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The aim of this review is to identify the most representative measures of subjective and
objective mental workload in driving, and to understand how the subjective and objective
levels of mental workload inﬂuence the performance as a function of situation complexity
and driving experience, i.e., to verify whether the increase of situation complexity and the
lack of experience increase the subjective and physiological levels of mental workload and
lead to driving performance impairments. This review will be useful to both researchers
designing an experimental study of mental workload and to designers of drivers’ training
content. In the ﬁrst part, we will broach the theoretical approach with two factors of mental
workload and performance, i.e., situation complexity and driving experience. Indeed, a low
complex situation (e.g., highways), or conversely a high complex situation (e.g., town)
can provoke an overload. Additionally, performing the driving tasks implies producing a
high effort for novice drivers who have not totally automated the driving activity. In the
second part, we will focus on subjective measures of mental workload. A comparison of
questionnaires usually used in driving will allow identifying the most appropriate ones as
a function of different criteria. Moreover, we will review the empirical studies to verify
if the subjective level of mental workload is high in simple and very complex situations,
especially for novice drivers compared to the experienced ones. In the third part, we will
focus on physiological measures. A comparison of physiological indicators will be realized
in order to identify the most correlated to mental workload. An empirical review will also
take the effect of situation complexity and experience on these physiological indicators into
consideration. Finally, a more nuanced comparison between subjective and physiological
measures will be established from the impact on situation complexity and experience.
Keywords: subjective workload, objective workload, driving performance, situation complexity, experience

INTRODUCTION
A driving situation is deﬁned as the human-machine system environment (driver–vehicle) from the driver’s point of view. That
represents a delimited section that ends with an environmental
change (e.g., “free driving” turns over into “following”; Fastenmeier and Gstalter, 2007). The complexity of a driving situation
depends on several elements that make up the environment, i.e.,
road design (motorways vs. rural roads vs. city roads), road layout
(straight vs. with curves, even vs. inclined, junction vs. no junction) and trafﬁc ﬂow (high density vs. low density). This taxonomy
of the situation complexity (Fastenmeier, 1995; Fastenmeier and
Gstalter, 2007) has thus categorized a very complex situation as
an urban road, with curves or junctions, and with a high trafﬁc
density. These elements characterizing a situation have to be taken
into account to perform the driving task. For instance, drivers have
to stop their vehicle in front of a stop sign at a junction. Therefore, sequential units of “driving tasks” correspond to “driving
situations” (road sections).
Michon (1985) and de Waard (1996) has identiﬁed the driving
activity with a hierarchy of tasks on three levels. The ﬁrst level
is strategic and constitutes the decision-making (e.g., choosing to
follow a route). The second level is tactical and includes reactions
or maneuvers faced to the situation (e.g., reactions to the other
drivers’ behavior and maneuvers to follow the road). The third
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level is operational and concerns the vehicle control (e.g., managing the trajectory). These authors have identiﬁed a controlled or
automatic processing of the information depending on the task
level. For the ﬁrst and the second levels, high-level processes are
made with a slow, serial, conscious, and ﬂexible controlled processing. Indeed, the decision-making and the maneuvers imply a
voluntary processing of the different elements of the driving situation. The third level rather requires low-level processes, with a
fast, unconscious and rigid automatic processing (Schneider and
Shiffrin, 1977). For instance, sequences of actions to maintain
the vehicle on the path are mainly automatic. However, this routine automation is only acquired with driving experience, which
could explain the over-representation of young novice drivers in
road accidents (Williams, 2003). Therefore, the situation complexity and the driving experience should inﬂuence the mode
of processing that implies different levels of mental workload,
with a controlled processing rather more costly than an automatic
one. This question is particularly important in the driving context
inasmuch as human errors, and more precisely mental workload
related problems, are responsible for the majority of road accidents
(Dijksterhuis et al., 2011).
Mental workload can be subjectively felt by the individual who
perceives a cost while realizing a task (Hart and Staveland, 1988).
In driving, we will explore which questionnaires are the most
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appropriate to reﬂect the subjective level of mental workload.
Moreover, we will also examine how the situation complexity and
the driving experience inﬂuence this subjective level of mental
workload.
Mental workload can also be correlated to physiological modiﬁcations due to “the interaction of the task demands, the circumstances under which it is performed, and the skills, behaviors,
and perceptions of the individual” (DiDomenico and Nussbaum,
2008, p. 977). Physiological indicators are thus often used as an
objective measure of mental workload. The performance of a secondary task while driving can also be taken into consideration for
an objective assessment of mental workload. However, as the core
of this article is based on questionnaires and physiological indicators, the performance measure related to the dual-task will mainly
be described to conﬁrm whether the driving task is automated
or not. We will thus examine which physiological measures are
the most representative of mental workload, and how situation
complexity and driving experience inﬂuence these physiological
measures.
Finally, we will seek to understand whether road accidents
are due to a high level of mental workload measured subjectively, or measured physiologically, or both measured subjectively
and physiologically. Additionally, we will here attempt to verify
whether the effect of situation complexity and driving experience
on performance is mediated by subjective and physiological mental workload (see Figure 1). Thus, we will try to answer to the
following questions: do an increase of situation complexity and a
lack of experience enhance the subjective and physiological levels
of mental workload? In which case an increase of mental workload level leads to performance impairments? Does subjective and
objective mental workload vary in the same way for novices and
experienced drivers? Do they overestimate or underestimate their
physiological state depending on situation complexity and on their
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driving experience? Finally, are the drivers’ behaviors more inﬂuenced by their subjective feeling, by their physiological mental
state, or by both?
First, we will broach the theoretical approach about the inﬂuence of situation complexity and experience on mental workload
and driving performance. Second, we will draw attention to the
subjective measures that are mainly used to assess the level of mental workload. Third, we will focus on the physiological measures
that are correlated to mental workload. Finally, we will compare
these subjective and physiological measures as a function of the
situation complexity and the driving experience.

MENTAL WORKLOAD AND PERFORMANCE: A THEORETICAL
APPROACH
EFFECT OF SITUATION COMPLEXITY

A driving situation constitutes the major determinant of the mental workload of drivers (Verwey, 2000). The model of Meister
(1976) and de Waard (1996), often used in the domain of driving,
establishes the relation between task demands and performance
depending on mental workload. This model assumes that when the
situation is low demanding (e.g., in long and monotonous highways), or conversely when the situation is high demanding (e.g., in
town with much information to process), drivers are overloaded
with an increase of workload leading to performance impairments.
Indeed, in monotonous situations, the driving task corresponds
to the operational level of the trajectory maintenance, with an
automatic processing of the information that can lead to a vigilance decrement. Performing the task thus requires a high effort
to keep awake. The very complex situations also provoke a high
level of workload, as they mainly require strategies and maneuvers (tasks of the ﬁrst and second levels, see Michon, 1985) that
imply a controlled processing of the large amount of information.
However, some authors consider that all the information cannot

FIGURE 1 | Predictors of mental workload and performance impairments.
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be simultaneously taken into account, the individual’s working
memory being characterized by a limited capacity (Broadbent,
1958; Kahneman, 1973; Posner, 1978; Wickens, 1984; de Waard,
1996). The single resource model of mental workload (Moray,
1967; Ryu and Myung, 2005) thus indicates that each individual has a limited capacity of processing, as the mental activities
share the same resources. According to this model, when the task
demands increase, the central nervous system increases the supply
of resources necessary to perform the task.
The multiple resources theory (Wickens, 1984; de Waard, 1996)
explains the existence of different categories of resources determined as a function of the input modality, i.e., the information
restitution (visual canal, auditory canal, etc.), the codes processing and the response execution. If several tasks require resources
using the same canal, the mental workload increases. The capacity
to simultaneously perform several tasks thus depends on the quantity and on the mode of processing imposed by each task. If the
processing is automatic, the task requires few resources and it will
be possible to simultaneously perform several tasks. Inversely, if
the processing is controlled, the task requires many resources and
it will be difﬁcult to realize several tasks simultaneously. Therefore, the resources required in very complex situations can exceed
the available resources, leading to an increase of workload and to
performance impairments (Robert and Hockey, 1997), characterized by an inappropriate speed and precision in the task realization
(Bruni, 1995; Hadj-Mabrouk et al., 2001). Human errors can thus
occur (Smiley and Brookhuis, 1987; de Waard, 1996). However,
when the situation is moderately demanding, as in rural roads,
the level of workload is relatively low and even if it goes up,
compensatory strategies are set up in order to maintain a good
performance (Meister, 1976; de Waard, 1996). Indeed, the driving
task is rather operational (third level) with an automatic processing of the information, and can also be tactical (second level) with
some maneuvers implying a controlled processing. Therefore, as
the task is probably not entirely automated, drivers do not need
to produce an effort to keep alert. Moreover, as the task is not too
complex, drivers probably do not need to provide a high effort to
perform it.
In monotonous and very complex situations, mental workload
should thus be too high to correctly perform the driving task.
These ﬁndings can be nuanced by the level of experience.
EFFECT OF EXPERIENCE

The necessary mental workload to perform the driving tasks is
slightly linked to the learning process and to the experience acquisition (Engströme et al., 2003). Indeed, the level of experience can
modulate the inﬂuence of the driving tasks on the mode of information processing (controlled vs. automatic). Novice drivers have
a low level of task automation (Patten et al., 2006) as the automatic processing is progressively acquired with practice. Indeed,
the skill rule knowledge (SRK) model (Rasmussen, 1984) indicates
a succession of steps to acquire a controlled behavior. Therefore,
the driving activity induces a high level of mental workload for
novice drivers (Sweller, 1993; Sweller et al., 1998; Wickens and
Hollands, 2000; Patten et al., 2006), then the cognitive and motor
skills acquired with practice requires a lower level of mental workload (Rasmussen, 1980, 1987; Patten et al., 2006), and the level
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of mental workload becomes very low for experienced drivers
(Schneider and Shiffrin, 1977). In simple and monotonous situations, the automatic processing induced by the driving task
should be more observed for experienced drivers than for the
novice ones. Conversely, in complex situations, the controlled processing induced by the strategies and maneuvers should be more
observed for novice drivers than for the experienced ones. The
same driving situation can thus induce a lower mental workload
for experienced drivers than for novice drivers. Epidemiological
studies thus show that young novice drivers have a risk of accident
2–4 times higher than experienced drivers (Triggs, 2004; Di Stasi
et al., 2009). An explanation could be provided by the subjective
safety model (Brown, 1989; De Craen et al., 2008) that reveals that
the strategies of adaptation are set up as a function of the situation
characteristics and of the drivers. They particularly depend on the
degree of precision in the perception of the situation complexity,
of the task demands and of the cognitive capacities (Kuiken and
Twisk, 2001; Mitsopoulos et al., 2006; De Craen et al., 2008).
Moreover, novice drivers often have a wrong assessment of the
situation and lately set up compensatory strategies (Brown et al.,
1987; Brown and Groeger, 1988; Gregersen, 1995; Mayhew and
Simpson, 1995; De Craen et al., 2008). Indeed, they are likely to
drive faster than experienced drivers, even in complex situations in
which they need more skills (Quimby and Watts, 1981; Engströme
et al., 2003; De Craen et al., 2008). According to the optimism
bias, they also have a tendency to overvalue their abilities and
to undervalue their risk of accident (McKenna, 1993). Moreover,
their visual strategies are less efﬁcient and less ﬂexible than those of
the experienced drivers (Falkmer and Gregersen, 2001; Engströme
et al., 2003). Indeed, the novices monitor more the ﬁrst plan in
front of the vehicle and whatever the situation complexity, this
strategy remains rigid. Inversely, the task automation acquired
with learning can be inappropriate in some driving situations, a
ﬂexible behavior being required in unusual and hazard situations.
However, experienced drivers are able to adapt their strategy by
increasing their horizontal research (Crundall and Underwood,
1998; Engströme et al., 2003; Patten et al., 2006). They can thus
process more information, which is useful to maintain a good performance despite a high level of mental workload. They also have
a cognitive readiness by anticipating and scheduling the situations
already known, which is necessary to make an efﬁcient decision,
especially in complex situations (Cegarra and van Wezel, 2012).
Different subjective and physiological measures of mental
workload are identiﬁed in driving experiments. In the following
paragraphs, we ﬁrst present the characteristics of the subjective
measures and then the studies’ results about the effect of situation complexity and driving experience on the subjective level of
mental workload and on driving performance.

SUBJECTIVE MEASURES OF MENTAL WORKLOAD
QUESTIONNAIRES

Seven criteria are identiﬁed to assess the subjective level of
workload (Eggemeier et al., 1991; Rubio et al., 2004):
(1) Sensitivity: detecting the changes of task difﬁculty and task
demands,
(2) Diagnosticity: identifying the changes in workload variations
and the cause of these changes,
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(3) Selectivity/validity: being sensitive only to differences in
cognitive demands,
(4) Intrusiveness: not interfering with the primary task performance,
(5) Reliability: reﬂecting consistently the mental workload,
(6) Implementation requirements: including aspects such as time,
instruments, and software for the collection and analysis of
data, and
(7) Subject acceptability: referring to the subject’s perception of
the validity and to the usefulness of the procedure.

Table 1 | Advantages of workload questionnaires.

These criteria are not always considered by the questionnaires
that assess the subjective level of mental workload in driving.
Moreover, although the questionnaire technique is rapidly set up
(Rubio et al., 2004; Paubel, 2011), it does not reﬂect the mental workload variation during the task realization (Cegarra and
Chevalier, 2008). Indeed, this technique is a post-rationalization
and when the experimental session is long, a recall bias can appear
with a forgetting about the participant’s state during the session
(Manning et al., 2001; Paubel, 2011).
In driving, three questionnaires constituted by a multidimensional scale are often compared. The subjective workload
assessment technique (SWAT; Reid and Nygren, 1988) comprises
scales assessing different workload components, i.e., time load,
mental effort load, and psychological stress load. Three levels of
subjective workload are proposed for each scale: low, medium,
and high. The workload proﬁle (WP; Tsang and Velazquez, 1996)
questionnaire is based on the Wickens’ (1987) multiple resources
model. Participants have to estimate the proportion of attentional
resources used immediately after having experienced a particular task across eight workload dimensions: perceptual/central
processing, response selection and execution, spatial processing,
verbal processing, visual processing, auditory processing, manual
output, and speech output (Rubio et al., 2004). The deﬁnition of
each dimension is given to the participants. For each task, they have
to provide a number between 0 (no demand) and 1 (maximum
demand) that represents the proportion of attentional resources
used in each of the eight workload dimensions. Finally, the NASA
task load index (TLX; Hart and Staveland, 1988) questionnaire
comprises six combinations of relevant factors characterizing the
subjective workload: mental demands (amount of mental and perceptual activity required), physical demands (amount of physical
activity required), temporal demands (amount of pressure felt due
to the rate at which the task elements occurred), own performance
(successful assessment in doing the task required and satisfaction
assessment in accomplishing it), effort (difﬁculty assessment in
having to mentally and physically work to accomplish the level
of performance) and frustration (assessment of different feelings:
insecure, discouraged, irritated, stressed and annoyed vs. secure,
gratiﬁed, content, relaxed and complacent during the task). A 20
points scale ranged from 0 = ‘very low’ to 20 = ‘very high’ is
proposed for each dimension, except from the scale of the Own
Performance dimension which is ranged from 0 = ‘success’ to
20 = ‘failure.’
Two more speciﬁc questionnaires are also used to respectively, assess mental effort and mental workload in driving
activity. The Rating Scale Mental Effort (RSME; Zijlstra, 1993)

effort and performance
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Advantages

SWAT

- Several dimensions



WP

NASA-TLX

RSME

DALI











leading to complementary
information about
workload
- Multidimensional
workload: task demand,


- Assesses the level of



workload in a multimodal
system (visual, auditory,
etc.)


- Sensitive to the task



difﬁculty


- Assesses the subjective



cost to perform a task


- Compares the level of
workload for several tasks
with a different difﬁculty



- Predicts the task
performance










- Sensitivity







- Diagnosticity







- Selectivity/validity







- Intrusiveness







- Analyzes the cognitive
demands for a task
- Used in real complex
tasks

is a one-dimensional scale that only measures the mental effort
with a continuous vertical line. Nine labels disposed on a 15cm line (a 0–150 point scale) are ranged from “absolutely no
effort,” through “rather much effort” to “extreme effort”. Participants mark the line at one of the nine points. The driving
activity load index (DALI; Pauzié, 1994) assesses the subjective
mental workload due to a driving task. It is inspired by the NASATLX and comprises six subscales, each going from low to high
demanding: (1) Effort of attention (attention required by the activity), (2) Visual demand (necessary for the activity), (3) Auditory
demand (necessary for the activity), (4) Temporal demand (speciﬁc constraint due to timing demand when running the activity),
(5) Interference (possible disturbance when simultaneously running the activity with any other supplementary task), and (6)
Situation stress (level of constraints/stress while conducting the
activity).
These questionnaires are often described or compared by
authors as a function of the criteria that they take into account
(see Table 1; Zijlstra, 1993; Pauzié, 1994; Olar and Deconde, 2004;
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Rubio et al., 2004; Fréard et al., 2007; Ba and Zhang, 2011; Paubel,
2011).
Among them, the WP and the NASA-TLX present more advantages than the SWAT, RSME, and DALI. However, as certain
dimensions of mental workload are privileged in the questionnaires, the experimenters should choose the most appropriate
questionnaire for their study as a function of the speciﬁc dimensions that they want to focus on. To our knowing, no studies have
demonstrated that they respect the reliability, the implementation
requirements and the subject acceptability.
Therefore, the most adapted questionnaire should not only
respect the criteria but it should also assess the dimensions of mental workload that ﬁt with the study’s goal. These questionnaires are
effective to analyze the inﬂuence of situation complexity on the
subjective level of mental workload and on driving performance.
EFFECT OF SITUATION COMPLEXITY

Several studies have been carried out with the aim of showing the
variations of subjective mental workload and of driving performance depending on situation complexity (i.e., De Waard, 1991;
Cnossen et al., 2000; Steyvers and De Waard, 2000). To do so, the
experimenters have generally tested different levels of complexity
as a function of the road design, the road layout and the trafﬁc
ﬂow (taxonomy of situations complexity, see Fastenmeier, 1995;
Fastenmeier and Gstalter, 2007), or as a function of a single task
(low level of complexity) vs. a dual-task (high level of complexity). As expected, two studies revealed that the increase of situation
complexity led to a subjective workload enhancement and to performance impairments. Indeed, from a single task of driving to a
dual-task (driving and answering the phone), the Standard Deviations of the Lateral Position (SDLP) and the Standard Deviations
of Steering Wheel (SDSTW) increased (De Waard et al., 2001).
Similarly, respectively, driving on the three sections “straight road,”
“oncoming trafﬁc,” and “city” increased the SDLP (Baldauf et al.,
2009).
Contrary to the expectations, two studies have shown that the
increase of situation complexity provoked a decrease of subjective workload and a driving performance improvement. More
precisely, compared to low complex situations without any lane
marking or with a limited visibility of the lane markings, complex situations comprising more information to process, with lane
markings (Steyvers and De Waard, 2000) or with a high visibility
of the lane markings (Horberry et al., 2006) improved the performance, with a decrease of SDLP and SDSTW (Steyvers and
De Waard, 2000), and with a decrease of SDLP and centerlines
crossings (Horberry et al., 2006). Therefore, the lane markings
constituting additional information were a clue to guide the
driver. The supplementary elements supposed to increase the situations complexity can thus sometimes facilitate the information
processing instead of adding a supplementary load.
Several studies did not reveal any effect of situation complexity
on subjective workload, probably because the situations were not
sufﬁciently complex for the participants who were all experienced
drivers. Although the increase of situations complexity, taking the
SDLP into account, the performance did not vary between a highway without any entrance or exit and a highway with entrances and
exits (De Waard, 1991), or even improved from the ordinary road
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preceding or following the experimental road to the experimental
road, i.e., road leading through an open moorland (Jessurun et al.,
1993) or road leading through a forest (De Waard et al., 1995). In
these moderately complex situations, an elasticity of the resources
availability probably allowed increasing their mobilization without feeling any cost, which allowed correctly performing the task
(Kahneman, 1973; de Waard, 1996). However, a study revealed
performance impairments with more SDLP on a complex road
near a noise barrier than on a low complex road without any noise
barrier (Jessurun et al., 1990). That could be due to a high mobilization of resources which was not perceived but which did not
allow a good performance.
Moreover, when the situation complexity increases, compensatory mechanisms can be implemented in order to lower the level
of mental workload and to maintain a good performance. For
instance, drivers can reduce their speed to have time to process
the whole information. Indeed, four studies revealed that despite
the increase of subjective workload, drivers managed to maintain
their performance with few SDLP in single task and in dual-task
(Cnossen et al., 2000; Di Stasi et al., 2010), and even improved
their performance with a decrease of SDLP from a single task to a
dual-task (Brookhuis et al., 1991).
The diversity of results shows that the situation complexity
does not always lead to an increase of subjective workload with
performance impairments although it is generally the case for
experienced drivers in very complex situations, probably reﬂecting
an overload. In the following paragraph we are interested in this
effect of driving experience on subjective mental workload and
performance.
EFFECT OF EXPERIENCE

A study revealed that faced with unexpected pedestrian crossings,
whatever the situation complexity (straight road vs. winding road
vs. very winding road with oncoming trafﬁc), early-trained drivers
had a higher subjective workload than more experienced drivers.
Nevertheless, for all the drivers, an increase of subjective workload provoked performance impairments with an increase in the
number of collisions with the pedestrians who suddenly crossed
the road (Paxion et al., 2013). Therefore, the driving automation
acquired with practice does not always allow improving driving
performance. Experienced drivers have to be ﬂexible by quickly
switching from their automatic driving to a controlled driving
when it is needed. Another study showed that as expected, faced to
critical situations of accidents, all the drivers had performance
impairments with an increase of the number of collisions, of
the SDLP and of the time to brake, with all the same a better
performance for experienced drivers than for the novice ones.
Experienced drivers anticipated more and earlier than novices
with a more efﬁcient compensatory strategy (a speed reduction;
Damm et al., 2011). Moreover, always comparing novice and experienced drivers, only the latter ones estimated that they would
adopt the speed reduction strategy with the situation complexity
enhancement implemented into pictures by an“extra”element (De
Craen et al., 2008). These results show that novice drivers probably
undervalue the situation complexity.
Contrary to our hypothesis, another study showed that the subjective level of workload was neither inﬂuenced by the situation
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complexity (single task vs. dual-task), nor by the driving experience (Patten et al., 2006).
Generally, the situation complexity increased the subjective
mental workload which decreased with driving experience and led
to performance impairments sometimes less observed for experienced drivers than for the novice ones. However, only few studies
have tested the effect of situation complexity and experience on
subjective mental workload and driving performance. The different physiological measures correlated to mental workload will now
be described.

PHYSIOLOGICAL MEASURES CORRELATED TO MENTAL
WORKLOAD
PHYSIOLOGICAL INDICATORS

The objective assessment of mental workload needs to take some
of the subjective mental workload criteria into account (sensitivity, diagnosticity, intrusiveness, and reliability), as well as
the generality of application, i.e., in laboratory and in operational environment (Kramer, 1991). Physiological indicators can
advantageously complete subjective data. They allow a continuous on-line assessment that relatively quickly responds to phasic
shifts in mental workload, even if the reaction latency depends
on the measures. They are thus an indirect measure, correlated
to mental workload. Moreover, they are non-intrusive, generally
applicable in operational environments with a control of other
factors that could inﬂuence the signal, such as the temperature,
the light, etc. They can also be recorded in the absence of behavior
as a baseline, and they provide a ﬁne-grained analysis with a speciﬁc sensitivity to different mental workload dimensions (Kramer,
1991).
However, physiological indicators also present some limits.
They are not entirely reliable for several reasons, i.e., different
results are found depending on the studies, their interpretation
requires a technical expertise (Kramer, 1985; Kramer, 1991), the
discrimination between signal and noise is difﬁcult when they
both occur in the same frequency and time, and other factors than
mental workload can inﬂuence the signal (e.g., physical exertion,
emotional state, and ambient lighting; Kramer, 1991).
The following physiological measures are the most used to
objectively assess the mental workload.
The electrocardiogram (ECG; the most common used) records
the heart’s electrical activity which is necessary for the cardiac
muscle’s contractions. Two main indicators are identiﬁed as being
sensitive to mental workload (Mulder, 1986, 1988, 1992; de Waard
and Brookhuis, 1991; Wilson and Eggemeier, 1991; Jorna, 1992;
Boutcher and Boutcher, 2006; Brookhuis and De Waard, 2010;
Causse et al., 2011; Gabaude et al., 2012). First, the mean Heart
Rate (HR) refers to the number of beats per minute and a
Differential or incremental HR (DHR) is also taken into account
to precise the difference between two times, generally a rest period
and an activity period. Second, the HR Variability (HRV) is deﬁned
by the variability of Inter-Beat Interval (IBI), i.e., the time duration
(ms) between two consecutive peaks characterizing heartbeats.
The HRV can be divided into several frequencies and the center of the mid frequency band (0.10 Hz component of HRV) is
speciﬁcally used to identify the level of mental effort (de Waard,
1996).
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The mental workload enhancement increases HR and DHR
whereas it decreases HRV, especially in the 0.10 Hz band (Mulder et al., 2004; Brookhuis and De Waard, 2010). However, these
indicators present some limits. The HR is not exclusively sensitive to changes in mental workload. It also reﬂects energetic,
thermoregulatory, respiratory, emotional processes (Nickel and
Nachreiner, 2003) as emotional strain, and physical activity (Jahn
et al., 2005). The HRV does not always discriminate the level of
difﬁculty, as in the study of Gabaude et al. (2012) that reveals no
difference between a single task condition and a double task condition. The 0.10 Hz component of HRV also reveals changes in
emotional strain and arousal and seems to be insufﬁcient to assess
the mental workload sensitivity (different levels of task difﬁculty)
and diagnosticity (different types of tasks; Nickel and Nachreiner,
2003).
The electroencephalogram (EEG) records two types of indicators: bands of frequencies and event-related potentials (ERPs).
Concerning the bands, the decrease in alpha band (8 to 13 Hz)
and the increase in theta band (4 to 8 Hz) indicate an increase of
mental workload (Kramer, 1991; Borghini et al., 2014) although
more research is needed to precise this link (de Waard, 1996).
Concerning the ERPs, they provide a picture of mental chronometry, especially distinguishing perceptual, cognitive and motor
processes implicated in complex situations. Several long-latency
ERP components (positive or negative potentials occurring 100,
200, or 300 ms after the stimulus presentation) are taken into consideration. The increase of onset latencies of some components
(Ying et al., 2011), and the decrease of others (Miller et al., 2011)
reveal a variation of mental workload. Generally, the amplitude of
the P300 (or P3) component is the most often used (Brookhuis and
De Waard, 2010). ERPs have a high diagnosticity to perceptual and
cognitive processing, but they are insensitive to response factors,
and they have a poor signal-to-noise ratio as they are inﬂuenced
by other electrical signals (e.g., heart, eyes, muscles, and external
sources; de Waard, 1996).
The electrodermal activity (EDA) records the autonomic
changes in the electrical properties of the skin. Its sensitivity to
mental workload variations is manifested with a positive correlation (Wilson, 2001; Chapon and Gabaude, 2009). It is often used
as an indirect indicator of cognitive effort (Critchley et al., 2000)
as it is not very selective and sensitive to various factors such as
the respiration, temperature, humidity, arousal, and emotions (de
Waard, 1996).
The ElectroOculoGram (EOG) records the eye activity. The
increase of saccadic responses and peaks of saccadic velocity is
interpreted as revealing a high level of mental workload in complex
situations (Di Stasi et al., 2009). However, eye activity is probably
more dependent on visual demands than on cognitive demands
(de Waard, 1996).
Finally, the salivary sample of cortisol hormone can also be
used. The increase of cortisol awakening response activates the
hypothalamic-pituitary-adrenocortical (HPA) axis and reﬂects an
increase of mental workload (Chida and Steptoe, 2009). Indeed,
the cortisol rate indicates the level of stress and indirectly the effort
provided to cope with it.
Therefore, the most sensitive measure to mental workload
seems to be the ECG, although the choice should depend on
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the level of analysis, i.e., the ﬁne-grained required for the mental
workload assessment.
EFFECT OF SITUATION COMPLEXITY

The following studies have analyzed the effects of situation complexity on objective mental workload and performance. As the
ECG measure is the most commonly used, we only present studies
using this technique which is highly correlated to mental workload.
Different pattern of results have been found.
The situation complexity had an effect on objective mental workload with an increase of both mean HR (Liu and Lee,
2006; Collet et al., 2009; Mehler et al., 2011; Reimer et al., 2011)
and incremental HR (Liu and Lee, 2006) when the complexity
increased from a single task to a dual-task. Most of these complex
situations studied above impaired the driving performance with
an increase of SDLP (Reimer et al., 2011) and an increase of SD
of Steering-Wheel angle (SDSTW; Liu and Lee, 2006), even when
a compensatory strategy (speed reduction) was adopted (Liu and
Lee, 2006). In the complex situations, the long and serial processing of the information probably impaired the driving activity
with a lack of vehicle control (high SDLP and SDSTW). Concurrently to the increase of mean HR, performance impairments to
the dual-task were observed with a decrease of the correct answer
rates to the secondary task (Mehler et al., 2011) and longer reaction times to the dual-task than to the single one (Collet et al.,
2009). The long reaction times could attest that complex situations require a controlled processing of the information, necessary
for the decision-making and the maneuvers (tasks of the ﬁrst and
second level, see Michon, 1985). However, we need to nuance
this interpretation, as Watson and Strayer (2010) have identiﬁed
“supertaskers” who can manage to simultaneously perform several
tasks without any performance decrement. Therefore, it is possible that some drivers correctly perform multitasks in very complex
situations.
Contrary to expectations, HRV and its 0.10 Hz component were
not impacted in the same way. Indeed, the situation complexity did
not have any effect on HRV (Mehler et al., 2011) or only increased
it (inverted value for compatibility reasons) in work periods compared to rest periods (Nickel and Nachreiner, 2000), revealing an
increase of objective mental workload only between large levels of
complexity. It’s probably because HRV is not sufﬁciently sensitive
to low differences of task difﬁculty’s levels. Moreover, the 0.10 Hz
component of HRV did not always vary between the different
types of tasks (Nickel and Nachreiner, 2000), and even sometimes
revealed a decrease of mental effort from a single task to a dual-task
(Nickel and Nachreiner, 2003). However, the results showed better
performance to easy tasks than to the difﬁcult ones with shorter
reaction times and less errors (Nickel and Nachreiner, 2000, 2003).
These results conﬁrm that the 0.10 Hz component of HRV does
not assess the diagnosticity of mental workload in these studies,
and probably does not exclusively assess the level of mental workload. The levels of emotional strain and arousal have also probably
inﬂuenced this component. Moreover, short reaction times to easy
tasks certify that they are rapidly performed, probably due to an
automatic processing of the information.
These studies conﬁrm the positive relation between the situation complexity and the physiological measures correlated to

www.frontiersin.org

Mental workload and driving

mental workload. However, this relation was only observed with
the mean HR and the incremental HR. The situation complexity
also led to performance degradations. As far as we know, no study
has considered the effect of experience on physiological measures
of mental workload without considering the subjective level of
workload. In the following paragraph, we thus present studies
comparing the effect of situation complexity and experience on
subjective and objective measures of mental workload.

COMPARISONS BETWEEN SUBJECTIVE AND
PHYSIOLOGICAL MEASURES
EFFECT OF SITUATION COMPLEXITY

In the study of Dijksterhuis et al. (2011), the increase of situation
complexity (decreasing lane widths) only increased the subjective
effort but neither the mean HR nor the HRV. Contrary to expectations, the complexity enhancement improved the performance
with a better control of the lateral position of the vehicle. Therefore, the complex situation helped the drivers to control their
trajectory although they probably overvalued their internal state.
In the same study, with another type of situation complexity (from
low to high oncoming trafﬁc density), an increase of subjective
effort, a decrease of HR and an increase of HRV were observed.
The performance was also improved with a decrease of the SDLP.
Therefore, the drivers might have overvalued their effort, probably
because they had to process more information with a high density
of oncoming trafﬁc, but they did not need to make a physiological
effort to control their trajectory. Other studies have also shown
that the increase of situation complexity increased the subjective
mental workload but decreased the objective mental workload
with an increase of the IBI and the 0.10 Hz component of HRV
(Brookhuis et al., 2008), and an increase of HRV without any effect
on HR (Gabaude et al., 2012). These results reveal that drivers generally overvalued their mental workload. They probably felt a cost
to realize the task although their internal state was not modiﬁed.
In another study (De Waard et al., 2009), the increase of situation complexity (heavy goods vehicles enhancement) had a
different impact on mental workload and performance depending on the driving section. In the acceleration lane, during the
merging into trafﬁc and when exiting trafﬁc, the complexity
enhancement increased the subjective mental effort but not the
mean HR nor the 0.10 Hz component of HRV. Drivers systematically adopted the compensatory strategy of the average speed
reduction. This strategy had different effects on performance as
a function of the section. In the acceleration lane, that allowed
them maintaining a good performance with a better control of
the lateral position and the speed. When exiting trafﬁc, drivers
ensured a better control of speed and a non-reduction of safety
margins. During the merging into trafﬁc, performance degradations were observed with a poor control of the lateral position
and a reduction of safety margins increasing the risk of accident.
During the section of the lane change maneuver before exiting
trafﬁc, the complexity had no effect on the subjective effort but
increased the mean HR and decreased the 0.10 Hz component
of HRV. Therefore, the same complexity can require more or
less mental workload which is felt differently as a function of
the type of driving sections. Moreover, a high complexity introduced before merging into trafﬁc did not increase the subjective
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or objective levels of mental workload while the merging, but
drivers reduced the safety margins. Conversely, a low complexity
reduced the subjective mental effort and unexpectedly, the compensatory strategy of reducing the speed did not improved driving
performance with a poor control of the lateral position and a
reduction of safety margins (De Waard et al., 2009). Therefore,
the merging task should have been difﬁcult whatever the previous
situation.
Several studies showed that a high complexity of driving situations increased the subjective and objective levels of mental
workload, indicating that drivers had a right assessment of their
physiological state. However, most of the studies revealed that
the increase of situation complexity only increased the subjective
level of mental workload, showing that drivers overvalued their
objective mental workload. Moreover, the performance was often
improved, probably because the supplementary difﬁculty of the
task resulted in a higher concentration without providing a lot of
resources. These studies were carried out on experienced drivers
but a difference with novice drivers should appear.
EFFECT OF EXPERIENCE

de Waard et al. (2008) showed that for novice and experienced
drivers, the increase of situation complexity for the task of merging into trafﬁc increased the subjective mental effort but did not
have any effect on the mean HR and even decreased the objective mental workload with an increase the 0.10 Hz component of
HRV. This could reﬂect resilience to the situation assessed as too
difﬁcult to be able to compensate by making a physiological effort
although an effort was felt, probably due to the situation complexity. Nevertheless, compared to before and after merging into
trafﬁc, the merging increased the objective mental workload with a
mean HR enhancement and a decrease of the 0.10 Hz component
of HRV. This could be explained by a large difference of difﬁculty
with a high level during vs. a low level before and after the merging
maneuver. Generally, drivers slowed down but their performance
was impaired with an increase of speed variation and a decrease
of safety margins. Experienced drivers had especially more variations in speed than inexperienced drivers. The absence of a high
distinction between novice and experienced drivers is probably
due to the fact that in the experiment, inexperienced drivers had
already around 2 years of experience.
With a sample of novice drivers, the increase of situation
complexity did not have any effect on subjective effort nor on
HRV although it shortened the IBI. Novice drivers thus probably
undervalued their mental workload, which led to performance
impairments in the dual-task condition, i.e., in the complex
situation (Veltman and Gaillard, 1996).
In summary, the increase of situation complexity always
impaired novice drivers’ performance, even if they overvalued
or undervalued their mental workload. Nevertheless, few studies comparing novice drivers to more experienced ones have been
carried out. It is thus important to qualify these results.

DISCUSSION
First, this paper aimed to indicate how to choose the most adapted
subjective measure of mental workload and to verify the main
hypothesis which is that the increase of situation complexity and
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the lack of experience increase the subjective level of mental workload and lead to driving performance impairments. Among the
studies indexed in this article, the questionnaires assessing the subjective mental workload which are the most used are the RSME
(46%), the NASA-TLX (23%), the SWAT (4%) and the DALI (4%),
with 23% of less known questionnaires. Although the NASA-TLX
and the WP are consistent with the majority of the required criteria, the RSME is the most used in the studies presented in this
paper. The choice of questionnaire thus also depends on the context of the study and on the mental workload dimensions that the
experimenter wants to focus on.
Concerning the link between situation complexity and subjective mental workload, we need to be cautious about the deﬁnition
of a complex situation. Indeed, the literature shows that the
increase of information to process produces a supplementary difﬁculty but it can also help the drivers by serving as a clue (e.g.,
presence of lane markings). Contrary to what we could imagine,
the quantity of information to process thus does not deﬁne the
situation complexity. It is thus rather characterized by different
elements (see the taxonomy, Fastenmeier, 1995; Fastenmeier and
Gstalter, 2007). The studies carried out on experienced drivers
have shown different pattern of results. Generally, only very complex driving situations increased the subjective workload and
impaired the performance, conﬁrming our hypothesis. Drivers
were thus probably overwhelmed by the very complex situation,
indicating an overload. In the situations probably assessed as moderately complex by the experienced drivers, they often adopted the
compensatory strategy of reducing their speed, which probably
helped them to correctly perform the driving task. Among the
few studies that have compared novices to experienced drivers, the
increase of situation complexity increased the subjective mental
workload for all the drivers but with a lower level for the experienced ones. As expected, the increase of situation complexity also
led to performance impairments sometimes lower for the experienced drivers than for the novice ones. It is probably because
experienced drivers have more automatized the driving tasks, even
those requiring a high-level processing, i.e., tasks of the second
level (tactical) of the tasks hierarchy’s model (Michon, 1985; de
Waard, 1996). However, studies only observing the physiological measures of mental workload without the subjective level of
workload are needed to verify our hypothesis.
Second, the aim of this paper was to identify the most representative physiological measures correlated to mental workload,
and to review the empirical studies showing the effect of situation complexity and driving experience on these physiological
measures and on driving performance. Among the physiological
indicators, the mean HR and the incremental HR seem to have the
most advantages to be correlated to mental workload. It is conﬁrmed by the studies that have mainly found signiﬁcant results
with these two indicators, contrary to the HRV and the 0.10 Hz
component of HRV that not seem to be sensitive enough to different levels of complexity. Indeed, only considering the mean HR
and the incremental HR, the reviewed studies globally conﬁrmed
that very complex situations increased physiological measures correlated to mental workload and impaired driving performance.
The physiological interpretation thus needs to be made with caution as these measures can reﬂect different factors. The question
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is thus not only to choose the adequate measure but it is also
to choose the best subjective and objective complementary measures. Indeed, physiological measures respond to disadvantages of
subjective measures (e.g., an off-line method, with recall and postrationalization biases). Reciprocally, subjective measures respond
to some disadvantages of physiological measures (e.g., a long and
technical process of analysis, and a low selectivity with a high
sensitivity to various factors).
Finally, the third aim of this paper was to verify whether the
increase of situation complexity and the lack of experience increase
the subjective and physiological levels of mental workload and lead
to driving performance impairments. When observing the effects
of both subjective and objective mental workload of experienced
drivers, the situation complexity mainly increased the subjective
level of mental workload but not the physiological state, and
often improved the performance. Experienced drivers were not
always aware of their internal state which was mostly overvalued. Moreover, they probably felt a high effort because they were
concentrated on the task which was performed with success. Concerning the novice drivers, the increase of situation complexity
only provoked an increase of the subjective level or of the physiological measures, with performance impairments. Novices thus
either overvalued or undervalued their objective mental workload. When they undervalued their state, they probably did not
adopt any compensatory strategy, which have made the task difﬁcult to perform. When they overvalued their state, they probably
also overvalued their abilities because of the lack of experience
(optimism bias, see McKenna, 1993), which led them to not adopt
compensatory strategies. Other studies analyzing both subjective
and objective mental workload need to be carried out in order to
precise the impacts on driving performance.
Nowadays, few studies have observed the combined effects of
situation complexity and driving experience on mental workload
and driving performance and these effects must be highlighted.
Indeed, it would be useful to target the driving learning as a
function of the learners’ assessment about the complexity of the
situation and about their mental and behavioral abilities, knowing
that their assessment can change with driving experience. As soon
as they have their driving license, novices could adapt their driving
depending on the situation complexity and on their state as they
would know how to manage the task with an awareness of many
parameters. Thus, an experimental study testing the effect of situation complexity and driving experience on the subjective and
physiological levels of mental workload and on performance could
identify all the relationships between these factors of accidents
among the young drivers.

REFERENCES
Ba, Y., and Zhang, W. (2011). “A review of driver mental workload in driver-vehicleenvironment system,” in Internationalization, Design and Global Development,
ed. P. L. P. Rau (Berlin: Springer), 125–134. doi: 10.1007/978-3-642-216
60-2_14
Baldauf, D., Burgard, E., and Wittmann, M. (2009). Time perception as a
workload measure in simulated car driving. Appl. Ergon. 40, 929–935. doi:
10.1016/j.apergo.2009.01.004
Borghini, G., Astolﬁ, L., Vecchiato, G., Mattia, D., and Babiloni, F. (2014). Measuring
neurophysiological signals in aircraft pilots and car drivers for the assessment of
mental workload, fatigue and drowsiness. Neurosci. Biobehav. Rev. 44, 58–75. doi:
10.1016/j.neubiorev.2012.10.003

www.frontiersin.org

Mental workload and driving

Boutcher, Y. N., and Boutcher, S. H. (2006). Cardiovascular response to Stroop:
effect of verbal response and task difﬁculty. Biol. Psychol. 73, 235–241. doi:
10.1016/j.biopsycho.2006.04.005
Broadbent, D. E. (1958). Perception and Communication. London: Pergamon.
Brookhuis, K. A., De Vries, G., and De Waard, D. (1991). The effects of mobile
telephoning on driving performance. Accid. Anal. Prev. 23, 309–316. doi:
10.1016/0001-4575(91)90008-S
Brookhuis, K. A., and De Waard, D. (2010). Monitoring drivers’ mental workload in
driving simulators using physiological measures. Accid. Anal. Prev. 42, 898–903.
doi: 10.1016/j.aap.2009.06.001
Brookhuis, K. A., Van Driel, C. J. G., Hof, T., Van Arem, B., and Hoedemaeker, M.
(2008). Driving with a congestion assistant; mental workload and acceptance.
Appl. Ergon. 40, 1019–1025. doi: 10.1016/j.apergo.2008.06.010
Brown, I. D. (1989). How Can We Train Safe Driving? Groningen: University of
Groningen, Trafﬁc Research Centre.
Brown, I. D., and Groeger, J. A. (1988). Risk perception and decision taking during
the transition between novice and experienced driver status. Ergonomics 31, 585–
597. doi: 10.1080/00140138808966701
Brown, I. D., Groeger, J. A., and Biehl, B. (1987). “Is driver training contributing
enough towards road safety,” in Road Users and Trafﬁc Safety, eds J. A. Rothengatter
and R. A. de Bruinnn (Maastricht: Van Gorcum), 135–156.
Bruni, H. (1995). “Categories temporelles et ﬂuctuations diurnes de l’attention,” in
(Sous la Direction de), Vigilance et Transports, Aspects Fondamentaux, Degradation
et Prevention, eds M. Vallet and S. Khardi (Lyon: Presses Universitaires de Lyon),
397–404.
Causse, M., Baracat, B., Pastor, J., and Dehais, F. (2011). Reward and uncertainty favor risky decision-making in pilots: evidence from cardiovascular and
oculometric measurements. Appl. Psychophysiol. Biofeedback 36, 231–242. doi:
10.1007/s10484-011-9163-0
Cegarra, J., and Chevalier, A. (2008). The use of tholos software for combining measures of mental workload: toward theoretical and methodological
improvements. Behav. Res. Methods 40, 988–1000. doi: 10.3758/BRM.40.
4.988
Cegarra, J., and van Wezel, W. (2012). Revisiting decision support systems for
cognitive readiness: a contribution to unstructured and complex scheduling
situations. J. Cogn. Eng. Decis. Mak. 6, 299–324. doi: 10.1177/1555343412
448385
Chapon, A., and Gabaude, C. (2009). DACOTA: Défauts d’Attention et Conduite
Automobile. Rapport Final Détaillé, Convention ANR-05-PDIT-004 PREDIT Go4:
Technologies Pour la Sécurité, INRETS; PREDIT. Bron, 172.
Chida, Y., and Steptoe, A. (2009). Cortisol awakening response and psychosocial
factors: a systematic review and meta-analysis. Biol. Psychol. 80, 265–278. doi:
10.1016/j.biopsycho.2008.10.004
Cnossen, F., Rothengatter, T., and Meijman, T. (2000). Strategic changes in
task performance in simulated car driving as an adaptive response to task
demands. Transp. Res. Part F 3, 123–140. doi: 10.1016/S1369-8478(00)
00021-8
Collet, C., Clarion, A., Morel, M., Chapon, A., and Petit, C. (2009). Physiological and behavior changes associated to the management of secondary
tasks while driving. Appl. Ergon. 40, 1041–1046. doi: 10.1016/j.apergo.2009.
01.007
Critchley, H. D., Elliott, R., Mathias, C. J., and Dolan, R. J. (2000). Neural
activity relating to generation and representation of galvanic skin conductance
responses: a functional magnetic resonance imaging study. J. Neurosci. 20, 3033–
3040.
Crundall, D. E., and Underwood, G. (1998). Effects of experience and processing
demands on visual information acquisition of drivers. Ergonomics 41, 448–458.
doi: 10.1080/001401398186937
Damm, L., Nachtergaële, C., Meskali, M., and Berthelon, C. (2011). The evaluation
of traditional and early driving learning with simulated accident scenarios. Hum.
Factors 53, 323–337. doi: 10.1177/0018720811413765
De Craen, S., Twisk, D. A. M., Hagenzieker, M. P., Elffers, H., and Brookhuis, K.
A. (2008). The development of a method to measure speed adaptation to trafﬁc
complexity: Identifying novice, unsafe, and overconﬁdent drivers. Accid. Anal.
Prev. 40, 1524–1530. doi: 10.1016/j.aap.2008.03.018
De Waard, D. (1991). “Driving behavior on a high-accident-rate motorway in the
Netherlands,” in Man in Complex Systems, eds C. Weikert, K. A. Brookhuis,
and S. Ovinius, Proceedings of the Europe Chapter of the Human Factors Society

December 2014 | Volume 5 | Article 1344 | 9

Paxion et al.

Annual Meeting. Work Science Bulletin 7, Work Science Division, Department of
Psychology, Lund University, Lund.
de Waard, D. (1996). The Measurement of Drivers’ Mental Workload. Ph.D. thesis,
Trafﬁc Research Center, Groningen University, Groningen.
de Waard, D., and Brookhuis, K. A. (1991). Assessing driver status: a demonstration
experiment on the road. Accid. Anal. Prev. 23, 297–307. doi: 10.1016/00014575(91)90007-R
De Waard, D., Brookhuis, K. A., and Hernandez-Gress, N. (2001). The feasibility
of detecting phone-use related driver distraction. Int. J. Veh. Des. 26, 85–95. doi:
10.1504/IJVD.2001.001931
De Waard, D., Dijksterhuis, C., and Brookhuis, K. A. (2009). Merging into heavy
motorway trafﬁc by young and elderly drivers. Accid. Anal. Prev. 41, 588–597. doi:
10.1016/j.aap.2009.02.011
De Waard, D., Jessurum, M., Steyvers, F. J. J. M., Raggatt, P. T. F., and Brookhuis,
K. A. (1995). Effect of road layout and road environment on driving performance, drivers’ physiology and road appreciation. Ergonomics 38, 1395–1407.
doi: 10.1080/00140139508925197
de Waard, D., Kruizinga, A., and Brookhuis, K. A. (2008). The consequences of
an increase in heavy goods vehicles for passenger car drivers’ mental workload and behaviour: a simulator study. Accid. Anal. Prev. 40, 818–828. doi:
10.1016/j.aap.2007.09.029
DiDomenico, A., and Nussbaum, M. A. (2008). Interactive effects of physical and
mental workload on subjective workload assessment. Int. J. Ind. Ergon. 38, 977–
983. doi: 10.1016/j.ergon.2008.01.012
Dijksterhuis, C., Brookhuis, K. A., and De Waard, D. (2011). Effects of steering
demand on lane keeping behaviour, self-reports, and physiology. Accid. Anal.
Prev. 43, 1074–1081. doi: 10.1016/j.aap.2010.12.014
Di Stasi, L. L., Álvarez-Valbuena, V., Cañas, J. J., Maldonado, A., Catena,
A., Antolí, A., et al. (2009). Risk behavior and mental workload: Multimodal assessment techniques applied to motorbike riding simulation. Transp.
Res. Part F Trafﬁc Psychol. Behav. 12, 361–370. doi: 10.1016/j.trf.2009.
02.004
Di Stasi, L. L., Renner, R., Staehr, P., Helmert, J. R., Velichkovsky, B. M., Cañas,
J. J., et al. (2010). Saccadic peak velocity sensitivity to variations in mental
workload. Aviat. Space Environ. Med. 81, 413–417. doi: 10.3357/ASEM.25
79.2010
Eggemeier, F. T., Wilson, G. F., Kramer, A. F., and Damos, D. L. (1991). “General
considerations concerning workload assessment in multi-task environments,” in
Multiple Task Performance, ed. D. L. Damos (London: Taylor & Francis), 207–216.
Engströme, I., Gregersen, N. P., Hernetkoski, K., Keskinen, E., and Nyberg, A.
(2003). Jeunes Conducteurs Novices, Éducation and Formation du Conducteur.
Etude Bibliographique. Rapport VTI 491A. Turku: Université de Turku.
Falkmer, T., and Gregersen, N. P. (2001). Fixation patterns of learner drivers with and
without cerebral palsy (CP) when driving in real trafﬁc environments. Transp. Res.
Part F Trafﬁc Psychol. Behav. 4, 171–185. doi: 10.1016/S1369-8478(01)00021-3
Fastenmeier, W. (1995). “Die verkehrssituation als analyseeinheit im verkehrssystem
[The road trafﬁc situation as analysis unit in the road trafﬁc system],” in Autofahrer
und Verkehrssituation en: Neue Wege zur Bewertung von Sicherheit und Zuverlässigkeit Moderner Straβenverkehrssysteme, ed. W. Fastenmeier (Köln: Verlag TÜV
Rheinland), 27–78.
Fastenmeier, W., and Gstalter, H. (2007). Driving task analysis as a tool in
trafﬁc research and practice. Saf. Sci. 45, 952–979. doi: 10.1016/j.ssci.2006.
08.023
Fréard, D., Jamet, E., Le Bohec, O., Poulain, G., and Botherel, V. (2007). Subjective
measurement of workload related to a multimodal interaction task: NASA-TLX
vs. Workload Proﬁle. Hum. Comput. Interact. 4552, 60–69. doi: 10.1007/978-3540-73110-8_7
Gabaude, C., Bacarat, B., Jallais, C., Bonniaud, M., and Fort, A. (2012). “Cognitive
load measurement while driving,” in Human Factors: A View from an Integrative Perspective, on the Occasion of the Human Factors and Ergonomics Society
Europe Chapter Annual Meeting in Toulouse, eds D. de Waard, K. Brookhuis, F.
Dehais, C. Weikert, S. Röttger, D. Manzey, et al. (Toulouse: HFES). Available at:
http://hfes-europe.org
Gregersen, N. P. (1995). Prevention of Road Accidents Among Young Novice Car
Drivers. Ph.D. Thesis, Linköping University, Linköping.
Hadj-Mabrouk, A., Hadj-Mabrouk, H., and Dogui, M. (2001). Chronobiologie de
la vigilance. Approche d’application dans le domaine de la sécurité routière. Rech.
Transp. Sécur. 73, 3–26. doi: 10.1016/S0761-8980(01)90035-4

Frontiers in Psychology | Quantitative Psychology and Measurement

Mental workload and driving

Hart, S. G., and Staveland, L. E. (1988). Development of NASA-TLX (task load
index): results of emperical and theoritical research. Adv. Psychol. 52, 139–183.
doi: 10.1016/S0166-4115(08)62386-9
Horberry, T., Anderson, J., and Regan, M. A. (2006). The possible safety beneﬁts of
enhanced road markings: a driving simulator evaluation. Transp. Res. Part F 9,
77–87. doi: 10.1016/j.trf.2005.09.002
Jahn, G., Oehme, A., Krems, J. F., and Gelau, C. (2005). Peripheral detection as a workload measure in driving: Effects of trafﬁc complexity and route
guidance system use in a driving study. Transp. Res. Part F 8, 255–275. doi:
10.1016/j.trf.2005.04.009
Jessurun, M., De Waard, D., Raggatt, P. T. F., Steyvers, F. J. J. M., and Brookhuis, K. A.
(1993). Implementatie Van Snelheidsbeperkende Maatregelen op 80 km/uur Wegen:
Effecten op Rijgedrag, Activatie en Beleving [Implementation of speed-reducing
measures on A-class roads: effects on driving performance, activation and appreciation]. Report VK 93-01, Trafﬁc Research Centre, University of Groningen,
Groningen.
Jessurun, M., Steyvers, F. J. J. M., De Waard, D., Dekker, K., and Brookhuis, K. A.
(1990). Beleving, Waarneming en Activatie Tijdens het Rijden Over een deel van de
A2 [Appreciation, perception and activation while driving over a section of the A2
motorway]. Report VK 90-18, Trafﬁc Research Centre, University of Groningen,
Groningen.
Jorna, P. G. A. M. (1992). Spectral analysis of heart rate and psychological state:
a review of its validity as a workload index. Biol. Psychol. 34, 237–257. doi:
10.1016/0301-0511(92)90017-O
Kahneman, D. (1973). Attention and Effort. Englewood Cliffs, NJ: Prentice-Hall.
Kramer, A. F. (1985). The interpretation of the component structure of event –
related brain potentials: an analysis of expert judgments. Psychophysiology 22,
334–344. doi: 10.1111/j.1469-8986.1985.tb01610.x
Kramer, A. F. (1991). “Physiological metrics of mental workload: a review of recent
progress,” in Multiple-Task Performance, ed. D. L. Damos (London: Taylor and
Francis), 279–328.
Kuiken, M. J., and Twisk, D. A. M. (2001). Safe Driving and the Training of Calibration: Literature Review (Report No. R-2001-29). Leidschendam: SWOV Institute
for Road Safety Research.
Liu, B. S., and Lee, Y. H. (2006). In-vehicle workload assessment: effects of
trafﬁc situations and cellular telephone use. J. Saf. Res. 37, 99–105. doi:
10.1016/j.jsr.2005.10.021
Manning, C., Mills, S., Fox, C., and Pﬂeiderer, E. (2001). Investigating the Validity of Performance and Objective Workload Evaluation Research
(POWER) (No DOT/FAA/AM-01/10). Washington, DC: FAA Ofﬁce of Aviation
Medicine.
Mayhew, D. R., and Simpson, H. M. (1995). The Role of Driving Experience: Implications for the Training and Licensing of New Drivers. Toronto, ON: Insurance
Bureau of Canada.
McKenna, F. P. (1993). It won’t happen to me: unrealistic optimism or illusion of control? Br. J. Psychol. 84, 39–50. doi: 10.1111/j.2044-8295.1993.
tb02461.x
Mehler, B., Reimer, B., and Wang, Y. (2011). “A comparison of heart rate and heart
rate variability indices in distinguishing single-task driving and driving under
secondary cognitive workload,” in Proceedings of the Sixth International Driving
Symposium on Human Factors in Driver Assessment, Training and Vehicle Design,
Lake Tahoe, CA, 590–597.
Meister, D. (1976). Behavioral Foundations of System Development. New York: Wiley.
Michon, J. A. (1985). “A critical view of driver behavior models: what do we know,
what should we do,” in Human Behavior and Trafﬁc Safety, eds L. Evans and R. C.
Schwing (New York: Plenum Press), 485–524.
Miller, M. W., Rietschel, J. C., McDonald, C. G., and Hatﬁeld, B. D. (2011). A
novel approach to the physiological measurement of mental workload. Int. J.
Psychophysiol. 80, 75–78. doi: 10.1016/j.ijpsycho.2011.02.003
Mitsopoulos, E., Triggs, T., and Regan, M. (2006). “Examining novice driver calibration through novel use of a driving simulator,” in Proceedings of the SimTecT 2006
Simulation Conference: Challenges and Opportunities for a Complex and Networked
World (SimTecT 2006), Melbourne, VIC.
Moray, N. (1967). Where is capacity limited? A survey and a model. Acta Psychol.
27, 84–92.
Mulder, G. (1986). “The concept and measurement of mental effort,” in Energetics
and Human Information Processing, eds G. R. J. Hockey, A. W. K. Gaillard, and M.
G. H. Coles (Dordrecht: Martinus Nijhoff Publishers), 175–198.

December 2014 | Volume 5 | Article 1344 | 10

Paxion et al.

Mulder, L. J. M. (1988). Assessment of Cardiovascular Reactivity by Means of Spectral
Analysis. Ph.D. thesis, University of Groningen, Groningen.
Mulder, L. J. M. (1992). Measurement and analysis methods of heart rate and
respiration for use in applied environments. Biol. Psychol. 34, 205–236.
Mulder, L. J. M., de Waard, D., and Brookhuis, K. A. (2004). “Estimating mental
effort using heart rate and heart rate variability,” in Handbook of Ergonomics
and Human Factors Methods, eds N. Stanton, A. Hedge, H. W. Hendrick, K. A.
Brookhuis, and E. Salas (London: Taylor & Francis), 201–208.
Nickel, P., and Nachreiner, F. (2000). “Psychometric properties of the 0.1 Hz component of HRV as an indicator of mental strain,” in Proceedings of the Human
Factors and Ergonomics Society Annual Meeting, Vol. 44 (San Diego, CA: SAGE
Publications), 2–747.
Nickel, P., and Nachreiner, F. (2003). Sensitivity and diagnosticity of the 0.1-Hz
component of heart rate variability as an indicator of mental workload. Hum.
Factors 45, 575–590. doi: 10.1518/hfes.45.4.575.27094
Olar, L., and Deconde, G. (2004). Contiguïté Spatiale et Conservation à l’Écran des
Lettres Saisies lors d’une Tâche de Reconnaissance de l’écriture Manuscrite sur Pocket
PC: Effets sur la QualitÉ Ergonomique de l’Interface. 10e Journée JETCSIC, Genève,
Suisse.
Patten, C. J. D., Kircher, A., Östlund, J., Nilsson, L., and Svenson, O. (2006). Driver
experience and cognitive workload in different trafﬁc environments. Accid. Anal.
Prev. 38, 887–894. doi: 10.1016/j.aap.2006.02.014
Paubel, P.-V. (2011). Evaluation d’un Système de Résolution de Conﬂits, ERASMUS.
Apport de l’Oculométrie Comme Mesure de la Charge Mentale Chez les Contrôleurs Aériens En-route. Ph.D. thesis, Université Toulouse le Mirail-Toulouse
II, Toulouse.
Pauzié, A. (1994). A method to assess the driver mental workload: the driving
activity load index (DALI). IET Intell. Trafﬁc Syst. 2, 315–322. doi: 10.1049/ietits:20080023
Paxion, J., Berthelon, C., and Galy, E. (2013). “Does driving experience delay overload threshold as a function of situation complexity,” in Driver Behaviour and
Training Vol. VI, eds L. Dorn and M. Sullman (Aldershot: Ashgate Publishing),
13–23.
Posner, M. I. (1978). Chronometric Explorations of Mind. Hillsdale, NJ: Lawrence
Erlbaum Associates.
Quimby, A. R., and Watts, G. R. (1981). Human Factors and Driving Performance
(Laboratory Report 1004). Crowthorne: Transport and Road Research Laboratory.
Rasmussen, J. (1980). “What can be learned from human error reports,” in Changes
in Working Life, eds K. Duncan, M. Gruneberg, and D. Wallis (London: John
Wiley & Sons).
Rasmussen, J. (1984). Information Processing and Human-Machine Interaction. An
Approach to Cognitive Engineering. New York: North Holland.
Rasmussen, J. (1987). “Cognitive control and human error mechanisms,” in New
Technology and Human Error, eds J. Rasmussen, K. Duncan, and J. Laplat
(Chichester: John Wiley & Sons).
Reid, G. B., and Nygren, T. E. (1988). The subjective workload assessment technique:
a scaling procedure for measuring mental workload. Adv. Psychol. 52, 185–218.
doi: 10.1016/S0166-4115(08)62387-0
Reimer, B., Mehler, B., Coughlin, F. J., Roy, N., and Dusek, A. J. (2011). The
impact of a naturalistic hands-free cellular phone task on heart rate and simulated driving performance in tow age groups. Transp. Res. Part F 14, 13–25. doi:
10.1016/j.trf.2010.09.002
Robert, G., and Hockey, J. (1997). Compensatory control in the regulation of human
performance under stress and high workload: a cognitive-energetical framework.
Biol. Psychol. 45, 73–93. doi: 10.1016/S0301-0511(96)05223-4
Rubio, S., Díaz, E., Martin, J., and Puente, J. M. (2004). Evaluation of subjective mental workload: a comparison of SWAT, NASA-TLX, and workload proﬁle methods.
Appl. Psychol. 53, 61–86. doi: 10.1111/j.1464-0597.2004.00161.x
Ryu, K., and Myung, R. (2005). Evaluation of mental workload with a combined
measure based on physiological indices during a dual task of tracking and mental
arithmetic. Int. J. Ind. Ergon. 35, 991–1009. doi: 10.1016/j.ergon.2005.04.005
Schneider, W., and Shiffrin, R. M. (1977). Control and automatic human information processing: I. Detection, search, and attention. Psychol. Rev. 84, 1–66. doi:
10.1037/0033-295X.84.1.1

www.frontiersin.org

Mental workload and driving

Smiley, A. and Brookhuis, K. A. (1987). “Alcohol, drugs and trafﬁc safety,” in Road
Users and Trafﬁc Safety, eds J. A. Rothengatter and R. A. de Bruin (Assen: Van
Gorcum), 83–105.
Steyvers, F. J., and De Waard, D. (2000). Road-edge delineation in rural areas:
effects on driving behavior. Ergonomics 43, 223–238. doi: 10.1080/001401300
184576
Sweller, J. (1993). Some cognitive processes and their consequences for the
organisation and presentation of information. Aust. J. Psychol. 45, 1–8. doi:
10.1080/00049539308259112
Sweller, J., van Merrienboer, J. J. G., and Paas, F. G. W. C. (1998). Cognitive
architecture and instructional design. Educ. Psychol. Rev. 10, 251–296. doi:
10.1023/A:1022193728205
Triggs, T. J. (2004). “Simulation evaluation of driver performance changes during
the early years of driving,” in Proceedings of the Driving Simulation Conference,
Paris, 421–430.
Tsang, P. S., and Velazquez, V. L. (1996). Diagnosticity and multidimensional subjective workload ratings. Ergonomics 39, 358–381. doi: 10.1080/00140139608
964470
Veltman, J. A., and Gaillard, A. W. K. (1996). Physiological indices of workload
in a simulated ﬂight task. Biol. Psychol. 42, 323–342. doi: 10.1016/03010511(95)05165-1
Verwey, W. B. (2000). On-line driver workload estimation. Effects of road situation and age on secondary task measures. Ergonomics 43, 187–209. doi:
10.1080/001401300184558
Watson, J. M., and Strayer, D. L. (2010). Supertaskers: proﬁles in extraordinary
multitasking ability. Psychon. Bull. Rev. 17, 479–485. doi: 10.3758/PBR.17.
4.479
Wickens, C. D. (1984). “Processing resources in attention,” in Varieties of Attention,
eds R. Parasuraman and D. R. Davies (London: Academic Press), 63–102.
Wickens, C. D. (1987). Attention. Adv. Psychol. 47, 29–80. doi: 10.1016/S01664115(08)62306-7
Wickens, C. D., and Hollands, J. G. (2000). Engineering Psychology and Human
Performance, 3rd Edn. Upper Saddle River, NJ: Prentice Hall.
Williams, A. F. (2003). Teenage drivers: patterns of risk. J. Saf. Res. 34, 5–15. doi:
10.1016/S0022-4375(02)00075-0
Wilson, G. F. (2001). An analysis of mental workload in pilots during ﬂight using
multiple psychophysiological measures. Int. J. Aviat. Psychol. 12, 3–18. doi:
10.1207/S15327108IJAP1201_2
Wilson, G. F., and Eggemeier, F. T. (1991). “Physiological measures of workload in
multi-task environments,” in Multiple-Task Performance, ed. D. Damos (London:
Taylor & Francis), 329–360.
Ying, L., Fu, S., Qian, X., and Sun, X. (2011). Effects of mental
workload on long-latency auditory-evoked-potential, salivary cortisol, and
immoglobulin A. Neurosci. Lett. 491, 31–34. doi: 10.1016/j.neulet.2011.
01.002
Zijlstra, F. R. H. (1993). Efﬁciency in Work Behavior. A Design Approach for Modern
Tools. Ph.D. thesis, Deft University of Technology, Deft University Press, Deft.
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 13 March 2014; paper pending published: 04 April 2014; accepted: 04
November 2014; published online: 02 December 2014.
Citation: Paxion J, Galy E and Berthelon C (2014) Mental workload and driving. Front.
Psychol. 5:1344. doi: 10.3389/fpsyg.2014.01344
This article was submitted to Quantitative Psychology and Measurement, a section of
the journal Frontiers in Psychology.
Copyright © 2014 Paxion, Galy and Berthelon. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

December 2014 | Volume 5 | Article 1344 | 11

