, because the difference in
driving performance measures between the trials was not our
main interest and because we wanted to make the dual-task
condition as similar as possible for every participant.

After the trials, an in-depth interview aimed at discov-
ering the participants’ visual sampling strategies was con-
ducted by the experimenter. The interview included a ques-
tion regarding whether the participants were able to remain
in their lane with peripheral vision while focusing on the
reading task.

3.1.4. Analyses. The measurements and analysis were nearly
identical to those in the first experiment, with just some mi-
nor adjustments. The frequency and durations of lane excur-
sions were analyzed for equal journey lengths between the
two trials. The analysis of over-2-second glances in curves
was done this time by an automatic script that compared
the steering wheel movements recorded in the log file of the
driving simulation to the synchronized data file scored from
the eye-tracking video. The limit for driving on a curve was
defined to be the absolute value of 0.60 or more of the steer-
ing wheel position in terms of the simulation’s log file data,
in which 0.00 was the calibrated center point. Variance
in steering wheel position in the dual-task condition was
analyzed as an additional capacity-based measure [35]. The
interview recordings were analyzed after the experiments
to seek commonalities and differences in the participants’
descriptions of their visual sampling strategies, which were
then used to classify the participants into the found types of
strategies.

3.2. Results. Again, the dual-task condition had a significant
increasing effect on the mean frequency of lane excursions
committed, from 2.61 to 6.11, F(1, 16) = 10.69, P = 0.005.
Significant differences were not found in the frequency or
durations of lane excursions over the different text types.
Neither did the text type have an effect on the variance in
steering wheel position, t(16) = 0.426, P = 0.676. Total task
time did not reveal significant effects of text type, t(16) =
1.037, P = 0.317, and did not correlate with the frequency or
duration of lane excursions (Pearson’s correlation).

The glance data analysis revealed that the Compressed
Text group had significantly longer total glance times toward
the secondary task display, t(16) = 2.919, P = 0.017.
Additionally, the maximum durations of glances toward the
display were longer, (t(16) = 2.386, P = 0.041), and the
frequency of overlong glances in total, t(16) = 2.300, P =
0.039, as well as while driving in curves, (t(16) = 2.245, P =
0.048), was also significantly larger in the Compressed Text
group (see Table 2). The distributions of glance durations
in Figure 4 illustrate the effects of the text types. In total
(n = 18), there were strong correlations between standard
deviation of glance durations and frequency of over-2-
second glances (r = 0.904, P < 0.001) and over-2-second
glances in curves (r = 0.941, P < 0.001).

The participants rated the dual-task condition with
NASA-TLX as mentally (Z = −3.73, P < 0.001), physically
(Z = −2.29, P = 0.022), and temporally (Z = −3.17, P =
0.002) more demanding than the single-task condition. In
their opinion, they also invested more effort (Z = −3.30,
P = 0.001), felt their level of performance was lower
(Z = −3.73, P < 0.001), and felt more frustrated (Z =
−3.38, P = 0.001) in the dual-task condition. Again, there
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Figure 4: The distributions of glance durations by text type in Experiment 2.

Table 2: Experiment 2: mean values of glance measures to the text
display (standard errors).

Spaced text
(n = 9)

Compressed text
(n = 9)

Total glance time (s)∗ 157.08 (8.61) 255.08 (32.44)

Mean duration (s) 1.41 (0.12) 1.83 (0.21)

Standard deviation of
durations (s)

0.49 (0.06) 0.97 (0.23)

Max duration (s)∗ 2.97 (0.34) 6.15 (1.29)

Total frequency of
glances

116.44 (9.38) 139.67 (9.70)

Frequency of >2 s
glances∗

13.33 (5.15) 36.56 (8.68)

Frequency of >2 s
glances in curves∗

2.33 (1.64) 12.67 (4.30)

∗Significant difference at 0.05 level (t-test, two-tailed, equal variances not
assumed).

were no significant effects of text type in the subjective eval-
uations.

In the interviews, six main categories (S1–S6) were
found for the visual sampling strategies developed by the
participants during the dual-task trial (see Table 3 and
Figure 5). When comparing the frequency of lane excursions
and the used strategy, we found that the only two participants
who drove perfectly (no lane excursions) also made no over-
2-second glances toward the secondary task display. Both
were in the Spaced Text group and followed the S1 strategy.

Six of the participants reported that they were not able or
did not try to utilize peripheral vision for maintaining lane
position while reading the text. The other 12 participants said
they tried to use their peripheral vision to maintain their lane
but it was difficult and possible only along the long straight
parts of the road.

3.3. Discussion. There was a significant increasing effect of
the dual-task condition on the frequency of lane excursions,
but no significant effects of text type on lane excursions,
steering wheel deviations, or subjective workload ratings.
Neither did task time, suggested as a measure for distraction
potential of IVIS [25], indicate any effects of text type.

Significant differences between the groups and large vari-
ances especially in the Compressed Text group in the visual
sampling efficiency-related measures support the hypothesis
of significant individual differences in visual sampling skills,
even among experienced drivers.

The introduction of other traffic in Experiment 2 ap-
peared to reduce, not increase, the interference with driving
compared to Experiment 1. This suggests that, to some ex-
tent, drivers are able to reign in their driving performance
when it becomes necessary to do so, presumably at the ex-
pense of the secondary task performance. In addition, the
more experienced participants in Experiment 2 were likely
more capable of perceiving the situational demands of
driving correctly than the less experienced participants in
Experiment 1.

In Experiment 2, difference between standard deviations
in the groups’ glance durations was not statistically signif-
icant (t(16) = 2.021,P = 0.074). However, there were
strong correlations between this measure and the measures
of overlong glances. These findings support the use of
the measure for indicating differences between individuals’
visual sampling skills with small samples [16–18], as well as
a measure for drivers’ abilities to combine a visual secondary
task with driving in a safe and efficient way [36]. In addition,
the measures of overlong glances in relation to the demands
of the driving situation can reveal certain qualitative features
of a display design that could induce unintentional visual
distraction by the secondary task.

One could argue that the compressed text required more
processing on the visual system than the spaced text, which
would be a capacity-based explanation for the differences in
the visual behaviors. However, this superficial explanation
does not address our intent to understand the mechanisms
on the tactical and strategic levels of control behind inter-
and intraindividual variances in participants’ visual behav-
ior. The interviews revealed additional explanatory factors
determining the efficiency of visual sampling than the mere
discriminability of the text and that the information contents
of the participants’ mental representations of the dual-task
situation can potentially explain the efficiency of visual
sampling.

The results suggest that the more systematic the driver’s
visual sampling strategy, the more efficient the visual
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Figure 5: Visual sampling strategy versus mean values of visual sampling efficiency measures in Experiment 2.

Table 3: Subjectively Reported Visual Sampling Strategies of the Participants in the Experiment 2.

Text type Strategy

S1: The participant read from the beginning of each sentence, from top to bottom. Each sentence was read only so far as
was necessary to comprehend whether the contents were relevant (n = 2).

Spaced S2: The participant read the beginnings of the sentences, but jumped across sentences without a clear order (n = 3).

S3: The participant read the beginnings of the sentences and jumped sentences, but also searched for relevant words from
other parts of the sentences (n = 4).

S4: The participant mentally cropped the text to sub areas by trying to find points of reference in the text, and searched for
relevant words within the areas (n = 2).

Compressed S5: The participant searched for relevant words everywhere without a clear order (n = 6).

S6: The participant read every sentence until found the answer, from top to bottom (n = 1).

sampling performance (see Figure 5). It seems that the best
visual sampling performance required a sufficiently inclu-
sive and correct understanding of the dual-task situation’s
attentional demands and risks (see [1]). The compressed text
did not seem to support the development of the presumably
optimal strategy, S1. This strategy can be argued to be based
on the information of systematic search behavior’s impor-
tance in this context for keeping glance lengths to the display
short and relatively static. We argue that, in the cases of
the less systematic or otherwise less suitable visual sampl-
ing strategies and the resultant search behaviors, the gaze
patterns and glance durations were controlled, at least partly,
by the contingencies of the text, and not actively by the
participant. This relates to the speed of finding where to
start reading again with the next glance, how the time
required to comprehend the meaning of a next sentence
could be estimated, and how to adjust the corresponding
glance duration and timing toward the visual display to the
requirements of the driving situation. It seems that the key
for a successful visual sampling was the capability of active
control over one’s glance allocation and glance lengths.

4. Experiment 3

In order to find additional quantitative support for our argu-
ments derived from the results of the second experiment,
we organized a third experiment in which we took a few of
the visual sampling strategies found in the preceding inter-
views as our manipulated variables. We wanted to find out
if the measures of visual sampling efficiency are really con-
nected to the situation awareness and tactical decisions of
the participants. We predicted that visual sampling (i.e.,
search) strategies can explain variances in visual sampling
efficiency. In other words, participants who are trained to
assume the most systematic visual sampling strategy, S1 (see
Table 3), will perform significantly more efficiently in visual
sampling than participants instructed in presumably less
suitable strategies (S5: quick skim or S6: read all). These
strategies were selected because they represent the three pri-
mary types of dual-task behavior, while the other strategies
identified (S2−S4) are variants between these. We also hy-
pothesized that the training will have a positive effect on driv-
ing performance.
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4.1. Research Method

4.1.1. Participants. The 10 male and 17 female volunteer stu-
dents (recruited through an e-mail service at the University
of Jyvöskylö) had a mean driving experience of 46.5 thou-
sand kilometers (SD = 61.9), ranging from 2 000 to 250 000
kilometers. Their ages ranged from 19 to 32 years, with a
mean of 23.1 years (SD = 3.2). All had a normal vision.
As before, the experiment was conducted in Finnish with
individuals fluent in Finnish. The participants were divided
into three groups of 9, corresponding to three different visual
sampling strategies (S1, S5, and S6). A between-subjects de-
sign was used to avoid any additional learning effects. Age,
gender, and driving experience were balanced among the
groups.

4.1.2. Materials. The tools and the driving simulation envi-
ronment were the same as in Experiment 2. This time, how-
ever, all of the participants did secondary tasks with the
spaced text type.

4.1.3. Procedure. First, participants practiced driving on the
circuit-like track. After this they were trained for the visual
sampling strategies with two secondary tasks. The partic-
ipant was instructed for the strategy in the form seen in
Table 3 (S1, S5, or S6). Between the two rehearsal tasks, the
participant was inquired for success in the rehearsed strategy
in the first task and the instructions for the selected strategy
were repeated. Finally, participants drove the dual-task trial
on the simulated rural road. A reaction task, consisting of
braking to avoid colliding with a deer, was included for a
further validation of visual behavior. While the reaction task
was rehearsed once in the practice trial, the dual-task trial did
not include the deer-related task, although the participants
did not know this beforehand. All of the participants were
rewarded with movie tickets.

4.1.4. Analyses. The measurements and analysis of visual
behavior and driving performance were identical to those
in the second experiment, with the exceptions of the single-
dual-task comparison and the subjective workload measure-
ments. The statistical multiple comparisons were made with
one-way ANOVA with the Bonferroni correction and the
alpha level .05. For controlling purposes, the participants
were interviewed after the experiment to reveal if they report-
ed failures in the rehearsed visual sampling.

4.2. Results. Glance data (see Figure 6) indicated that there
were significantly longer total glance durations and a greater
total frequency of glances in Group S6 (read all) than in
Group S1 (systematic) (mean difference of glance durations
(S6–S1) = 100.03 (18.88), P < 0.001, 95%Cl = 51.43 to
148.63; mean difference of the number of glances (S6–
S1) = 55.2 (13.54), P = 0.001, 95%Cl = 20.4 to 90.1). Also
Group S5 (quick skim) had significantly lower total glance
durations (mean difference (S6–S5) = 74.02 (18.88), P =
0.002, 95%Cl = 25.42 to 122.62) and a lower total frequency
of glances (mean difference (S6–S5) = 46.6 (13.5), P = 0.006,
95%Cl = 11.7 to 81.4) than Group S6.

The frequency of over-2-second glances in total in Group
S6 was significantly greater than in Group S1 (mean dif-
ference (S6–S1) = 18.2 (6.6), P = 0.031, 95%Cl = 1.4 to
35.1). Also maximum glance durations indicated significant
difference between Groups S1 and S6, in favor of Group S1
(mean difference (S6–S1) = 1.19 (0.45), P = 0.045, 95%Cl =
0.022 to 2.35).

Driving performance measures (Figure 6) revealed that
the strategy S1 had a significant decreasing effect on the
frequency (mean difference (S6–S1) = 11.7 (4.3), P =
0.034, 95%Cl = 0.7 to 22.6) and total duration of lane
excursions (mean difference (S6–S1) = 18.79 (7.03), P =
0.040, 95%Cl = 0.69 to 36.88) as compared to strategy S6.
There were no statistically significant differences between
Groups S5 and S6 in these measures.

4.3. Discussion. the results support our hypotheses: The
search strategies can explain at least partly the differences
in visual sampling efficiency between groups. Consequently,
training for the assumingly most efficient visual sampling
(S1) led to a better overall driving performance compared
to Group S6.

The strategies S1 and S5 (quick skim) were significantly
faster for finding the answers than S6 (read all). A quick skim
of text for relevant words without a clear order might seem to
be a safe and fast way for finding information while driving.
In fact, variants of this strategy were the most popular in the
second experiment (see Table 3). However, drivers should be
aware of the risks of this unsystematic behavior. Our results
indicate that this type of unsystematic visual sampling seems
to be potentially more dangerous while driving than the
more systematic strategy S1. A possible explanation for this
is that unsystematic gaze allocation can lead to uncontrolled
glance lengths in relation to the demands of the driving
situation. This was possibly also the case with strategy S6,
although it first seems to be a systematic search strategy.
There was a cost associated with interrupting the reading in
the middle of a sentence: in this case the participants did not
necessarily know where to continue at the next glance. Dual-
tasking while driving with these unsystematic strategies is in
many sense like a leap into unknown water.

Strategy S1 allowed the situational mental representa-
tions of the participants to include more accurate informa-
tion regarding where to allocate gaze with the next glance
and how long it will take to complete the following check.
More predictable glance lengths can help in deciding when
it is safe to switch attention to the display while taking into
consideration the varying demands of the driving task. These
aspects of situation awareness as well as tactical and strategic
thinking seemed to be closely related to the utilized measures
of visual sampling efficiency.

The results indicate some specific suggestions for design.
IVIS visual display designs should not encourage unor-
ganized skimming or other unsystematic search strategies.
Thus, browsing Web pages and e-mail messages, as such, is
potentially hazardous while driving because their structures
are diverse and unpredictable. To encourage the construction
of a proper strategy, for example, the first few words revealing
the contents of a sentence at a time could be the maximum
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limit for textual information provided to the driver (see also
[36]).

A preliminary analysis of the gaze paths on the display
suggests that additional metrics could be developed for mea-
suring systematicity in visual search behavior, such as average
saccade lengths between fixations during a single glance on
the display. Further research with larger samples could vali-
date whether unsystematic visual sampling strategies are in
fact among the most popular and natural strategies in the
driver population. There were no perfect performances in
group S1 observed as in Experiment 2, which might suggest
that the practiced strategy is not the most natural for all
drivers or that they did not learn to utilize it perfectly in the
time given.

5. Conclusions

The results of the three experiments indicate significant dif-
ferences in visual sampling and tactical skills of drivers, even
among experienced drivers, especially when the visual sec-
ondary task is demanding. Previously these differences have
been found between novice and experienced drivers [16],
between healthy drivers and drivers with cerebral lesions
[17], and between young and aged drivers [18]. The current
finding indicates that mere driving experience does not mean
the driver is capable of safe visual sampling between the
driving task and any possible secondary task.

A driver’s visual sampling capabilities seem to be greatly
affected by the qualities of the secondary task display
(Experiments 1 and 2) and the contents of the driver’s visual
sampling strategy (Experiment 3). These results specify the
visual sampling model of Wierwille et al. [32] for the part
of parameters that can cause variations in the predictions of
the basic model, particularly by lengthening glance durations
over the safe limits by attention capture induced by a sec-
ondary task. Another possible factor, for example, would be
the level of interest the driver has towards the information
displayed, leading to varying levels of engagement in the
secondary task [34]. On average, the participants tried to
keep the durations of the glances within safe limits, which
are often considered to be below 2 seconds in traffic [21].
However, more interesting than drivers’ general behavior
are the possibilities of occasional unintentional distraction
[20]. Even one overlong glance can be dangerous in a wrong
situation.

The results suggest that visual sampling efficiency in self-
paced dual-tasks could be utilized as an externally valid and
sensitive target for comparing distraction potentials of dif-
ferent visual IVIS display designs at the levels of tactical and
strategic control. Individual variances in glance durations
[16–19] and the durations of glances in relation to the task
difficulty bandwidth of the driving situation [24] could be
further developed as measures for visual sampling efficiency
while multitasking with visual tasks. These measures can also
provide a degree for task predictability and interruptability
[1, 37], and they should work with relatively small sample
sizes which is important for ensuring cost efficiency and
rapidity of industrial testing practices. With the measures
of visual sampling efficiency, it was possible to see that the

spaced text type better supported visual sampling between
the driving and search tasks than the compressed text type.
However, this type of information search activity cannot be
regarded as safe for most of the participants, at least without
proper training of tactical skills.

The self-paced secondary tasks used in our experiments
can be argued to be a more externally valid way to evaluate
the effects of the tasks than would be the case if the
participants were required to perform the tasks as quickly as
possible (e.g., [12, 13]). It should be noted that people often
are capable of circumventing their capacity limits with visual
sampling strategies if they are allowed such a possibility and
are able to perceive situational demands correctly [32, 38–
40].

In conclusion, detailed analysis of glance duration dis-
tributions in self-paced dual-task conditions seems to be an
important criterion for assessing safety risks related to visu-
al lapses of tactical and strategic control in the context of
visual IVIS. Driving performance measures are an important
addition in this analysis. They can indicate decreased level of
performance at the level of operational control compared to
the single-task condition, but they do not necessarily reveal
risky visual behavior that can, for example, make drivers
miss relevant cues within a developing driving situation. Nei-
ther are decreases in driving performance easily traceable to
certain characteristics of a display design.

On a general level, our experiments illustrate that the
utilized capacity-based measures and concepts have limits
in their power of expression. The traditional capacity-based
interaction analysis seems to be insufficient with respect
to the quality of interaction. Considering our results, it is
unclear how interaction should be redesigned on the grounds
of quantitative capacity-based measures, such as devia-
tions in lateral position, subjective workload ratings, task
times, and total or mean glance durations (i.e., visual load),
for enabling safer tactical behaviors. The same result will
presumably apply also to such capacity-based measures as
reaction times or heart rate variability. These measures do
not specify the contents of the drivers’ interaction models.

Cognitive capacity is generally seen as a rather stable
parameter over individuals and situations [33]. Therefore, it
is difficult to explain strategy-based inter- as well as intrain-
dividual variations—in this case, safety-relevant variations
in visual sampling efficiency—solely in terms of cognitive
capacity (see also [41]). The deeper analysis of the informa-
tion contents of participants’ situational mental representa-
tions, that is, mental contents [11, 42], indicated why the
unsystematic glance allocation models are potentially dan-
gerous. Mental contents can essentially vary over individuals
and conditions and relate closely to situation awareness as
well as to tactical and strategic thinking. The relationship
between the contents of the found visual sampling strategies
and the observed data indicated that the standard deviations
of glance durations and the frequencies of over-2-second
glances were associated with the information contents of the
participants’ situational mental representations, that is, the
level of information regarding where to allocate glances. The
frequency of over-2-second glances in curves was associated
with the levels of situation awareness, that is, whether
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Figure 6: Experiment 3: mean values of glance measures to the text display and lane excursions by the strategies S1, S5 (quick skim), and S6
(read all). The bars represent standard errors.

the participants’ situational mental representations included
correct estimations on the required glance durations for
keeping them in appropriate relation to the changing visual
demands of the driving task.

More research is needed for revealing how much infor-
mation is safe to display for the driver at one time and,
more importantly, how this information should be presented
to enhance the development of systematic and safe visual
sampling behavior. Web pages or e-mail systems seem to be
rarely optimized for searching textual information while
driving. The investigation of the information contents of
drivers’ mental representations in self-paced dual-task situa-
tions can aid in revealing the exact mechanisms behind safe-
ty-relevant variances in visual sampling and task timings.
This content-based approach needs not to be contradictory
to the capacity-based. Instead, it is a complementary view;
likewise the levels of control interact with each other [1]. This
level of analysis would expand the focus of the research from
workload to mental contents, which is, in the light of our

experiments, an important explanatory factor in distraction-
related risk analysis at the levels of tactical and strategic
control.
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