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Mental Workload While Driving: Effects on Visual Search, Discrimination,
and Decision Making
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Universidad Complutense

Luis M. Nunes
Direccion General de Tréafico

The effects of mental workload on visual search and decision making were studied in rea traffic
conditions with 12 participants who drove an instrumented car. Mental workload was manipulated by
having participants perform several mental tasks while driving. A simultaneous visual-detection and
discrimination test was used as performance criteria. Mental tasks produced spatial gaze concentration
and visual-detection impairment, athough no tunnel vision occurred. According to ocular behavior
analysis, this impairment was due to late detection and poor identification more than to response
selection. Verbal acquisition tasks were innocuous compared with production tasks, and complex
conversations, whether by phone or with a passenger, are dangerous for road safety.

Lack of attention to relevant driving events is one of the main
factors in traffic accidents (Rumar, 1990), and the concept of
distraction is frequently used to refer to this lack of attention or to
attending to something irrelevant. The result of distraction is an
impaired capacity to process relevant information (Rumar, 1990)
because of perceptua inefficiency and/or inadequate response
selection. Attention is necessary for conscious perception
(LaBerge, 1995; Mack & Rock, 1998; Titchener, 1908; Von Helm-
holtz, 1924), but engaging in events unrelated to driving could also
directly affect decision processes, producing incorrect or late re-
sponse selection. Phenomena such as the “ psychological refractory
period” (Heuer, 1996; Pashler & Johnston, 1998, Pashler,
Johnston, & Ruthruff, 2001) indicate that a difficulty to perform
two tasks simultaneously arises when both tasks require a central
process of evaluation and response generation; that is, the atten-
tional interference occurs at central processing levels.

With regard to attentional capture, using Posner’s (1980) termi-
nology, distraction can be exogenous—produced by external ob-
jects or events irrelevant to driving—or endogenous—produced
by the driver’s own thoughts or cognitive activity unrelated to the
driving task. The implications of exogenous distraction on driving
are different from those of endogenous distraction because, in
addition to attentional capture, exogenous distraction usually cap-
tures the gaze, which means withdrawing it from the road ahead.
It iseasy to understand how one cannot see because of not looking,
but it is less obvious to explain how one looks but does not see.
The experiments of Recarte and Nunes (2000) provide evidence to
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hypothesize about the possible role of endogenous distraction as a
source of visual processing impairment.

Despite the applied relevance of attention for driving, research
on distraction is scarce, being mainly based on simulator studies
(Bossi, Ward, Parkes, & Howarth, 1997; Huges & Cole, 1988;
Theeuwes, 1996) and mostly focused on exogenous distracting
factors. Some studies conducted in real driving conditions have
focused on externa distractors or on increased visual load, for
instance, the effect of advertisement panels (Luoma, 1986, 1988),
traffic complexity (Miura, 1990), in-vehicle displays (Summala,
Nieminen, & Punto, 1996), or interaction between road type and
driving experience, both interpreted in terms of attentional de-
mands (Crundall & Underwood, 1998). According to Miura
(1990), the probability of detecting in-vehicle stimuli decreasesin
more complex scenarios, but this could be due to the mere impos-
sibility of looking at the traffic ahead and somewhere inside the
vehicle at the same time. On the contrary, research on interference
caused by endogenous distractors provides a more direct approach
to study higher level interference processes: If the distractors have
no explicit fovea load, then their effects cannot be explained by
mere functional constraints of the human eye. In addition to this
theoretical implication, being engaged in one's own affairs and
concerns while driving has, in itself, an applied interest because it
represents a common everyday situation that has received little
attention in the research field.

Using concurrent tasks with no foveal load (mental tasks), the
studies of Recarte and Nunes (2000) and Recarte, Nunes, and
Conchillo (in press) directly approach the relationships between
attention and gaze in rea driving. Recarte and Nunes (2000)
studied the effects of different mental tasks on visual behavior and
driving performance. The increased workload required by several
mental tasks was reflected in a significant pupil size increment,
and several measures of visual search behavior were also affected
by mental tasks. Among the general effects were a spatial gaze
concentration (lower variability in spatial gaze direction) and re-
duced inspection frequency of mirrors and speedometer, although
with no evidence of significant changes in specific driving perfor-
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mance measures, such as speed. Tasks with high spatial imagery
content produced not only more pronounced effects but also a
particular pattern of long fixations. To understand the significance
of the observed changes, two main issues need to be addressed: the
specificity of the effects regarding differences between tasks and
the evaluation of mental activity as a potentia distractor concern-
ing road safety.

In a similar experiment (Recarte et al., in press), two types of
content (verbal—spatial) were combined with two types of pro-
cesses (acquisition—production). The production tasks, analogous
to those of the first experiment, required continuous verbal re-
sponses about spatial or verbal (abstract) content. The acquisition
tasks consisted of attending to and keeping in mind the content of
audio messages with different types of content. To motivate the
driversto attend the messages, the authors advised participants that
a subsequent recall test would be performed after each acquisition
task. For production tasks, the results showed content effects,
reproducing the same findings of the first experiment, but no
effects, or practically null effects, occurred with the acquisition
tasks.

In conclusion, whereas some cognitive tasks cause drivers to
change their visual search behavior to various extents, other tasks
do not produce those changes. However, what do we know about
the probability of missing relevant information or making wrong
decisions? In addition, if decision processes are affected, then how
is this impairment related to visual search changes? Spatial gaze
concentration can be considered a plausible mechanism to opti-
mize visual resource allocation by increasing the priority assigned
to the road ahead. In contrast, the eventual negative value of
reduced inspection of peripheral areas should aso be considered.
Why do the relative priorities assigned to central and periphera
areas of the visual field change with mental tasks? Is it due to
optimization, impairment, or a trade-off between both?

Neither the present theories nor the available empirical knowl-
edge about ocular behavior provides a conclusive interpretation of
the observed effects and their applied significance for driving and
road safety. As the relevance of central and peripheral areas on a
road scene depend on each particular traffic situation and on the
drivers intentions, it is not possible to make a general statement
about which is the optimum spatial gaze distribution to maximize
drivers' situation awareness and minimize the risk of mispercep-
tion or wrong decisions.

The aims of the present research are () to extend the scope of
previous studies to perceptual and decision capacities and (b) to
increase the ecological value of the research by testing other tasks
more related to everyday life. By means of simultaneous analysis
of visual behavior and an additional visual-detection and discrim-
ination test, we attempt to provide empirical evidence to under-
stand the significance of the visual search concentration effect and,
as far as possible, to identify possible mechanisms of interference
of information-processing stages.

More precisely, the aim of this research is to answer the fol-
lowing questions. Regarding the potential distraction resulting
from mental activity, do mental tasks affect visual-detection and
response-selection capacities? Regarding the relation of these ca-
pacities with visual search changes, what is the relationship be-
tween gaze distribution and detection probability? In other words,
if the results show a detection impairment effect, then does it
equally affect the entire visual field or is the spatial concentration

of fixations associated with peripheral information impoverish-
ment? In contrast, tasks that do not produce visual search changes
might affect detection or decision capacities. In particular, the
comparison of acquisition and production tasks would be highly
informative if their effects on visual search reproduce previous
findings. Regarding possible interference mechanisms, if there is
some impairment in detection capacities, is it attributable to per-
ceptual impairment or to difficulties in response selection? In
reference to the generalization of the effects, will previousfindings
be reproduced with different, athough comparable, acquisition
and production tasks and with other tasks of intrinsic applied
interest, used as examples of current daily life activity while
driving?

To address these issues, we decided to carry out the present
experiment. In operative terms, some assumptions and hypotheses
are derived from the above-mentioned aims. To assess the visual-
detection and response-sel ection capacities, a visual-detection and
discrimination test was implemented in an instrumented vehicle,
alowing the controlled presentation of visual stimuli and the
measurement of response parameters—detections versus omis-
sions, correct responses versus errors, and response times. A
performance impairment effect would be accepted if lack of de-
tection, erroneous responses, or increased response times attribut-
able to mental tasks were observed. We assume that this test is
meaningful and representative of some realistic relevant traffic
events. Although more details of this test are provided in the
Method and Instruments sections, the test consisted of presentation
of flashing spotlights in conditions of spatial and temporal uncer-
tainty. Similar experimental settings have been used in comparable
experiments. Miura (1990), Lee and Triggs (1976), and Pottier
(1999) used similar techniques to evaluate visua attentional
changes due to traffic conditions or external distractors. The abrupt
onset of a stimulus may produce a stimulus-driven attentional
capture (Theeuwes & Godijn, 2001; Yantis & Jonides, 1984), but
if attention is currently focused on or demanded somewhere else
(Wright & Ward, 1998), this capture may either not occur or may
lead to processing impairment.

With regard to the detection test and its possible relation to
spatial gaze concentration, we contemplated a specific hypothesis:
If spatial gaze concentration causes impairment of detection—
discrimination capacities, then this impairment would be more
pronounced in the periphery of the visua field; that is, a tunnel
vision effect would occur. Contrariwise, if the impairment of
detection equally affects the entire visual field, we should accept a
phenomenon of general interference.

Therefore, the eventual gradient of impairment is analyzed as a
function of visual target eccentricity. This gradient of impairment
is obtained by comparing the eccentricity—detection gradients cor-
responding to ordinary driving and to mental task performance
driving. According to the tunnel vision hypothesis (Rantanen &
Goldberg, 1999; Williams, 1985, 1988), a higher degree of im-
pairment should occur for higher eccentricities when comparing
both eccentricity gradients. In other words, the reduction of pe-
ripheral identification or discrimination capacity should be more
pronounced for more eccentric targets when compared with the
reduction occurring for more centra targets (Holmes, Cohen,
Heith, & Morrison, 1977), which means that the peripheral areas
are selectively more affected. This is different from a general
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interference phenomenon in which the entire visual field is equally
affected, independently of eccentricity.

According to Sanders and Donk (1996), the tunnel vision effect
has not been clearly demonstrated. However, the results obtained
by authors such as Bossi et a. (1997), Van der Weijgert and Van
der Klok (1999), or Williams (1988, Experiment 1) support the
general interference hypothesis.

Another hypothesisto verify with regard to the relation between
spatial gaze concentration and decision-making impairment de-
pends on the replication of the lack of visual changes with acqui-
sition tasks: If, despite no visual search changes, there are effects
on detection or on response selection, then there is empirical
evidence of independence of gaze concentration and processing
impairment. This hypothesis should be analyzed together with
results about the tunnel vision effect. The dependence or indepen-
dence of visual search changes and detection—decision capacities
could either be mutualy reinforced or could display opposite
results.

Considering the relations between gaze concentration and
detection—decision performance, an important question must still
be raised before verifying the above-stated hypothesis: The visual
load imposed by the visual-detection test could interact with the
effect of mental tasks, producing a bias in the spatial gaze con-
centration results, thus making it impossible to distinguish between
the effects attributable to mental tasks and those attributable to the
detection test. In consequence, the experimental design must allow
for discarding a possible interaction between mental tasks and
detection test. Hypothetically, we expected that the drivers, when
performing the detection test, would frequently glance at the
targets to identify them. As some targets are displayed on quite
peripheral areas of the visua field, we predicted that the detection
test would cause increased spatial gaze dispersion, contrary to the
concentration effect of mental tasks. However, we expected a
simple additive effect, as there is no apparent cause to expect an
interaction. If our hypothesis were verified, then the combined
analysis of the results of detection and mental tasks would provide
more information to understand the relation between these
variables.

Regarding discrimination and response selection, we considered
a second question. In the case of incorrect responses, do the errors
represent a failure in the discrimination of the stimulus character-
istics or an impaired capacity to apply the decision rule to perform
the response? In a natural environment such as driving, a detection
task involving spatial and temporal uncertainty of target activation
leads to a process of multifixational search (Sanders, 1998) and
may produce response times of several seconds because the gaze
may be directed at other locations (or the person may be blinking)
when the target appears. In addition, sufficient information must
be extracted before responding. Although Sanders (1998) pointed
out the difficulty of hypothesizing about underlying processes with
time lapses of over 2 s, in our natura setting, we proposed a
technique to analyze the total time meaningfully by splitting it into
three components: before, during, and after fixating the target.
Despite the accepted independence of attention and gaze (Posner,
1980), gaze and visual attention are usually coincident in ordinary
situations (Moray, 1993). Unless a top-down control prevents it
(i.e., atraffic situation must be observed), peripheral perception of
atarget causes a saccade toward the target that is assumed to have
been programmed in a previous fixation while looking elsewhere

(Rayner, 1998). Once a target is fixated, information must be
extracted to achieve the discrimination task and select the appro-
priate response. Although the peripheral perception achieved in the
previous fixation may provide part of the information required, we
expected that most of the detected targets would be glanced at and,
for these cases, we decided to split the time into three stages:. (a)
a first stage, or time since the stimulus is activated until it is
glanced at, with mainly perceptive components, which we called
perception time; (b) a second stage, or time the stimulus is being
fixated, with mainly information extraction and elaboration com-
ponents, which was called inspection time; and (c) athird stage, or
time since the eye leaves the target until the manua response is
given, with mainly components of decision rule application (which
must be kept active or recovered in each case), which was called
decision time. We thus hypothesized different interpretation of the
effects of performing amental task on the duration of each of these
stages. The mental task could affect the detectability of the target
(first stage), the identification of the target (processing target
information—second stage), or the response selection (third stage).

To address the issue of the generalization of the effects to other
tasks, we decided to replicate with other tasks the previously found
differences between acquisition and production processes and to
extend the study to other cognitive activities more similar to
everyday spontaneous mental activity, such as episodic recall or
mental calculus. In addition, in view of the relevance of mobile
phones in traffic research (see Haigney & Westerman, 2001, for a
recent review), we decided to study the impact of the cognitive
load imposed by phone conversations when the conversation con-
tent is controlled and phone manipulation tasks, such as dialing or
searching in the phone menu, are excluded; that is, to compare the
effects of hands-free phone conversations with those of equivalent
conversations performed in live interaction with a passenger.

Hypothetically, if the acquisition versus production differences
are reproduced with other tasks, two consequences are derived: (a)
There should be stronger empirical support to generalize the dif-
ferent effects attributed to acquisition and production processes,
and (b) as already noted, there should be an opportunity to test
whether tasks causing no visual search changes (acquisition tasks)
would be innocuous in terms of detection or response-selection
impairment. With respect to the phone conversations, we hypoth-
esized that if the phone setting imposes an additional workload
compared with standard verbal communication, then differences
should be found between phone and live versions of equivalent
cognitive tasks.

In summary, in this experiment, there isatriple task situation in
which attention must be divided among driving, visua target
discrimination, and mental tasks, either by resource assignment or
by a time-sharing strategy. In ordinary driving, neither thoughts
nor the driving task require the high processing density of most
common laboratory experiments. Although occurrence of traffic
events is uncontrolled in a field experiment, if we experimentally
induce drivers' attention to maintain a mental set to be alert to the
visual targets presented with spatial and temporal uncertainty, we
expected that, on a statistical level, some targets will not be
detected or will be insufficiently processed, particularly when
attention is allocated to the performance of some more demanding
mental task.

To overcome the unwanted variability imposed by the natural
traffic environment, we tested the different conditions for a suffi-
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ciently long interval to provide alarge number of observations and
to alow the experimental comparison of eye-movement and de-
tection data. To replicate the previous findings concerning visual
search changes, we selected as relevant variables (a) pupil size, as
a measurement of effort due to the added mental load; (b) spatial
gaze variability, asameasurement of the alteration of visual search
patterns; and (c) the frequency of rearview mirror and speedometer
inspection, as a visual search measure with particular applied
significance and closely related with the degree of situation aware-
ness during driving. These visual search measures are obtained
from the primary data about the ocular fixation coordinates mea-
sured with respect to the visua field; that is, x and y gaze coor-
dinates on the scenario, integrating online eye and head motion. To
evaluate detection and response-selection performance, the per-
centage of detected targets, correct discrimination responses, re-
sponse times, and the described response-time stages were used.

Method
Participants

Six men and 6 women, with a mean age of 23.4 years (SD = 2.5 years),
drove an instrumented vehicle on ahighway in real traffic. All of them had
more than 3 years of driving experience (M = 4.8 years, SD = 2.3), and
on average, they drove 4.6 days a week (SD = 1.6) and 1.5 hr a day
(SD = 0.9), with atotal mean mileage of 59,000 km (SD = 46,000). All
of them met the standard visual acuity criteriafor driving with no corrected
vision, were not familiar with the experimental vehicle, and were paid for
their participation.

Experimental Conditions and Design

The driving task was always present in the experiment and, with respect
to mental task performance, constituted the no-task control condition,
which was the baseline to evaluate the visual search effects of eight
different mental tasks that were organized in the following subsets accord-
ing to particular objectives: Two acquisition tasks (one of abstract and the
other of concrete content) and two production tasks (also abstract and
concrete) were selected to replicate the above-mentioned acquisition versus
production differences (the process—content subdesign), and another four
tasks were selected to test the stated hypothesis about phone communica-
tion—two examples of daily life cognitive tasks were performed in live
conversation or by phone (two live-phone subdesigns). In total, there were
nine mental task conditions: eight tasks and one control (no task).

Regarding the detection, discrimination, and response-selection test, we
defined two conditions (no detection vs. detection), consisting of the
presence or absence of the detection test. As already commented, because
of the prior need to evaluate the effects of the detection test in visual search
and, in particular, the possible interference between the detection test and
the mental tasks, the two detection conditions were orthogonally crossed
with the mental task conditions. Two blocks containing equivalent mental
tasks were balanced between detection conditions. Within each block,
mental task periods of 2 min were alternated with 2-min control periodsin
which no mental tasks were performed. The order of both detection blocks
was counterbalanced among participants and gender. In addition to the
aforementioned ocular variables, and as acomplementary measure of effort
in addition to the pupil diameter, after finishing each task, participants
rated on a 10-point scale the subjective effort they attributed to the
performance of each task while driving. Detection probability, decision
errors, glances at detected targets, and response times—with the above-
mentioned subdivision (perception, inspection, and decision times)—were
the relevant dependent measures regarding the detection condition.

In summary, for the analysis of the ocular variables, a general design
of 2 (detection: no detection vs. detection) X 9 (mental task: no task and 8

mental tasks) with repeated measures was used. In the analysis of the
detection dependent measures, the no-detection block was obviously
excluded.

Below is adescription of the subdesigns, including a brief description of
the mental tasks involved and their corresponding abbreviations. Details
about the detection test are provided in the Instruments section.

The process and content subdesign combines the study of the acquisition
versus production processes with the abstract (verbal) versus concrete
(spatia) content. The following four tasks were included. There was a
verbal abstract learning (VAL) task in which participants listened to an
audio message with abstract content for 2 min. They had to attend to and
keep in mind the message, as they were informed that they would need
such information to perform the next task. The next task was a verbal
abstract production (VAP) task, in which participants had to generate afree
reproduction of the message they had just listened to in the VAL task. The
third task was a verbal concrete learning (VCL) task, in which participants
listened to a description that included spatial references to concrete objects
and their sensory attributes. As in abstract learning, they were also told to
mentally retain such information. Finally, there was a verba concrete
production (VCP) task, in which participants were asked to generate a free
reproduction of the message they had just listened to in the VCL task.

For the analysis of the dependent variables related to gaze behavior, a2
(processes: learning—production) X 2 (content: abstract—concrete) X 2
(detection conditions: no detection—detection) design with repeated mea-
sures was used. For the analysis of the dependent variables related to
detection, we used a 2 (processes) X 2 (contents) design, considering only
the detection section.

Two live-phone subdesigns addressed the comparison of phone conver-
sation with live communication in the car. This was also an attempt to
increase the ecological value of the study by including two very different
everyday tasks. Therefore, we decided not to mix both tasks and to retain
them as two separate subdesigns for the phone study. The subdesigns were
the mental calculus subdesign and the autobiographic recall subdesign. In
the mental calculus subdesign, participants were asked to mentally change
various amounts of euros to pesetas and vice versa. The experimenter
paced the rhythm of the task according to the participant’s performance.
For successive applications, the quantities to be calculated were varied. An
approximate conversion rule was suggested: 1,000 pesetas = 6 euros.
Regarding the phone study, there were two versions of mental calculus:
live euro and phone euro. In the live version, the experimenter traveling in
the car verbally provided each item, whereas in the phone version, this was
done by phone communication with a remote experimenter.

In the autobiographic recall subdesign, participants had to give detailed
information about where they were and what they were doing on a given
day and time. The equivalent versions of this task were obtained by varying
the specified day and time (e.g., “4 days ago at 11 am.,” “6 days ago at
5 p.m.”). There were also two different task versions: live memory and
phone memory.

For the analysis of ocular variables, the mental calculus tasks lead to a2
(version: live-phone) X 2 (detection conditions: no detection—detection)
subdesign, also with repeated measures. Concerning the dependent vari-
ables related to detection, it was considered just one variable with two
version modes. The same applied to the autobiographic recall (memory)
tasks.

The outline of the subdesigns, all with repeated measures, is as follows:
(a) process and content subdesign, 2 (process: learning—production) X 2
(content: abstract—concrete), and (b) livephone subdesigns, autobio-
graphic recall (2 versions; live-phone) and mental calculus (2 versions;
live—phone).

Instruments

The Argos instrumented car, a standard Citroen BX-GTI (Madrid,
Spain), includes an unobtrusive eye-tracking system (Applied Science
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Laboratories [ASL], Bedford, MA), details of which can be seen in
Gottlieb, Scherbart, and Guse (1996). A genera description of the vehicle
functionality can be seen in Nunes and Recarte (1997). The system is able
to provide numerical data about the vehicle dynamics, drivers’ actions, and
ocular variables. At the same time, several video cameras provide syn-
chronized information about the driving scene and a cursor superimposed
on the main road video scene reveals online gaze direction. The sampling
rate for pupil size and x and y gaze coordinates in reference to the driving
sceneis 50 Hz, and the spatial accuracy of the gaze direction isin the range
of .5-1.0° of visual angle. An algorithm was implemented to calculate the
ocular fixations. A fixation was defined as a sequence of at least three
consecutive samples in which gaze coordinates fall within a circle of no
more than 1° of visual angle of diameter. More details on the fixations
algorithm can be found in Recarte and Nunes (2000). The coordinates
(x =0,y = 0) were established so that they corresponded to a longitudinal
axis parallel to the road and passing through the driver’'s eye so that they
represent the glance direction when looking straight ahead in the same
direction as the car trgjectory. These coordinates also corresponded to the
location of the focus of expansion in terms of the dynamic visual scenein
a straight road. The driver's head is free from any attached device and
natural head movements are allowed. The payoff for free head motionisa
loss of about 10% of measurement time of ocular parameters; when due to
broader head movements, the driver's eye falls outside of the available
measurement range.

The vehicle also includes a system for automatic presentation of the
visual targets for the detection test. A set of 10 flashing spotlights can
appear in the driver’'s visual field in a spatial range of approximately 60°
horizontally X 25° vertically. Four of these targets (virtual targets) were
obtained by reflection on the windshield surface. This effect was obtained
by means of four light beams conveniently installed inside the vehicle. The
other six targets (rea targets) were directly perceivable inside the vehicle
and consisted of high-luminance electronic-light-emitting diodes (LEDSs),
two installed on the left windshield pillar, three on the dashboard, and one
inthe lower left corner of the interior mirror. Two response buttons, one for
each hand, were ergonomically installed near the steering wheel. The size
of the targets was approximately 30 min/arc of visua angle. The 10 targets
and the response buttons were arranged as indicated in Figure 1.

The virtual target (light beams) mean eccentricity with respect to the
focus of expansion was ranged between 8° and 23°. The mean eccentricity
of the six real targets (LEDs), located in more peripheral areas, was
between 21.5° and 35.4°. The targets were flashing spotlights, and in the
detection task, the participants were requested to distinguish between two
flashing rates (high-low). A previous pilot study provided us with the
optimum values for the target flashing rate and duration. It was decided that

B Reflection beams
© High luminance diodes

O Response buttons

Figure 1. Locations for the target and response buttons.

each flashing target should remain activated for 3 sand that the interstimu-
lus interval would vary between 12 s and 28 s, so that each experimental
period of 2 min would contain five target presentations. The high flashing
rate was achieved by flashing sequences of 0.2 s on-0.2 s off. The low
flashing rate was 0.3 s on—0.3 s off. For half of the participants, the
decision rule was “press | eft button for low rate, press right button for high
rate” and vice versa for the other half of the participants.

Despite the efforts to match virtual and real target conspicuity, it was a
difficult problem in areal vehicle and natural environment: The variability
of the target—background contrast due to the variations in background
luminance and color affected the targets detectability. On the basis of
previous tests, we identified some undesirable factors: (a) General daylight
conditions affected all the targets; (b) structural differences (reflectance
and color) of the vehicle dashboard surfaces systematically and selectively
affected the real targets (the target—background contrast) in that some
targets were systematically more conspicuous than others, independent of
their eccentricity; and (c) the changing dynamic background of the external
road scene affected the conspicuity of the virtual targets quite randomly,
which made these targets more suitable for studying the eccentricity effect.
In fact, despite the inconvenience, the virtual targets showed the normal
eccentricity detectability gradient. To minimize this problem, we balanced
target presentation across experimental conditions and we decided to use
all the targets to study the general detection measures and only the subset
of the virtual targets to analyze the eccentricity effect. Hence, the rea
targets, athough unsuitable for eccentricity analysis, contributed to in-
crease the general spatial unpredictability in the detection task and were
still useful to analyze general detection effects, different from eccentricity.

The Experimental Sequence

Participants received very general information about the purpose of the
study and were instructed about the type of tasks they had to perform
during the drive. After the eye-tracking system calibration, participants
were requested to drive until they felt comfortable with the vehicle. After
the mere adaptation to the standard car controls, another learning period of
adaptation to the mechanical manipulation of the response buttons was
performed without visua target presentation, independently of the addi-
tional training phase required to learn the discrimination rule. Then, one of
the two experimental blocks (the no-detection or the detection block) was
initiated according to the order of the design.

The no-detection block consisted of performing the predefined se-
quences of 2-min periods of no task (control) and 2-min periods of mental
tasks followed by the corresponding subjective effort rating. The mental
tasks were inserted between control periods of no—task, with the exception
of the transition between the learning and production tasks of the process
and content subdesign: VAP came immediately after VAL and VCP came
immediately after VCL, with no control interval between them. As partic-
ipants had to keep in mind the content just heard to perform the production
tasks, any interval between those tasks would have been used as a memory
rehearsal period and not as a real control period.

Except for the concurrent performance of the detection test, the detection
block was equivalent to the no-detection block regarding the sequence of
control and mental task periods. However, a prior learning phase for the
detection test was required. First, with the car at a standstill, the experi-
menter showed the participant several examples of flashing targets with
high and low flashing rates. After afew minutes of standstill practice, when
the participant was able to discriminate the flashing rate, there was a
second learning stage in which the detection test was practiced in rea
driving for afew more minutes. Then, the detection block could beinitiated
according to the design by informing the participant that the detection test
would be active al the time, independently of whether or not any mental
task was performed. At the end of the detection block and with the vehicle
at a halt, a second routine procedure was run to recalibrate the exact
coordinates of the target location for each participant, adapting to his or her
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height and position in the driver's seat. A short pause of 15 min was
included to rest between detection and no-detection blocks. For all partic-
ipants, the route used was highway N1 from Madrid to the north, on days
with no rain, snow, or fog around midday. The experiment duration was
about 4 hr for each participant, covering approximately 300 km. The
experiment took place under normal traffic events. Particularities like
traffic jams or road construction works going on were considered invalid
conditions for the experiment.

Results

The presentation of resultsis organized in two sections: Thefirst
section, Visual Search and Mental Tasks, analyzes the effects of
mental tasks on visual behavior. The second section, Detection,
Discrimination, and Response Selection, analyzes the results of the
detection task as a function of the mental load imposed by mental
tasks. This section, however, aso includes a particular case of
visual behavior analysis. analysis of the glances at the detected
targets and their interpretation in terms of processing stages of the
detection task.

The Visual Search and Mental Tasks section includes the fol-
lowing analyses: (a) We performed a 2 (detection conditions) X 9
(mental tasks) analysis of variance (ANOVA) with repeated mea-
sures and simple contrast between the no-mental-task condition
and each of the other eight mental tasks for al the dependent
variables; (b) for the process and content subdesign, we performed
a2 (processes: acquisition vs. production) X 2 (contents: concrete
vs. abstract) X 2 (detection conditions) ANOVA with repeated
measures; and (c) for the live—phone subdesigns, we performed
two analogous analyses, one for the autobiographic recall subde-
sign—a 2 (detection conditions) X 2 (versions: live vs. phone)
ANOVA—and one for the mental calculus subdesign—a 2 (de-
tection conditions) X 2 (versions: live vs. phone) ANOVA.

The means and standard deviations of each variable, with and
without detection, are displayed in Table 1. The following depen-
dent variables were analyzed: (a) two measures of effort—pupil
size and subjective effort rating; (b) one measure of spatial gaze
variability, consisting of the area of the rectangle defined by two
variability scores obtained for the horizontal and the vertical axis
of the visua field—in operative terms, for each individual and
experimental condition, it was the product (Standard Deviation of
Horizontal Gaze Coordinates X Standard Deviation of Vertical
Gaze Coordinates); and (c) two measures of visual search, specif-
ically meaningful for the driving task—the proportion of glances at
the speedometer and at the rearview mirrors.

The presentation of the resultsin the Detection, Discrimination,
and Response Selection section is less homogeneous in structure
and is organized differently. There are several reasons for this. In
the whole experiment, there were 960 cases of targets to be
detected (480 displayed while driving with no mental task and 480
while performing some mental task, 60 with each individual task).
Analysis by participant and individual task (needed to perform a
repeated measures analysis like the one in the first section) is
inconvenient or even impossible: For each combination of Partic-
ipant X Task, there were only five cases of target presentation,
which obviously poses serious problems for this kind of analysis.
Moreover, some dependent measures, such as correct responses or
response times, impose additional restrictions on the number of
cases: Only the detected targets can be analyzed, and, regarding
the analysis of response-time stages as a function of glances, the

available cases are again reduced to only those targets that were
glanced at. The result is that for some of the 12 (participants) X 9
(tasks) combinations of conditions, there would be several cases
with no data, which would critically reduce the degrees of freedom
and produce many extreme values. Therefore, we decided to
analyze the results on the basis of designs of Tasks X Participants.
All of the ANOVAs included Cohen’s f as unbiased estimates of
effect size (Cohen, 1988).

Visual Search and Mental Tasks

In this section, pupil diameter, effort ratings, spatial gaze vari-
ability, and glances at the speedometer and mirrors are analyzed.

Pupil. Asanindicator of attentional effort, pupil size revealed
no significant differences between detection and no detection (see
Table 1 for data and Table 2 for ANOVA). When comparing each
task with the no-task condition, we found statistically significant
differencesin the pupil diameter (a mean increment about 4% in a
range between 2% and 6%) for al tasks that required response
production except phone memory. We found no differences with
respect to the two verbal learning tasks, and task—detection inter-
actions were also nonsignificant.

With regard to the process and content subdesign, significant
differences were only found between acquisition and production
tasks. In the livephone subdesigns, neither the mental calculus
nor the autobiographic recall tasks revealed differences between
their live and phone versions nor between detection versus no
detection. Consequently, no additional effect was observed be-
cause of the use of the phone as a communication device, over and
above the effect imposed by the mental tasks themselves.

Subjective effort rating.  The subjective effort rating for each
task can be seen in Table 1, and the results of the ANOVA are
displayed in Table 3. As there were no differences regarding
detection, we refer to the total results of detection and no detection.
In the process and content subdesign, the production tasks were
rated as more effortful than the learning tasks, which is in accor-
dance with pupillary dilation data. Pupil results also agree with the
high effort ratings assigned to each of the euro versions (live and
by phone). The two memory versions (live and by phone) were the
exception: Despite low effort ratings, they clearly produced a
pupillary dilation effect, practically the same as the mental calcu-
lus task.

We also highlight that the phone task versions were systemati-
cally (on four occasions) rated as more effortful compared with the
equivalent live versions. The difference was small and only sig-
nificant for memory, but this result has also been observed in other
cases.

Soatial gaze variability. The data of the spatial variability
scores, representing the area of arectangle of 1 Standard Deviation
of Horizontal Gaze Coordinates X 1 Standard Deviation of Ver-
tical Gaze Coordinates, calculated for each individual and condi-
tion, is displayed in Table 1 and the ANOVA results appear in
Table 4. For the genera results, we highlight three relevant as-
pects. (a) As expected, the performance of the detection test
produced a higher spatial dispersion that, in our opinion, reflects
the occurrence of glances to look for and identify the targets (we
come back to this point in more detail in the Detection, Discrim-
ination, and Response Selection section); (b) the spatia gaze
concentration effect was systematically produced for all the mental
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Table 1
Means and Standard Deviations of all Dependent Variables (Except Response Times) for Each Task, No-Task, and Detection
Conditions
Experimental condition
Learning Production Memory
Variable No task VAL VCL VAP VCP Live Phone Live Phone
Pupil size (pixels)
No detection
M 711 719 711 741 726 750 752 740 749
D 83 98 78 109 83 90 85 82 93
Detection
M 728 724 732 741 771 759 753 774 731
D 90 88 82 97 100 98 84 115 56
Subjective effort (10-point scale)
No detection
M 4,75 5.29 5.67 6.17 7.88 8.33 5.04 5.42
D 1.62 1.60 1.25 1.86 0.80 1.07 1.10 1.49
Detection
M 5.08 5.29 5.75 5.79 8.08 8.08 4.75 5.79
D 1.62 1.84 2.25 1.56 1.10 1.06 2.02 1.16
Spatial gaze variability (square degrees)
No detection
M 36.47 26.61 15.90 19.84 15.76 14.40 12.43 18.29 14.89
D 17.88 17.64 9.08 21.10 9.70 11.85 7.85 17.27 5.86
Detection
M 49.96 42.12 38.02 22.90 23.29 20.22 16.35 21.31 20.10
D 21.84 26.59 24.74 10.07 16.30 15.93 9.01 14.53 14.24
Glances at speedometer (%)
No detection
M 3.16 2.10 0.79 112 0.72 0.40 0.25 1.19 0.42
D 2.61 2.87 1.02 1.83 1.39 0.84 0.54 3.64 0.57
Detection
M 2.69 1.96 151 0.57 0.45 0.59 0.65 0.69 0.63
D 2.22 2.07 1.80 0.92 0.70 1.04 0.80 112 1.07
Glances at rearview mirror (%)
No detection
M 1.34 1.42 1.10 0.25 0.92 0.60 0.05 0.31 0.54
D 1.06 184 119 051 0.96 0.89 0.18 0.47 0.83
Detection
M 1.27 1.42 1.09 0.77 0.87 0.23 0.18 0.14 0.25
D 0.97 0.82 1.20 0.70 1.24 0.42 0.39 0.47 0.41
Detected targets (%)
Detection
M 77.29 75.00 78.33 55.00 65.00 55.00 66.67 65.00 55.00
D 41.94 43.67 41.55 50.17 48.10 50.17 47.54 48.10 50.17
Correct responses (%)
Detection
M 90.57 86.67 93.62 78.79 87.18 75.76 80.00 87.18 75.76
D 29.27 34.38 24.71 41.51 33.87 43.52 40.51 33.87 43.52
Glances at the targets (%)
Detection
M 71.88 63.33 66.67 41.67 48.33 38.33 48.33 55.00 50.00
D 45.01 48.60 47.54 49.72 50.39 49.03 50.39 50.17 50.42

Note. VAL = verba abstract learning; VCL = verbal concrete learning; VAP = verbal abstract production; VCP = verbal concrete production.

tasks tested (the variahility scores showed a reduction from 16% to
77% and the great majority were over 50%); and (C) no interaction
was found between detection and mental tasks.

In the process and content subdesign, in addition to the
aforementioned difference attributable to detection, there was a
process effect: The spatial gaze concentration was higher for
the production tasks than for the acquisition tasks (production
tasks, compared with acquisition tasks, scored 38% less in

variability). In the live—phone subdesigns, we found no differ-
ences between live and phone versions either in mental calculus
or in memory tasks.

Glances at the speedometer.  Speedometer inspection was af-
fected by mental tasks but not by detection tests. When compared
with no task, all tasks showed significant differences and no
interaction with detection: Mental tasks produced a reduction in
the percentage of glances at the speedometer. The magnitude of the
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Table 2

Pupil Sze (Pixels) Analysis of Variance With Repeated Measures: General Design, Process and
Content Subdesign, and Both Live—Phone Subdesigns

MS MSE
Source (df = 1) F Cohen's f (df = 11)
General design
Detection 1,998.79 1.39 0.36 1,434.28
Task—o task
Verbal abstract learning 43.09 0.08 0.09 531.46
Verbal concrete learning 49,51 0.10 0.10 481.64
Verbal abstract production 5,527.76 4.91* 0.67 1,126.23
Verbal concrete production 10,354.73 11.17*%* 101 926.83
Live Euro 14,622.04 13.04** 1.09 1,121.48
Phone Euro 13,092.75 8.74* 0.89 1,498.13
Live memory 16,597.96 18.43** 1.29 900.45
Phone memory 5,068.02 4.42 0.63 1,146.77
Detection X Task
Verba abstract learning 1,981.77 0.53 0.22 3,737.30
Verbal concrete learning 195.51 0.37 0.18 534.10
Verbal abstract production 3,5632.17 0.30 0.17 11,784.47
Verbal concrete production 9,907.78 1.65 0.39 6,010.29
Live Euro 849.34 0.15 0.12 5,559.78
Phone Euro 3,372.57 0.85 0.28 3,957.78
Live memory 3,255.57 1.05 0.31 3,090.37
Phone memory 14,973.48 3.20 0.54 4,680.26
Process and content subdesign
Detection 15,868.21 1.16 0.32 13,685.08
Content 194.34 0.24 0.15 816.78
Process 6,602.11 8.86* 0.90 745.30
Detection X Content 11,823.26 113 0.32 10,476.26
Detection X Process 1,247.51 0.36 0.18 3,420.06
Content X Process 181.41 0.32 0.17 569.76
Detection X Content X Process 2,523.56 0.72 0.26 3,527.23
Live-phone—Euro subdesign
Detection 576.85 0.15 0.12 3,741.63
Version 21.11 0.03 0.05 710.00
Detection X Version 418.49 0.11 0.10 3,827.84
Live-phone—Memory subdesign
Detection 1,561.00 0.55 0.22 2,850.39
Version 1,661.36 134 0.35 1,236.23
Detection X Version 16,096.45 4.11 0.61 3,920.41

Note. The genera design analysis of variance was 2 (detection conditions) X 9 (mental tasks). Euro refers to
the mental calculus task; memory refers to the autobiographic recall task.

*p< .05 **p< 0L

reduction with respect to no task was near 70% as a mean and
ranged from 27% to 92% (see Tables 1 and 5).

In the process and content subdesign, there was a significant
process effect: For the production tasks, the glances at the speed-
ometer dropped with respect to verba learning tasks. A slight
Content X Process interaction was also observed, indicating that
the difference between learning and production is more pro-
nounced with abstract than with concrete content.

In the live-phone subdesigns, there were no differences between
live and phone versions, nor was there any interaction with detec-
tion for any of the tested tasks (memory and euro). That is, on four
occasions, we obtained the same null results.

Glances at rearview mirrors. The data and the results of the
ANOVA of the internal or external mirror inspection frequency
can be seen, respectively, in Tables 1 and 6. No differences in
mirror inspection resulting from detection—no detection were ob-
served, nor was any interaction between detection and task ob-
served. Significant differences were found for all tasks, except for
the two verbal learning tasks and for VCP. Mental tasks caused a
reduction in rearview mirror inspection.

In the process and content subdesign, only differences due to
process (learning—production) were observed. In the live-phone
subdesigns, no significant differences were observed that could be
attributed to the phone, either in the euro or the memory tasks.
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Table 3

Subjective Effort Rating (10-Point Scale) Analysis of Variance
With Repeated Measures. General Design, Process and Content
Subdesign, and Both Live-Phone Subdesigns

MS MSE
Source (df = 1) F Cohen’sf  (df = 11)
General design

Detection 0.01 0.00 0.00 1.99

Task 46.93 12.93** 1.08 3.63

Detection X Task 0.10 0.04 0.00 2.30

Process and content subdesign

Detection 0.00 0.00 0.00 2.29

Content 2.50 114 0.31 219

Process 13.13 8.15¢ 0.87 161

Detection X Content 0.94 0.46 0.20 2.05

Detection X Process 0.59 0.77 0.27 0.76

Content X Process 0.07 0.10 0.10 0.64
Detection X Content

X Process 0.02 0.03 0.00 0.81

Live—phone—Euro subdesign

Detection 0.01 0.01 0.00 0.54

Version 0.63 1.44 0.37 0.44

Detection X Version 0.63 3.00 0.52 0.21

Live-phone—Memory subdesign

Detection 0.02 0.01 0.00 229

Version 6.02 6.81* 0.78 0.88

Detection X Version 1.33 1.74 0.40 0.77

Note. The genera design analysis of variance was 2 (detection condi-
tions) X 8 (mental tasks). Euro refers to the mental calculus task; memory
refers to the autobiographic recall task.

*p<.05 **p<.0L

Detection, Discrimination, and Response Selection

Detection. A total of 960 targets was presented, 480 with
mental task and 480 with no mental task. In the analyses, the
targets were considered detected if a response was given, regard-
less of whether it was correct. During no-task periods, the partic-
ipants detected 77.3% of the targets, but this percentage dropped
significantly to 64.4% when performing mental tasks. A 12 X 9
(Participants X Task Conditions) ANOVA revealed significant
differences in task conditions. When comparing each task with no
task, almost al the tasks produced a significant reduction in the
detection probability, with two expected exceptions (the two ver-
bal acquisition tasks) and one unexpected exception (the phone
version of mental calculus). These results and ANOVA data are
displayed in Tables 1, 7, and 8, respectively.

In the process and content subdesign, only differences attribut-
able to process were found, independently of the type of content.
In the phone subdesigns, no differences were found between the
live and phone versions either for mental calculus or for autobio-
graphic recall tasks.

Correct discrimination responses. The percentage of correct
responses to the targets was calculated with regard to the number
of detected targets. In the no-task condition, 90.6% of the re-

sponses were correct, whereas with mental task, this percentage
dropped to 83.8%. The task-by-task analysis with respect to the
no-task condition (see Tables 1, 9, and 10) showed significant
differences in verba production tasks and in both phone tasks.
With respect to subdesigns, no differences in the proportion of
correct responses were found either in the process and content or
in the live-phone subdesigns.

Responsetimes.  Considering the reaction times to the detected
targets, no differences were found between task and no-task con-
ditions: 2.09 s versus 2.10 s. Nonetheless, as mentioned earlier,
analyzing the ocular responses to the targets allowed us to subdi-
vide the total reaction time into three stages, that is, the time
elapsed from the moment the target lit up until the response button
was pressed. The three stages were as follows: (a) perception time
(from target activation until the beginning of a saccade toward the
target [in those cases in which it was glanced at]), (b) inspection
time (time spent looking at the target); and (c) decision time (the
time elapsed since the participant stopped looking at the target
until the response button was pressed). The null effects in the total
time could be due to the fact that the tasks affected the different
time components in opposite directions. The subdivision of time
into three stages allowed us to analyze the duration of each time
stage as a function of the performance of mental tasks. However,
before analyzing the three time components, we had to identify
which stimuli, anong those detected, were glanced at.

Glances at the targets and response time stages. Among the
detected targets, 86% were glanced at; in 14% of the cases, the
participants presumably identified the targets peripherally, as they
responded without fixating them. However, if the glances at the
targets were considered a function of the mental task, this percent-
age reached 91.37% when no menta task was performed and
dropped to 78.74% with mental task performance. As can be
observed in Tables 1, 11, and 12, the reduction in glances at the
targets with mental task was significant for all the tasks, with the
exception of the two verbal acquisition tasks.

If the stimulus—response times were subdivided into the three
above-mentioned components, we found the data displayed in
Figure 2. As can be seen, with mental task, perception time
increased and inspection time decreased but the decision time
remained unaltered. (The results of the multivariate analysis of
variance can be seen in Table 13.)

Eccentricity and detection.  Eccentricity was defined and mea-
sured as the visual angle between the target location and the actual
gaze direction at the moment the target was activated. Given that
target activation is independent of gaze direction in statistical
terms, the mean eccentricity of a target obtained from individual
eccentricity values is practically coincident with the mean target
eccentricity with respect to the mean gaze direction close to the
focus of expansion. In consequence, if the spatial gaze concentra-
tion causes some kind of visual impairment, the more peripheral
targets (those with higher mean eccentricities) would be more
affected.

To study the relation between eccentricity and detection, as
already mentioned in the Instruments section, we used the subset
of the four virtual targets (obtained by reflection of light beams;
see Figurel) to study the eccentricity effect. This was because the
normal detectability gradient of the real targets (LEDs) with re-
spect to their eccentricity was strongly biased because of system-
atic target—background contrast differences, but the four virtua
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Table 4

Spatial Gaze Variability (Square Degrees) Analysis of Variance With Repeated Measures:
General Design, Process and Content Subdesign, and Both Live-Phone Subdesigns

MS MSE
Source (df = 1) F Cohen's f (df = 11)
General design
Detection 940.19 9.86%* 0.95 95.31
Task—no task
Verbal abstract learning 939.18 5.71* 0.72 164.52
Verbal concrete learning 3,170.70 18.50** 1.30 171.38
Verbal abstract production 5,725.09 32.02** 171 178.82
Verbal concrete production 6,733.16 30.10** 1.65 223.71
Live Euro 8,052.95 59.93** 2.33 134.37
Phone Euro 9,970.91 43.51** 1.99 229.17
Live memory 6,577.64 24.89** 1.50 264.22
Phone memory 7,935.35 35.70** 1.80 222.27
Detection X Task
Verba abstract learning 49.17 0.13 0.11 367.59
Verbal concrete learning 893.73 312 0.53 286.49
Verbal abstract production 1,305.39 1.99 0.43 655.23
Verbal concrete production 427.12 341 0.56 125.37
Live Euro 705.78 4.40 0.63 160.57
Phone Euro 1,099.06 3.83 0.59 287.07
Live memory 822.17 2.80 0.45 587.90
Phone memory 1,316.05 2.24 0.50 29331
Process and content subdesign
Detection 6,973.02 10.61** 0.98 657.42
Content 256.87 3.28 0.55 78.34
Process 1,251.93 8.58* 0.88 145.99
Detection X Content 367.61 1.27 0.34 289.59
Detection X Process 2,195.12 4.27 0.62 514.21
Content X Process 92.85 247 0.47 37.60
Detection X Content X Process 13.76 0.03 0.05 440.25
Live-phone—Euro subdesign
Detection 568.88 4.29 0.62 132.50
Version 51.17 0.99 0.30 51.90
Detection X Version 21.69 0.31 0.17 69.74
Live-phone—Memory subdesign
Detection 406.08 0.90 0.29 452.62
Version 31.82 0.47 0.21 68.10
Detection X Version 28.91 0.20 0.14 142.09

Note. The genera design analysis of variance was 2 (detection conditions) X 9 (mental tasks). Euro refers to
the mental calculus task; memory refers to the autobiographic recall task.

*p< .05 **p< 0L

targets were equalized in their conspicuity and differences in
detectability could then be attributed to the eccentricity factor.
Therefore, in this section, we present the results only for the
virtual spotlights, which are displayed in Figures 3—8. The results
of the other subset of targets would neither add to nor invalidate
the reported conclusions. Table 14 showsthe ANOVA results. The
mental tasks are not considered individually but as awhole, asin
task versus no task. However, considering the purpose of this
analysis—looking for a possible relation between detection, ec-
centricity, and task effects—the acquisition tasks were logicaly
excluded, as they did not reveal any effects either in terms of gaze
concentration, detection, or any other dependent measures.

With regard to detections (see Figure 3), there were differences
due to task performance, but there was no significant interaction.
Concerning correct responses (see Figure 4), no significant effect
was found. Considering the percentage of glances at the targets
(see Figure 5), there were statistically significant differences dueto
eccentricity and to task performance, but no interaction was ob-
served. Regarding target perception time (see Figure 6), there were
no significant effects. In inspection time (see Figure 7), significant
differences could be attributed to task performance but not to
eccentricity or interaction. Finally, there was a significant effect in
decision time because of eccentricity but with no effect of task or
interaction (see Figure 8).
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Table 5

Soeedometer Inspection (% Glances) Analysis of Variance With Repeated Measures: General
Design, Process and Content Subdesign, and Both Live-Phone Subdesigns

MS MSE
Source (df = 1) F Cohen's f (df = 11)
General design
Detection 0.02 0.03 0.05 0.77
Task—no task
Verbal abstract learning 9.63 5.46* 0.70 1.76
Verbal concrete learning 37.75 13.92** 112 271
Verbal abstract production 51.65 18.26** 1.29 2.83
Verbal concrete production 65.74 13.80** 112 4.76
Live Euro 70.92 17.97** 1.28 3.95
Phone Euro 73.38 20.94%* 1.38 3.50
Live memory 47.22 5.79* 0.73 8.16
Phone memory 69.10 14.92** 1.16 4.63
Detection X Task
Verbal abstract learning 135 0.25 0.15 5.40
Verbal concrete learning 17.25 471 0.65 3.66
Verbal abstract production 0.06 0.01 0.03 6.40
Verbal concrete production 0.50 0.09 0.09 5.60
Live Euro 5.30 3.18 0.54 1.67
Phone Euro 9.12 4.28 0.62 2.13
Live memory 0.00 0.00 0.00 17.70
Phone memory 5.79 2.64 0.49 2.20
Process and content subdesign
Detection 0.17 0.03 0.05 5.98
Content 3.92 3.67 0.58 1.07
Process 9.14 6.31* 0.76 1.45
Detection X Content 391 113 0.32 3.48
Detection X Process 5.90 1.29 0.34 4.58
Content X Process 112 5.25* 0.69 0.21
Detection X Content X Process 1.03 0.37 0.18 2.78
Live-phone—Euro subdesign
Detection 2.04 8.29* 0.87 0.25
Version 0.01 0.07 0.08 0.14
Detection X Version 0.26 0.72 0.26 0.36
Live-phone—Memory subdesign
Detection 0.46 0.06 0.07 7.90
Version 1.04 0.73 0.26 1.42
Detection X Version 3.06 0.36 0.18 8.46

Note. The genera design analysis of variance was 2 (detection conditions) X 9 (mental tasks). Euro refers to
the mental calculus task; memory refers to the autobiographic recall task.

*p< .05 **p< 0L

Therefore, athough some of the processing indicators were
related to target eccentricity, none of them revealed the interaction
that would be expected according to the prediction of the tunnel
vision hypothesis: The difference between task and no task would
be more pronounced for higher eccentricities. Therefore, one can
conclude that the deterioration in detection and response selection
does not seem to be due to a tunnel vision effect but rather to a
genera interference phenomenon.

Discussion

This experiment was designed (a) to verify prior results of
Recarte and Nunes (2000) and Recarte et al. (in press); (b) to

extend these results to study the effects of mental workload on
detection and discrimination capacities; and (c) to increase the
applied value of the mentioned studies by testing a set of
different mental tasks, comparable to everyday activity that can
lead to endogenous distraction, including a conversation with a
hands-free phone or in live interactions with a passenger while
driving.

In accordance with our expectations, the general results of
previous findings were reproduced: Mental tasks produced incre-
mented pupil size, indicating additional mental effort and spatial
gaze concentration. The mirror- and speedometer-inspection re-
duction was al so reproduced. The magnitudes of these effects were
also similar to previous results (Recarte & Nunes, 2000).



130 RECARTE AND NUNES

Table 6

Rearview Mirror Inspection (% Glances) Analysis of Variance With Repeated Measures:
General Design, Process and Content Subdesign, and Both Live-Phone Subdesigns

MS MSE
Source (df = 1) F Cohen's f (df = 11)
General design
Detection 0.01 0.07 0.08 0.19
Task—no task
Verbal abstract learning 0.16 0.21 0.14 0.74
Verbal concrete learning 0.53 0.41 0.19 1.29
Verbal abstract production 7.63 11.43** 1.02 0.67
Verbal concrete production 2.04 2.02 0.43 101
Live Euro 9.52 22.55%* 143 0.42
Phone Euro 16.91 20.98** 1.38 0.81
Live memory 14.05 18.11** 1.28 0.78
Phone memory 10.04 24.13** 148 0.42
Detection X Task
Verbal abstract learning 0.06 0.02 0.04 3.01
Verbal concrete learning 0.04 0.02 0.04 2.06
Verbal abstract production 4.09 2.98 0.52 1.37
Verbal concrete production 0.00 0.00 0.01 1.30
Live Euro 1.16 0.83 0.27 1.40
Phone Euro 0.46 1.09 0.32 0.42
Live memory 0.15 0.16 0.12 0.89
Phone memory 0.60 0.39 0.19 153
Process and content subdesign
Detection 0.16 0.24 0.15 0.68
Content 0.01 0.02 0.04 0.67
Process 371 4.99* 0.67 0.74
Detection X Content 1.03 0.66 0.25 1.56
Detection X Process 0.65 311 0.53 0.21
Content X Process 6.06 4.10 0.61 1.48
Detection X Content X Process 3.75 0.80 0.27 4.66
Live-phone—Euro subdesign
Detection 0.18 1.97 0.42 1.00
Version 1.05 3.97 0.60 0.26
Detection X Version 0.77 2.61 0.49 0.30
Live-phone—Memory subdesign
Detection 0.64 251 0.48 0.26
Version 0.34 1.23 0.33 0.27
Detection X Version 0.04 0.32 0.17 0.12

Note. The genera design analysis of variance was 2 (detection conditions) X 9 (mental tasks). Euro refers to
the mental calculus task; memory refers to the autobiographic recall task.

*p< .05 **p< 0L

Considering different types of tasks, the results of Recarte et al.
(in press) were aso verified. Learning tasks (attending to audio
messages) did not produce remarkable visual search changes.
These learning tasks were rated as easy and, in fact, did not affect
pupil size or spatial gaze concentration. Mirror and speedometer
inspection were not affected or were only slightly affected, com-
pared with the effects of production tasks. Last and most conclu-
sively, in accordance with the results of the process and content
subdesign, there were differences in amost al these variables
when comparing the receptive learning tasks with tasks in which
the participants had to reproduce the content of the audio message
they had just heard.

With respect to the detection and response-selection capacities,
the results indicate that the increased workload resulting from
mental tasks produced endogenous distraction, affecting the ca-
pacity to process visual stimuli: When performing mental tasks,
the percentages of detected targets and/or correct responses de-
creased significantly. It is of practical interest to point out as an
example that some tasks showed a reduction in detection probability
of amost 30% with respect to the control condition, something that is
prectically meaningful as an estimate of the increased risk of distrac-
tion errors hypothetically leading to traffic conflicts or accidents.

Regarding the interpretation of the relation between spatial gaze
concentration attributable to mental tasks and detection capacity,
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Table 7

Detected Targets (Percentage) Tasks X Participants Analysis of
Variance: General Design, Process and Content Subdesign and
Both Live—Phone Subdesigns

Table 9

Correct Responses (Percentage) Tasks X Participants Analysis
of Variance: General Design, Process and Content Subdesign,
and Both Live-Phone Subdesigns

Source MS df F Cohen'sf MSE df

Source MS  df F Cohen'sf MSE df

General design

General design

Task 093 8 412+ 0.61 023 88 Task 028 8 239 0.41 012 11290
Process and content subdesign Process and content subdesign

Process 167 1 6.04* 0.79 028 11 Process 019 1 259 0.40 0.07 16.53

Content 0.27 1 0.73 0.26 037 11 Content 008 1 0.60 0.21 0.13 14.00

Process X Content 0.07 1 033 0.17 020 11 Process X Content 0.01 1 013 0.12 0.09 9.55
Live—phone—Euro subdesign Live—phone—Euro subdesign

Version 041 1 196 0.42 021 11 Version 001 1 003 0.06 0.17 10.99

Live-phone—Memory subdesign Live-phone—Memory subdesign
Version 030 1 367 0.57 008 11 Version 016 1 084 0.23 0.20 15.69

Note. Euro refers to the menta calculus task; memory refers to the
autobiographic recall task.
*p<.05 **p<.0L

these results pose a dilemma: Are spatial gaze concentration and
detection impairment simply correlated variables or does visual
search concentration cause the impairment of detection and
decision-making capacities? According to the results, impairment
of the detection task occurred independently of target eccentricity,
and we concluded that, at least within the range of the tested
eccentricity values and for the type of tested targets, no tunnel
vision effect was produced. Therefore, we concluded that a general
interference effect is produced by assigning attentional resources
to the mental tasks (distraction) rather than as a consegquence of a
visual search change consisting of spatial gaze concentration, that
is to say, a reduced visual inspection window.

Thereis evidence that part of the periphera glancesis dedicated
to irrelevant objects in the landscape. Although not exclusively,
spatial gaze concentration may be a positive and effective strategy

Table 8
Smple Contrasts With No Task for Detected Targets Tasks X
Participants Analysis of Variance

Note. Euro refers to the mental calculus task; memory refers to the
autobiographic recall task.
*p < .05

in an effort to focus the visual resource alocation on the most
informative area of the visua field in statistical terms—the road
ahead—and to cope with the increased workload imposed by an
additional mental task. Although not due to endogenous increased
workload, a comparable optimization of visual resources was
described by Luoma (1986, 1988) in real driving conditions: When
more relevant traffic targets were in the visua field, eye fixations
on roadside advertisements (irrelevant peripheral objects) were
significantly reduced in favor of traffic information. Despite this,
the demands imposed by some mental tasks showed a negative
balance that is revealed in the detection performance impairment.

The marked reduction in the speedometer and rearview mirrors
inspection (also located in peripheral areas of the visual field) can
be interpreted as a reduced situation awareness but also as an
example of a balance to optimize visual resources, accepting that

Table 10
Smple Contrasts With No Task for Correct Responses Tasks X
Participants Analysis of Variance

Task Difference SE Task Difference SE
VAL -0.02 0.05 VAL -0.01 0.05
VCL 0.01 0.05 VCL 0.04 0.05
VAP -0.22 0.05** VAP -0.16 0.06*
VCP -0.12 0.05* VCP -0.04 0.06
Live Euro -0.22 0.05** Live Euro -0.12 0.06
Phone Euro -0.12 0.05* Phone Euro -0.08 0.06
Live memory -0.10 0.05 Live memory -0.13 0.06*

Phone memory -0.22 0.05**

Phone memory -0.19 0.06**

Note. Euro refers to the mental calculus task; memory refers to the
autobiographic recall task. VAL = verbal abstract learning; VCL = verbal
concrete learning; VAP = verba abstract production; VCP = verba
concrete production.

*p<.05. **p<.0L

Note. Euro refers to the mental calculus task; memory refers to the
autobiographic recall task. VAL = verbal abstract learning; VCL = verbal
concrete learning; VAP = verba abstract production; VCP = verba
concrete production.

*p<.05. **p<.0L
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Table 11

Glances to Targets (Percentage) Tasks X Participants Analysis
of Variance: General Design, Process and Content Subdesign,
and Both Live-Phone Subdesigns

Source MS df F Cohen'sf MSE df

General design

Task 176 8  7.27** 0.81 024 88

Process and content subdesign

Process 240 1 6.29* 0.76 038 11
Content 015 1 054 0.22 028 11
Process X Content  0.02 1 008 0.08 022 11

Live—phone—Euro subdesign

Version 030 1 174 0.40 017 11

Live-phone—Memory subdesign

Version 008 1 19 0.42 004 11

Note. Euro refers to the menta calculus task; memory refers to the
autobiographic recall task.
*p<.05 *p<.0l

drivers can achieve an acceptable speed control with reduced
speedometer inspection when they have no need to respect a
particular speed limit restriction (Recarte & Nunes, 2002) and
accepting that the relevance of mirrors inspection is strongly
dependent of the traffic density and of drivers' self-paced inten-
tions to perform changing lane maneuvers. Thus, although the
magnitude of the reduction of speedometer and rearview mirrors
inspection is statistically significant and very marked, its interpre-
tation in practical termsis complex and exceeds the purpose of this
article.

A more detailed analysis of the visual impairment is obtained
from the analysis of the ocular responses to the detected targets.
While performing mental tasks, the participants glanced at the
targets less frequently, and a higher percentage of responses was
given without foveal fixation.

Table 12
Smple Contrasts With No Task for Glances to Targets Tasks X

EMPERCEPTION mINSPECTION ODECISION ‘

2000 -

—~ 1500 -
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~ 1000 -
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= 500 -

0

TASK NO TASK
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Figure2. Tota and partial response time stages—perception, inspection,
and decision times (in milliseconds)—as a function of mental task perfor-
mance (any task vs. no task).

Moreover, with mental tasks, the targets, if looked at, were
detected later and glanced at for less time, although no delay was
observed in response performance. Most of the responses were
given after gazing at the targets and once the eyes were back on the
road. Therefore, the target-to-road saccade seems to be the critical
instant in which target information extraction is concluded and,
presumably, the starting point to processing the decision rule.

The following sequence illustrates the way the glance at the
target seemsto be the relevant time lapse to obtain information and
to identify its characteristics for the subsequent application of the
decision rule. During target inspection time, a blink inhibition
effect occurred: There were hardly any blinks at that time. At the
end of the inspection time (when a saccade was made from the
target to glance at somewhere on the road), a blink occurred
simultaneously with this saccade in more that 25% of the cases,
which provides additional evidence for the inhibition effect and
suggests an information-processing economy routine of our visual
system: Under increased demand conditions, two ocular responses,
saccade and blink (in which no useful visual information can be

Table 13

Total Response Time Partition in Perception Time, Inspection
Time, and Decision Time: Task—No Task X 3 Times
Multivariate Analysis of Variance

Participants Analysis of Variance Source MS df F Cohen's f
Task Difference SE Perception time
VAL —0.08 0.06 Task 1,735,846.43 1 5.15* 0.11
VCL —0.05 0.06 Error 337,334.57 456
VAP —0.30 0.06**
VCP -0.24 0.06** Inspection time
Live Euro -0.34 0.06**
Phone Euro -0.22 0.06** Task 2,703,439.71 1 27.72%* 0.25
Live memory -0.17 0.06** Error 97,539.18 456
Phone memory -0.22 0.06**
Decision time
Note. Euro refers to the menta calculus task; memory refers to the
autobiographic recall task. VAL = verbal abstract learning; VCL = verbal Task 433,028.18 1 2.20 0.07
concrete learning; VAP = verba abstract production; VCP = verba Error 197,093.65 456
concrete production.
**p < .01 *p<.05. **p< 0L
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Table 14

Effects of Eccentricity and Task on Detected Targets, Correct
Responses, Glances to Targets, Perception Time, Inspection
Time, and Decision Time: Eccentricity X Tasks Analysis of
Variance

Source MS df F Cohen's f
Detected targets
Eccentricity 1.50 3 7.54%* 0.26
Task 2.05 1 10.35** 0.18
Eccentricity X Task 0.43 3 2.18 0.14
Error 0.20 327
Correct responses
Eccentricity 0.01 3 0.10 0.04
Task 0.24 1 1.90 0.09
Eccentricity X Task 0.09 3 0.70 0.10
Error 0.13 220
Glances to targets
Eccentricity 1.39 3 6.52%* 0.24
Task 351 1 16.44** 0.22
Eccentricity X Task 0.30 3 1.40 0.11
Error 0.21 327
Perception time
Eccentricity 608,580.35 3 156 0.16
Task 140,163.34 1 0.36 0.04
Eccentricity X Task 275,504.08 3 0.70 0.11
Error 391,245.43 183
Inspection time
Eccentricity 299,608.83 3 217 0.19
Task 1,087,896.40 1 7.87** 0.20
Eccentricity X Task 85,635.50 3 0.62 0.10
Error 138,318.37 188
Decision time
Eccentricity 1,229,813.89 3 4.76%* 0.28
Task 189,406.15 1 0.73 0.06
Eccentricity X Task 289,484.06 3 112 0.13
Error 258,241.22 188

**p < .01

extracted), are simultaneously combined in a single move as a
means to gain time. Accepting the information-acquisition func-
tion of the inspection time and from the analysis of the effects of
mental tasks on the different time stages, we conclude that the
errors derive from deficient target perception and/or identification
rather than from the application of the decision rule and/or re-
sponse performance. According to our results, the targets were
glanced at later, less frequently, and inspected for less time while
performing a mental task, whereas the decision times remained
unaffected. Of course, in this research, the response performance
itself was quite a simple task and the decision rule was limited to
a choice between two alternatives. One could expect that if the
response involved more complex decision rules or an intrinsic
response performance difficulty, then those stages would be af-
fected. When driving, many decisions are choices between two
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Figure 3. Detected targets as a function of eccentricity and mental task
performance (any task vs. no task): percentage among the subset of the four
virtual targets (reflection beams).

dternatives, athough other decisions are more complex. Elemen-
tary actions, such as pressing or releasing the accelerator and
braking or not braking, and higher level decisions, such braking or
swerving and overtaking or not overtaking, are examples of two-
choice real-life situations. For a trained driver, the response per-
formance itself is highly automated in many of these cases. There-
fore, the predicted effect of endogenous distraction on the
perception and discrimination processes is justified, although we
should not exclude the probability that the decision stages could
suffer aseriousimpairment in critical situations requiring complex
decisions and/or responses.

In conclusion, under the increased attentional load imposed by
several mental tasks, the drivers made some effort to optimize their
visual resources. However, despite this, some tasks caused inter-
ference, affecting the processing of visual information and, in
particular, the detection and discrimination capacities. Let us see
what happens with different tasks.

Considering the process and content subdesign, only tasks that
involve verba response production seem to produce effects on
visual search and on detection and response-selection capacities.
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Figure 4. Correct discrimination responses as a function of eccentricity
and mental task performance (any task vs. no task): percentage among the
detected targets within the subset of the four virtual targets (reflection
beams).
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Figure5. Glanced-at targets as a function of eccentricity and mental task
performance (any task vs. no task): percentage among the detected targets
within the subset of the four virtual targets (reflection beams).

Tasks that were limited to attending to incoming verbal informa-
tion, such as listening to the radio or to another person, did not
affect visual behavior, detection, or decision-making processes. It
seems that receiving information while driving, at least in the case
of neutral audio messages (with no emotional connotations) and
with no need to perform an immediate action, has little opportunity
to produce distraction. In our opinion, the audio messages were
low in demand because of the high redundancy of the common
verbal language: Syllables, words, syntax, and semantic context
alow one to adequately process the content of this information by
means of atime-sharing sampling strategy, alternating attention to
the message and to the driving task, which, on many occasions, is
not particularly demanding. In contrast, it is evident that in the
early acquisition processing stages, simultaneous visua and audio
input information cannot mutualy interfere because of structural
reasons and that, regarding further processing stages, from a spe-
cific resource perspective (Wickens, 1984, 1992), some audio—
verbal information might at least be partially processed in parallel
with visual—-spatial information and thus with no interference.
However, comparing dual task and single task, some recent results
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Figure 6. Perception time (in milliseconds) for the glanced-at and de-
tected targets among the four virtual targets (reflection beams) as a func-
tion of eccentricity and mental task performance (any task vs. no task).
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Figure 7. Inspection time (in milliseconds) for the glanced-at and de-

tected targets among the four virtual targets (reflection beams) as a func-
tion of eccentricity and mental task performance (any task vs. no task).

on neuropsychological correlates of mental activity suggest that
attention should be understood as a central and unspecific process
(Just et al., 2001). However, independently of the theoretical
explanation, the obtained results are of practical interest for the
evaluation of the potential impact of in-car devices, the improve-
ment of intelligent vehicle-user interfaces, and the issue of how to
present information to drivers with minimal interference: by visual
displays, audio messages, or other means. Despite the apparent
advantage of audio messages, it is difficult to predict which verbal
messages might or might not be a source of distraction without
empirical testing. In practical terms, the experimental conditions
tested seem more comparable to listening to a radio program, for
example, but they did not include messages containing information
expressly relevant for the driving task or that involved an imme-
diate response. If message redundancy is the reason for the lack of
effect, then short messages with little redundancy have more
opportunities to cause problems, particularly if the information
provided is relevant. Otherwise, visua information on a display
(such as a simple pictogram showing the next roundabout exit)
can, in a short time lapse, provide information content that might
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Figure 8. Decision time (in milliseconds) for the glanced-at and detected
targets among the four virtual targets (reflection beams) as a function of
eccentricity and mental task performance (any task vs. no task).
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need a considerably longer time to be transmitted and processed if
presented in an equivalent audio version. In our opinion, athough
our results were solidly replicated in two experiments, the issue of
the different effects produced by information acquisition versus
production processes requires more research to be well understood.

With regard to the study of the hands-free phone conversation,
a series of null results appears. However, these null results do not
represent a simple lack of effect but rather the presence of similar
observed effects in different task versions: Mental calculus and
autobiographic recall showed clear effects on visual behavior and
on the detection task, but when comparing phone and live versions,
the same effects are produced, and no differences were found
between versions. The hands-free phone conversation does not
seem to produce any additional effects other than those produced
by the messages being processed. Considering the 16 data of
power (8 for euro task and 8 for memory task) calculated for the
effect of the version conditions (live vs. phone), we find power
values varying from 0.05 for pupil size with euro task to 0.66 in
subjective effort rating for memory, with a median of 0.18, which
means that the probability of error if accepting the null hypothesis
in each of the comparisons is high. However, two arguments
should also be considered that give more strength to the interpre-
tation in favor of the equivalence between live and phone versions:
(@ The lack of significant differences occurred in al the 16
comparisons made, with no exception, and (b) in the case of
accepting that the difference between versions exists, its magni-
tude appears to be very low compared with the magnitude of the
effects attributable to tasks.

Given the debate raised by the use of the phone, it is important
to state that our study focused exclusively on the conversation
effect, explicitly excluding phone-manipulation operations, such
as dialing or navigating through the phone menu. With regard to
this, the hands-free phone conversation seems comparable to talk-
ing to a passenger: The potential distraction is related to the
attentional load imposed by the conversation complexity. Never-
theless, as has been observed by Parkes (1991), phone tasks were
systematically rated as more effortful than their equivalent live
versions. Parkes attributed this difference to the self-paced rhythm
of live conversation as opposed to the more continuous expecta-
tions on the phone conversation rhythm: Live conversations can be
interrupted at any time if driving demands arise, and, presumably,
passengers can cooperate; in phone conversations, the lack of
face-to-face feedback and the interlocutor’s lack of information
about the surrounding traffic does not allow this adaptive cooper-
ation between interlocutors (McKnight & McKnight, 1993), which
can lead to moments of higher cognitive demand when talking
over the phone (Haigney & Westerman, 2001). However, this
advantage from a cooperative passenger could also become more
problematic with a careless or aggressive passenger: In this case,
the psychological distance imposed by the phone could be of use.
We should like to emphasize two relevant aspects regarding the
phone: (a) The hands-free phone combined with voice-operated
dialing is a technological solution that makes telephoning compa-
rably as safe as normal live conversation, and (b) complex con-
versations involving demanding mental tasks are potentially dan-
gerous, whether by phone or in live conversation. As tested in
other experiments (Nunes & Recarte, 2002), |low-demand phone or
live conversations can be regarded as safe, as they do not affect the
visual capacities. The complexity of the message is what matters.

Taking into account that a conversation of complex content can be
a source of distraction, the presence in some buses of the familiar
warning sign “Don’t talk to the driver” seemslogical. However, in
the light of the results from the comparison of reception and
production tasks, this warning could be more precisely expressed
as “Don’t make the driver talk” or “The driver is not allowed to
talk.”

As afina remark concerning the validity of the criteria used to
test the visual-detection and response-selection capacities for the
driving task, as aready pointed out, flashing lights are usualy
meaningful events in traffic environments and similar procedures
have been used in other experiments reported in the literature.
Nevertheless, it is obvious that they do not have real meaning, as
in the case of aturning signal or ayellow flashing traffic light. Our
experimental targets acquire meaning only because of the experi-
menter’s instructions. In consequence, one could expect that they
could easily beignored if arelevant traffic situation cropped up or
if the participant eventually assigned higher priority to the mental
task than to the detection task. This is the cost of using artificia
stimuli instead of real threatening and unexpected traffic events
that require real meaningful avoiding actions instead of pressing
buttons. Perhaps such threatening traffic events could be ade-
quately tested in asimulated environment, although the lack of real
risk could also affect the priority assigned to those events by
increasing the probability of missing them.

However, from another perspective, the results of the detection
task could lead to underestimation of the practical value of the
results: At the beginning of the experiment, participants were
instructed and warned about the targets, and this produced amental
set for detecting them. Although there was an unexpected compo-
nent regarding their temporal and spatial uncertainty, the targets
were, to some extent, expected events. If drivers may have some
expectations about where some hazardous events may appear,
other traffic events are much more unpredictable than the experi-
mental stimuli. This would amplify the observed impairment of
detection capacities due to endogenous distraction, hence, the
potential hazard of mental tasks to produce errors when processing
relevant traffic visual stimuli.

Despite the differences and similarities between experimental
stimuli and natural traffic events, it seems clear that the attentional
processes affected by distraction show similarities in both cases:
Performance of mental tasks prevents application of top-down
processes. This processing impairment is also implicit in state-
ments given by drivers who were involved in accidents: “I didn’t
expect it,” “1 looked but failed to see,” or “I saw it too late.”

Given that mental activity alters the strategies of visua infor-
mation acquisition while driving (Recarte & Nunes, 2000), this
research showed that mental activity can also affect processing
capacities in terms of detection, discrimination, and response se-
lection. Moreover, the research provides empirical evidence sug-
gesting a plausible interpretation of the spatial gaze concentration
as an adaptive visua attentional strategy when driving, as opposed
to the widely extended tendency to identify gaze concentration
with tunnel vision. Methodologicaly, the interpretation of the
visual search changes was particularly fruitful, thanks to the use of
mental tasks involving no explicit fovea load as a means to
increase the attentional load instead of other relevant variables,
such as traffic complexity. The attempt to isolate different effects
of different types of mental tasks has produced some relevant
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results in the comparison of acquisition and production processes,
athough this is far more difficult to generalize to real-life tasks.
Considering the quantitative dimension of attentional effort and
mental task difficulty, our research shows that the observed effects
are sensitive to mental effort, and we confirmed, once more, that
even with the daylight variations of a natural environment, pupil
size can be used as a reliable objective indicator of mental effort,
at least if there is a significantly large amount of collected data.

The contribution to the comprehension of attentional processes
in the driving context is of particular relevance for the improve-
ment of in-vehicle or on-the-road man—machine interfaces. The
relative weight of the visual resources dedicated to inspecting the
mirrors and the speedometer under various task demands and the
results of the hands-free phone subdesign provide useful informa-
tion for practical issues such as evaluation, legislation, and tech-
nical improvement.

Regarding the practical significance of mental tasks as potential
distractors, one could stress that the risk of endogenous distraction
is at least as relevant as exogenous distraction. It seems important
to stress that distraction cannot be directly submitted to surveil-
lance and enforcement. Safety measures, such as removing poten-
tial external distractors or restricting the use of in-vehicle devices
to reduce occasions for distraction, could be effective if users and
legislators feel committed to the importance of attentional control
for road safety. Otherwise, such measures can easily become
ineffective because of a behavioral adaptation effect: Removing
distractors from the road or from the vehicle can be compensated
by alternative endogenous distraction if drivers underestimate the
importance of attention and the risk of distraction, including their
own mental activity when driving.
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