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Abstract. This paper reviews mental workload literatures which focus on the
field of driving task. The purpose is to identify and discuss shortcomings in
present research and opportunities for future study. A comprehensive search of
journal papers on ISI Web of Science® (WoS) data base was conducted. 50
most-cited studies [1-50] are analyzed and classified into 4 categories:
characteristics of the driver, characteristics of the vehicle, characteristics of
environment, measurement and modeling. Chronological historiograph is
generated to highlight the relationship among these studies in the retrieved
categories. We argue that the ambiguity of concept and dissociative
measurement are still primary barriers for current workload research. The
further application of driver mental workload research should fully consider
various potential influence factors in the Driver-Vehicle-Environment (DVE)
system.

1 Introduction

Driving behavior is a direct consequence of the stimuli received from the road
infrastructure, surrounding environment and atmosphere inside the vehicle [51].
Currently, the evaluation of mental workload is a key point among the researches to
the development of the Driver-Vehicle-Environment (DVE) System. The intent of this
paper, therefore, is to provide a review of the mental workload literatures, which
focus on the field of driving task.

The most organized discussion of mental workload can be found in the “Handbook
of Perception and Human Performance” [52,54]. De Waard [51] conducted detailed
overview of general characteristics of driver mental workload measures. In previous
reviews, there is often a tendency to be highly technology driven and to focus
primarily on methodology and measurement, while reflecting less on inherent
relevance of current interrelated researches. Inspired by related studies within the
field of road safety, we aim at evoking more discussion about effects of driver,
vehicle, and environment characteristics on mental workload by presenting a
snapshot, identifying and discussing shortcomings in the present research and
opportunities for the future study. This paper is organized as follow. Section 2 begins
with concept and fundamental researches about mental workload. Three aspects of
mental workload are briefly viewed. In section 3, we conduct a comprehensive search
of journal papers. 50 most-cited studies [1-50] are analyzed and classified into 4
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categories. Chronological historiograph is generated to highlight the relationship
among these studies in the retrieved categories. Characteristics of the driver,
characteristics of the vehicle, characteristics of environment, measurement and
predictive model are then discussed in section 4, 5 and 6. Section 7 concludes with
discussion of limitations in the reviewed research and potential trend in the future
study.

2 Fundamental Researches of Mental Workload

Since the 1970s, the interest in defining and developing measures of mental workload
has increased dramatically. Nevertheless, with about 40 years’ interest in workload
research, there is still no clearly-defined, universally-accepted definition of mental
workload. Roscoe [55] provided an earlier review which acknowledges task demands,
operator capabilities, and contextual temporal demands as being components of
workload. Gopher and Braune [53] suggested that the workload construct is
conceived to explain the inability of human operators to cope with the requirements of
a task, and that workload measurement is an attempt to characterize performance of
the task relative to the operator’s capability. For those reason, three aspects of mental
workload should be considered.

1. Task demand: tasks complexity for limited human capacity.
2. Performance: primary-task or secondary-task performance.
3. Effort: the strategy and conscious allocation of mental processing resources.

Workload measurement techniques are typically organized into three broad
categories: self-assessment, performance measures and physiological measures. It has
already been noted that different measures are sensitive to different aspects of
workload and not all workload measures are assessing the same thing. In De Warrd’s
[51] review, different mental workload measures were presented and evaluated on
their potential use as indicator of workload in traffic research.

3 Method

In this paper, a comprehensive search of journal papers on ISI Web of Science®
(WoS) data base is conducted. To be included in this collection, a study has to (1) aim
at studying mental workload of road driving task and (2) have great impact on
subsequent researches, which is measured by Global Citation Score (GCS), the total
number of citations to a paper in the WoS.

While operating a driving task, the information can come from the driver itself,
current interactions, traffic environment and road scenario. As the result, the drivers’
metal workload is influenced by the characteristics of driver, vehicle and surrounding
environment. In addition, some studies consider those characteristics as a whole and
focuse on developing a general measurement and constructing a predictive model of
driver’s mental workload. According to this thought, the topics of reviewed studies
were categorized into 4 domains: characteristics of the driver, characteristics of the
vehicle, characteristics of environment and measurement and modeling. Some of
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Fig. 1. Chronological historiographs of 50 most-cited reviewed literatures

reviewed studies belong to more than one category. A total of 50 most-cited studies
[1-50] were reviewed and analyzed in this article. WoS export files were created in
which all cited references for each source document were captured. We generated a
chronological historiographs (Fig. 1) for those most-cited studies to highlight the
relationship between these researches in the retrieved category.

4 Characteristics of Driver

Visual and information processing are the most important driver capacities for safe
driving. Several researchers aimed at constructing a clear relationship between these
capacities with mental workload. Liu [1] pointed out that the effects of visual
scanning on workload are more pronounced in the dual task conditions than in the
single one. In addition, Increases in scanning demand produce greater interference to
a concurrent spatial task than to a verbal task. Recarte and Nunes [20] pushed this
research to a step forward. They studied the effects of mental workload on visual
search, discrimination and decision making in real traffic conditions. Results
indicated that the increased workload produce endogenous distraction and spatial gaze
concentration, affecting the capacity to process visual stimuli.

Age is associated with declines in perceptual, response time, cognitive memory,
attention, physical strength and dexterity performance. Hakamies-Blomgqvist, et al. [9]
used instrumented car to test the age related differences in organizing car-controlling
movements. The experiment result showed that older drivers organize their car-
controlling movements in a more serial way in order to reduce the momentary mental
workload produced by complex traffic situations. Makishita and Matsunaga [40]
examined differences in reaction time of various age groups to assess the influence of
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mental workload on reaction time. Results suggested that high mental workload
increase the average reaction time for each age group, whereas mental workload
influences elderly drivers' reaction time remarkably.

Other aspects of driver characteristics were also considered, such as injury
experience, driving skills and training. Riese, et al. [10] focused on patients with very
severe Closed Head Injury (CHI). Young and Stanton [16] analyzed how the
development of automaticity within the driving task may influence performance of
different levels of driver skill and workload. Wang, et al. [50] found that subjective
mental workload of the trained drivers was significantly lower than novice driver in
completing the simulated driving task of road hazard handling.

5 Characteristics of Vehicle

Nowadays, great challenge of increased demands during driving task is caused by the
introduction of information system into the vehicle. All these In-vehicle Information
System (IVIS) require drivers’ attention to be divided between the system and the
primary task of vehicle control. In an experiment of Lansdown, et al. [21],
participants were presented with a primary task, representing some of the visual and
manual aspects of driving, and three secondary tasks (visual, auditory, and visual &
auditory stimuli), representing the aspects of in-vehicle system operation. Differences
between the impacts of the three secondary tasks were not observed. Addition
research [26] proved that analogous auditory and visual secondary tasks were of
equivalent difficulty. Koo, et al. [45] studied the effect of voice or display information
systems on drivers through the driver eye movement. Result suggested that effect of
high workload produced by telematics services focuses on driver’s object visual field.
The effects of different display modes were compared between Head-Up Display
(HUD) and Head-Down Display (HDD) [22]. Results indicated that using the HUD
caused less workload for the drivers than the HDD.

Mobile telephones are most tangible devices that can distract the driver and change
the workload. The effect of three types of cell phones (hand held, hands free with an
external speaker and personal hands free) on total subjective workload and
intelligibility was measured using the NASA-Task Load Index (TLX) and the
modified rhyme test (MRT) [19]. In this experiment, the drivers rated all components
of workload for each type of cell phone to be significantly higher than for a control
condition in which no cell phone was used. It was also concluded that hands free cell
phone would interfere least with the cognitive demands of driving. Patten, et al. [23]
pointed out that the content of the conversation was far more important for driver
distraction than the type of telephone. The more difficult and complex the
conversation, the greater the possible negative effect on increment in workload.
Tornros and Bolling [32] found driving speed decreased as an effect of dialing with
the greatest effect for hands free phone mode. They interpreted effects on speed as a
compensatory effort for the increased mental workload.

Vehicle automation is another irresistible trend in this century with undoubted
benefits. The early study of the vehicle automation effect on mental workload was
since 1990s. Stanton and Young [6] presented a review of vehicle automation. They
shown a reduction in mental workload associated with some forms of automation.
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Since then, much effort was spent on specific automation device. Ma and Kaber [30]
verified the effects of an adaptive Cruise Control (ACC) system on situation
awareness and mental workload. Their results was different from Stanton and Yong
[31], which indicated use of the ACC system improves driving task situation
awareness (SA) under typical driving conditions, and reduces driver mental workload.
Young and Stanton [38] exposited the adaptive nature of the ACC system to reconcile
this contradiction and advised to use variable-speed tasks to ensure that all aspects of
device functionality are covered. The effect of automated system of bus docking on
drivers' mental workload was also tested [18]. Results showed that docking precision
is improved when the system is used. When drivers monitored the functioning of the
system, their workload was higher than that observed during manual docking.
However, reduced workload was evidenced after a learning process. It's interesting
that the docking system was shown to increase workload highly in the event of
dysfunction, especially when drivers had to take over control. A similar experiment
[35] was also conducted on Lane Support System (LSS). The general suggestions
about automation design in vehicle were given by Young and Stanton [16]: according
to proposed malleable attention resources theory, future vehicle designers should
employ their technology in driver support systems rather than in automation to
replace the driver.

6 Characteristics of Environment

Verwey [13] suggested that road situation is a major determinant of visual and mental
workload of the driver. Numerous specific road characteristics were studied
separately, including road curvature change rate, road mark, roadside advertising etc.
Richter, et al. [5] and Backs, et al. [17] introduced the road curvature change rate as
an independent variable, which served as a criterion of objective road difficulty. Both
psycho-physiological variables (heart rate, blink rate, skin conductance response) and
speed varied as a function of the curvature change rate of the road segments,
indicating that driving performance significantly deteriorated and visual demand
significantly increased as curve radius decreased. Steyvers and De Waaed [12]
compared two types of road-edge delineation, continuous or dashed edge lines with
two control roads without lines or with only a dashed line on the road axis.
Subjectively rated effort was higher for the unlined control road than for the three
other roads. It was concluded that edge-lines may provide a simple and effective way
of inducing a more favorable lateral position on rural roads without having negative
effects on mental workload. Another comparison of an enhanced road-marking
system with commonly used highway markings was undertaken by Horberry, et al.
[33]. A similar pattern was found for the subjective measures: workload was rated
lower for the enhanced markings.

Some specific driving scenarios were also considered. Horrey and Simons [36]
examined the impact of mental workload on safety margins (distances) that drivers
keep when engaged in a tactical control task (passing other vehicles). The result show
although drivers did increase their headway adaptively when engaged in steady-state
car following, they did not adapt their behavior to accommodate mental workload
when performing tactical control maneuvers and implicate the difference between
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steady-state and tactical control driving contexts. Some studies [39] focused on
assessing effects of Heavy Goods Vehicles (HGVs) on other drivers’ behavior and
mental workload during filtering into traffic and exiting from the motorway. It was
concluded that an increase in HGVs will make merging into and exiting from traffic
more mentally demanding and will decrease safety margins.

7 Measurement and Modeling

The systemic overview of drivers’ workload measurement can be found in De
waard‘s [51] handbook “The Measurement of Drivers Mental Workload” on the basis
of the following properties: sensitivity, diagnosticity, primary-task intrusion,
implementation requirements and operator acceptance. Later studies were almost
following this framework. In Backs’ study [17], cardiac, performance, and visual
demand measures of driver workload were obtained. The patterns of dissociation were
interpreted as being capable of isolating the perceptual demands of driving from the
central and motor processing demands. Several studies [23,28] using the Peripheral
Detection Task (PDT) method to measure driver workload compare with subjective
workload ratings as well as physiological measures. Result suggested that the PDT
proved to be sensitive to peaks in workload; subjective workload ratings reflected
overall route demands; physiological measures were less sensitive to workload and
indicated emotional strain as well. Di Stasi et al. [49] found that saccadic peak
velocity could be a useful diagnostic index for the assessment of operators' mental
workload and attention state in hazardous environments. Mehler, et al. [46] examined
the sensitivity of heart rate, skin conductance, and respiration rate as measures of
mental workload in a simulated driving environment. The pattern of results indicated
that physiological measures can be sensitive to changes in workload before the
appearance of clear decrements in driving performance. On the whole, consensus of
current investigations indicates that a battery of assessment techniques will provide
the most sensitive assessment of workload in complex environments. Meanwhile,
with the technical development in the area of physiology, more and more
physiological measures are recommended.

Several conceptual and numerical models of mental workload have been
introduced sine 1990s. Zeitlin [1] conducted a long-term field trial to estimates driver
mental workload. Increment of mental workload was a function of traffic density,
average speed, and uncertainty (estimated by the number of brake depressions).
Following this result, he [7] suggested that driving workload has two components, a
steady-state load dictated by road conditions, speed, and traffic density and a transient
load determined by the degree of uncertainty in the driving situation. An objective
workload index of the general form, workload= F (brake actuation rate + log (2)
speed), based on this model of driver behavior predicts subjective driving difficulty
and workload. The concept of driving task difficulty [27] is elaborated within the
framework of the Task-Capability Interface (TCI) model. In this model, task difficulty
homeostasis was proposed as a key sub-goal in driving and speed choice was argued
to be the primary solution to the problem of keeping workload within selected
boundaries. Several more sophisticated numerical models, including artificial neural
network architectures [29] and queuing network [37] were used to simulate drivers’
mental workload and the performance. However, the accuracy of these numerical
models still needs to be improved.
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8 Discussion and Conclusion

With about 40 years development, the concept that mental workload is
multidimensional is not seriously challenged today. Meanwhile, there still have not
been any major developments in the understanding or measurement of mental
workload in the recent literatures. The recent techniques used to measure mental
workload are similar to those used over the past 30 years, namely subjective
measures, performance measures and physiological measures. When measuring
workload empirically, the current recommendations are largely the same as twenty
years ago: a battery of assessment techniques will provide the most sensitive
assessment of workload in complex environments [52]. However, with the technical
development in the area of biomedicine and physiology, more and more psycho-
physiological measures are recommended for application. It’s necessary to develop a
formal, unified theory that can explain the interactions of various physiological
phenomena and their relationship to workload.

On the other hand, drivers’ metal workload is influenced by characteristics of the
driver, vehicle and surrounding environment in the DVE system. As to characteristics
of the driver, studies in this domain concentrated upon constructing a clear
relationship of driver capacities with mental workload, considering individual
difference such as age, skill and experience as influence factors.

Meanwhile, increased demands are from the introduction of new technology into
the vehicle, primarily including IVIS and vehicle automation. Information form
(visual, auditory, and visual & auditory) and display modes are hotspots of the IVIS
researches. Although vehicle automation is suggested by most investigators to be able
to improve performance and reduce mental workload, overburden workload may
occur in the dysfunction of automation, especially when drivers had to take over
control. In general, further investigation of these human-vehicle interactions can offer
fundamental guidance for efficiency and safety vehicle design without negative
effects on mental workload.

Looking at studies concerning with traffic environment, assessment of driving task
demands and mental workload in different traffic condition is consider as the
starting point for road design. A lot of specific road characteristics were studies
separately, including road curvature change rate, road mark, roadside advertising, etc.
Some specific driving scenarios (steady-state car following and tactical control
maneuvers) are also considered. However, there are still enormous opportunities for
future study in road situation and road construction.

In conclusion, this review examines mental workload literatures which focus on the
field of driving task. Large numbers of impact factors among the DVE system on
driver’s mental workload have been considered in recent studies. But there have not
been any conceptual model to interpret the inner link between those characteristics.
An important reason contributing to this situation is fuzzy concept of mental
workload. To measure, assess and predict workload accurately, the further research of
mental workload research should fully considering the impact factor from driver,
vehicle device, road environment and scenario as an uniform input of human
information process.
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