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ARTICLE INFO ABSTRACT

Keywords: Timely detection of drowsiness in Commercial Motor Vehicle (C MV) operations is necessary to reduce drow-
Crash risk siness-related CMV crashes. This is relevant for manual driving and, paradoxically, even more so with increasing
Fatigge levels of driving automation. Measures available for drowsiness detection vary in reliability, validity, usability,
illeeerf::;::s and effectiveness. Passively recorded physiologic measures such as electroencephalography (EEG) and a variety

of ocular parameters tend to accurately identify states of considerable drowsiness, but are limited in their po-
tential to detect lower levels of drowsiness. They also do not correlate well with measures of driver performance.
Objective measures of vigilant attention performance capture drowsiness reliably, but they require active driver
involvement in a performance task and are prone to confounds from distraction and (lack of) motivation.
Embedded performance measures of actual driving, such as lane deviation, have been found to correlate with
physiologic and vigilance performance measures, yet to what extent drowsiness levels can be derived from them
reliably remains a topic of investigation. Transient effects from external circumstances and behaviors — such as
task load, light exposure, physical activity, and caffeine intake — may mask a driver’s underlying state of
drowsiness. Also, drivers differ in the degree to which drowsiness affects their driving performance, based on
trait vulnerability as well as age. This paper provides a broad overview of the current science pertinent to a range
of drowsiness measures, with an emphasis on those that may be most relevant for CMV operations. There is a
need for smart technologies that in a transparent manner combine different measurement modalities with
mathematical representations of the neurobiological processes driving drowsiness, that account for various
mediators and confounds, and that are appropriately adapted to the individual driver. The research for and
development of such technologies requires a multi-disciplinary approach and significant resources, but is
technically within reach.

Lane deviation
Automation

1. Introduction

Drowsiness-related road accidents (crashes) result in substantial
cost to the economy as well as loss of life (Dinges, 1995; Williamson
et al.,, 2011; Hege et al., 2015). In Commercial Motor Vehicle (CMV)
drivers, drowsiness may be responsible for as much as 20% of heavy
vehicle crashes (Akerstedt, 2000). Here, drowsiness is used as synon-
ymous to sleepiness and fatigue, and antonymous to alertness. De-
pending on the context, these terms are not necessarily interchangeable
(e.g., Shen et al., 2006). In operational settings, however, the temporal
dynamics

(i.e., changes over time) of drowsiness are often of primary interest,
and in that framework the distinction between drowsiness and related
terms is largely inconsequential (Satterfield and Van Dongen, 2013).
Regardless of the terminology, timely detection of drowsiness in CMV
drivers is essential to help reduce drowsiness-related crashes.
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A range of drowsiness detection measures has been developed to
assess drowsiness. These measures vary with regard to signal modality
(e.g., driver physiology, driver behavior, vehicle behavior, driver self-
report) and operational implementation (e.g., roadside use, or while
driving). They also vary with regard to their psychometric properties
(e.g., reliability, validity, and predictive capability), their usability, and
the extent to which they are susceptible to confounding factors (Dinges
and Grace, 1998; Balkin et al., 2004; Abe et al., 2014; Kosmadopoulos
et al.,, 2017; Sandstrom et al., 2017). Different drowsiness measures
may show poor concurrent validity with each other (Leproult et al.,
2003; Van Dongen et al., 2003a; Van Dongen et al., 2004; Van Dongen
et al., 2011d); they are typically not simply interchangeable.

The suitability for operational use of any measure of drowsiness is
determined by many or all of these issues. An understanding of the
science of drowsiness detection is needed to avoid misguided use, in-
accurate predictions, and erroneous conclusions, as well as to further
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the development of valid and reliable technologies for drowsiness de-
tection. Here we provide an overview of the science pertinent to a range
of drowsiness measures, with an emphasis on those that may be most
relevant for CMV operations. We also briefly discuss current and future
work on the integration of multiple drowsiness measures as part of
drowsiness detection and warning systems, and explore the impact of
new developments in semi-autonomous driving.

2. Neurobiology of drowsiness

Measures of drowsiness essentially all try to capture aspects of the
neurobiology underlying the dynamics of drowsiness over time. The
primary neurobiological processes that impact drowsiness are the
homeostatic and circadian processes. The homeostatic process re-
presents a progressive build-up of sleep pressure across time awake,
which dissipates across time asleep; whereas the circadian process,
which drives 24 h rhythms in the brain and body (circadian = around a
day), represents a waxing and waning of wake pressure across time of
day (Borbély et al., 2016). Drowsiness results from high homeostatic
pressure for sleep and low circadian pressure for wakefulness. In other
words, CMV drivers (and other shift workers) are prone to drowsiness
after extended wakefulness and/or at night.

Aside from the homeostatic and circadian processes, there are many
additional factors that impact drowsiness. Broadly, these can be clas-
sified as internal states and external circumstances (Gabehart and Van
Dongen, 2016). Internal states include variables such as psychological
states (e.g., mood, anxiety) and pharmacological substances (e.g., caf-
feine, prescription drugs). External circumstances include variables
such as environmental conditions (e.g., ambient temperature, light
level) and time constraints (e.g., task load, time pressure). Drowsiness
levels are determined by the net effect of these concurrent influences in
relation to the homeostatic and circadian processes; see Fig. 1.

In the context of Hours-of-Service regulations, time on duty (or time
driving) is also considered to be an important modulator of drowsiness
(Hanowski et al., 2003). There is no known neurobiological process
underlying changes in drowsiness with time on duty, per se, but an
increase in time on duty is associated with an increase in time awake
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Fig. 1. Schematic representation of the interactions between the homeostatic
and circadian processes and modulating internal states and external circum-
stances. The homeostatic process builds pressure for sleep with time awake and
thereby increases drowsiness. The circadian process provides an oscillatory
counter-effect by promoting pressure for wakefulness during daytime hours and
withdrawing that pressure during nighttime hours. Internal states, such as
stress, anxiety, and motivation, and external circumstances, such as light ex-
posure, ambient temperature, and distractions, transiently increase or decrease
drowsiness in interaction with the homeostatic and circadian processes.
Adapted from Gabehart and Van Dongen (2016) with permission.
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and a change in time of day. Pending further research, it is reasonable
to assume that drowsiness measures capture the effects of time on duty
through the association with time awake and time of day. (However,
see the discussion of task-induced fatigue in Section 8.2.)

The neurobiology underlying drowsiness produces a number of
changes in the brain and body that can be measured as correlates of
drowsiness. Specific electroencephalographic (EEG) brainwave patterns
can be distinguished in response to changes in the homeostatic and
circadian processes. These are measurable through electrodes attached
to the scalp (Rechtschaffen and Kales, 1968; Amzica and Steriade,
1997; Bastien et al., 2002).

Likewise, changes in the homeostatic and circadian processes that
produce drowsiness cause changes in measurements of the eyes, in-
cluding pupil diameter, eyelid closure, and the appearance of slow eye
movements (SEMs). Relative changes in these physiologic correlates of
drowsiness can be measured with electrooculography (EOG) through
electrodes attached near the eyes (Kinomura et al., 1996) and with
camera-based systems that record eye movements, pupil diameter, and/
or eyelid closure (Dinges and Grace, 1998; Hu et al., 2012; Ftouni et al.,
2013a; Sigari et al., 2013).

The homeostatic and circadian processes driving drowsiness also
affect cognitive functioning. As drowsiness ensues, momentary sleep
intrusions into wakefulness are believed to cause lapses of attention
(Doran et al., 2001). Lapses of attention progressively increase in fre-
quency and duration as drowsiness progresses (Williams et al., 1959;
Lim and Dinges, 2008). Drowsiness levels can therefore be measured
through cognitive tasks that detect instability in cognitive functioning
(Durmer and Dinges, 2005; Van Dongen and Dinges, 2005).

Cognitive instability associated with drowsiness is believed to affect
driving performance as well. Driving performance becomes progres-
sively worse with high homeostatic pressure for sleep and low circadian
pressure for wakefulness. One frequently used measure of driving per-
formance that seeks to capture performance variability is lane devia-
tion, or the standard deviation of lateral lane position. This and other
“embedded” performance measures in CMV drivers can be recorded
from the vehicle directly or from camera views of the road analyzed
with computer vision algorithms (Bittner et al., 2000; Liu et al., 2009).

Thus, there are multiple, different modalities of drowsiness detec-
tion that can be deployed in CMV operations, as illustrated in Figs. 2
and 3. The sections that follow discuss these different modalities fur-
ther.

Fig. 2. Illustration of different modalities of drowsiness measures in CMV op-
erations, including EEG-based, eye- and eyelid-based, camera-based, cognitive
test performance-based, and driving performance-based measures.
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Drowsiness

3. Physiologic Measures

4. Performance Measures

5. Driver Behavior

3.1. Brain activity
3.2. Ocular measures
3.3. Cardiac measures

4.1. Vigilant attention
4.2. Driving performance

5.1. Crashes
5.2. Overt behaviors
5.3. Subjective measures

Fig. 3. Different modalities of drowsiness measures in CMV operations, grouped by the sections in which they are described. Numbers identify (sub)sections in this

paper.
3. Physiologic measures of drowsiness
3.1. Brain activity

Neuronal activity in the brain reflects the state of drowsiness, and
this is captured by the EEG, which can be recorded through surface
electrodes attached to the scalp (Amzica and Steriade, 1997; Bastien
et al., 2002). The degree of synchronization among neurons, which is a
correlate of the level of drowsiness, is reflected in the dominant brain
wave frequencies present in the EEG. That is, spectral power in the EEG
(i.e., the strength of the EEG signal) gradually shifts from the beta band
(12-30 Hz) to the alpha band (8-12 Hz) and through to the theta band
(4-8 Hz) as drowsiness increases (Aeschbach et al., 1997), and ulti-
mately to the delta band (1-4 Hz) after falling asleep (Rechtschaffen
and Kales, 1968). The EEG also reveals microsleep episodes — brief
periods of inattention and intrusion of sleep into wakefulness — as in-
dicated by transient activity in the alpha and theta bands
(Rechtschaffen and Kales, 1968; Moller et al., 2006). Computer algo-
rithms can be used to detect drowsiness from the EEG automatically
and in real time (e.g., Meiring and Myburgh, 2015).

The ability of the EEG to capture drowsiness was convincingly de-
monstrated in a naturalistic field study of overnight train drivers, in
which the EEG was used to measure drowsiness. Spectral analysis was
used to determine EEG frequency bands. Increases in alpha, theta, and
delta power were found throughout the night journey. The highest
spectral power in the alpha and theta bands occurred in drivers who
reported the highest levels of subjective sleepiness and who admitted
they had dozed off during the night drive (Torsvall and Akerstedt,
1987). Changes in EEG measures of brain activity have also been as-
sociated with impairments from drowsiness during simulator driving
(Lal and Craig, 2002; Akerstedt et al., 2013; Anund et al., 2008a,
2008b; Hallvig et al., 2013) and real-road driving (Hallvig et al., 2013,
2014).

Measurement of the EEG constitutes a passive, continuous, and
objective way to measure drowsiness from the homeostatic and circa-
dian processes. It has been suggested that this is particularly useful for
the homeostatic process, for which there is no other direct marker in
humans (Akerstedt and Gillberg, 1990; Cajochen et al., 1999). How-
ever, the alpha and theta bands of the waking EEG are also affected by
the circadian process (Aeschbach et al., 1997; Cajochen et al., 2002).

EEG measurements are prone to artifacts from eye blinks and phy-
sical movement (Jung et al., 2000; Caldwell et al., 2003). The Kar-
olinksa Drowsiness Test (KDT) is a measurement procedure that seeks
to minimize EEG movement artifact. During the task, participants are
instructed to sit still and quietly stare at a stimulus while trying to
maintain wakefulness (f\kerstedt and Gillberg, 1990). Research has
shown that significant increases in alpha and theta activity occur ap-
proximately 20s before an individual has an episode of their head
falling back at the onset of sleep (Akerstedt and Gillberg, 1990). In real-
world applications that do not allow for controlled measurement con-
ditions such as the KDT, eye and movement artifacts need to be filtered
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out of the EEG through computational algorithms. Finding optimal
procedures for such filtering is an active area of research (Hartmann
et al., 2014; Upadhyay et al., 2016).

Recording of the EEG normally requires that electrodes remain at-
tached to the scalp, and loss of electrical contact results in data loss.
Recently, “dry electrode” technologies and headbands and baseball
caps with embedded electrodes have been introduced (Rajaratnam,
2011; Lopez-Gordo et al., 2014). Validation tests are needed to de-
termine whether such new technologies can be used to measure
drowsiness with reasonable degrees of reliability and sensitivity
(Dawson et al., 2014).

Although short-term changes in the level of drowsiness show cor-
responding changes in the EEG, the longer-term build-up of impairment
across days of chronic sleep restriction does not appear to be captured
by the EEG (Van Dongen et al., 2003b). Furthermore, across in-
dividuals, the magnitude of changes in the EEG is not a good correlate
of the magnitude of cognitive impairment (Leproult et al., 2003) or
real-world driving performance (O’Hanlon and Kelley, 1977). Although
the EEG can be used more reliably to detect microsleeps and actual
sleep attacks, such effects happen rather late on the drowsiness spec-
trum. These limitations make measurements of the EEG poorly suited to
detect drowsiness and performance deficits in CMV drivers, unless such
measurements are augmented with other technologies for drowsiness
detection.

3.2. Ocular measures

The homeostatic and circadian processes underlying drowsiness
cause physiologic changes in many variables describing the eyes and
eyelids (Ftouni et al., 2013a; Jackson et al., 2016). As drowsiness arises
facial muscle activity is reduced, causing a slowing in a number of types
of ocular activity. Relative changes in blink rate, the duration of blinks,
SEMs, eyelid closure, and latency of pupil constriction can be used to
measure drowsiness (Stern et al., 1994; Cajochen et al., 2000; Russo
et al., 2003; Rowland et al., 2005; Marzano et al., 2007; Ftouni et al.,
2013a).

Changes in ocular parameters associated with drowsiness are typi-
cally measured one of two ways. The first is through the EOG, which is
the recording of electrical activity associated with eye movements
through electrodes attached near the eyes (Kinomura et al., 1996; Berry
et al., 2016). Recording of the EOG is passive, continuous, and objec-
tive. Ocular changes recorded through EOG, such as SEMs, correlate
with alpha and theta changes in the EEG (Torsvall and /o\kerstedt, 1987;
Lal and Craig, 2001; Ftouni et al., 2013a), primarily during very drowsy
states (Santamaria and Chiappa, 1987; De Gennaro et al., 2000; De
Gennaro et al., 2005). EOG activity has also been associated with lane
drifting (Ingre et al., 2006), hitting the rumble strip marking the lane
boundary (Anund et al., 2008a), and drowsiness-related crashes
(Rowland et al., 2005) in driving simulators; and with drifting across
the lane boundary (Akerstedt et al., 2013) and out of lane (Hallvig
et al., 2014) in real-road cars.
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The EOG is susceptible to movement artifact (Marandi and
Sabzpoushan, 2015) and data loss from detached electrodes. In addi-
tion, EOG-based drowsiness detection technologies typically require the
use of proprietary hardware and software (Balkin et al., 2004). More-
over, EOG-based measures of drowsiness are not good predictors of
cognitive performance (Dinges et al., 1998); nor is one EOG measure
reliably consistent with another EOG measure, even for the same in-
dividual (Dinges and Grace, 1998). Nonetheless, the EOG has been in-
cluded in in-vehicle driver monitoring systems to help manage driver
drowsiness (Dinges et al., 1998).

A second common way to measure ocular parameters associated
with drowsiness is through the use of cameras pointed at the face
(Dinges and Grace, 1998; Hu et al., 2012; Sigari et al., 2013). The
ocular parameter with the highest reliability and predictive validity
documented to date is the degree of eyelid closure, commonly known as
Percentage of Eyelid Closure over Time (PERCLOS; Dinges et al., 1998).
Lacking the need for electrodes, PERCLOS is less cumbersome and less
intrusive to the user.

The primary disadvantage of camera-based drowsiness detection
involves privacy concerns from CMV drivers, especially when the
camera images are recorded. As such, introduction of cameras pointed
at the individual into a truck or bus cabin tends to be met with oppo-
sition. Further, failure of the camera to capture the eyes due to head
turns and moving out of frame or due to the use of sunglasses, as well as
bright sunlight, have been found to interfere with PERCLOS technology.
Proprietary camera-based systems have been developed recently to
overcome such limitations (Dawson et al., 2014).

Ocular measurement systems embedded in the frame of eyeglasses
worn on the face have been developed to non-invasively measure a
number of ocular parameters that can be considered simultaneously
(Ftouni et al., 2013b; Francois et al., 2016). From a combination of
ocular measurement variables (duration of blinks, relative velocity of
eyelid movements during blinks, etc.), the Johns Drowsiness Scale
metric has been derived (Johns et al., 2007). Although still undergoing
further development, such systems have the potential to produce
drowsiness estimates that correlate with EEG activity as well as objec-
tive performance measures (Abe et al., 2014; Dawson et al., 2014).
However, a disadvantage of glasses-based systems is that drivers may
not tolerate wearing the glasses, or may not be able to wear the glasses
due to the use of prescription glasses or sunglasses. Another compli-
cation is that such systems must typically be calibrated to the individual
user (Sommer and Golz, 2010).

Ocular parameters that may capture drowsiness may also be mea-
sured with the Fitness Impairment Tester (FIT), which measures
changes in pupil size and eye movements in response to controlled
flashes of light and moving light targets. A bulky device not suitable for
real-time tracking of drowsiness, the FIT assesses fitness for duty in
terms of impairment from drowsiness or other causes such as drug use
(Balkin et al., 2000). Validated to be associated with objective perfor-
mance measures (Morad et al., 2009), evidence for its sensitivity to
drowsiness is mixed (De Gennaro et al., 2000; Van Dongen et al., 2006;
Goldich et al., 2010).

In general, ocular measures are useful to detect high levels of phy-
siologic drowsiness (Anderson et al., 2013). Technologies for the
measurement of ocular indices of drowsiness are approaching a stage of
development that could soon allow large-scale deployment in CMV
settings, but whether or not these technologies will be accepted by the
user remains to be seen. And importantly, as with the EEG, the majority
of ocular metrics are not predictive of cognitive performance (Dinges
and Grace, 1998) or driving impairment (Dinges et al., 1998), raising
questions as to their suitability for detecting drowsiness and perfor-
mance deficits in CMV drivers. Of the ocular metrics that have been
experimentally validated, PERCLOS thus far remains the most accu-
rately predictive of performance impairment.
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3.3. Cardiac measures

Heart rate and heart rate variability (HRV) capture cardiac auto-
nomic activity, which is affected by drowsiness. Passive recording of the
electrocardiogram (ECG) through electrodes attached to the chest or
elsewhere on the body has been explored as a way to detect drowsiness
(e.g., Vicente et al., 2016). However, although the circadian process
appears to modulate cardiac measures in a systematic manner (Krauchi
and Wirz-Justice, 1994; Burgess et al., 1997; Kerkhof et al., 1998),
findings have been inconsistent for the homeostatic process (Kato et al.,
2000; Holmes et al., 2002; Zhong et al., 2005; Vaara et al., 2009; Glos
et al.,, 2014). Results from a laboratory study suggest that HRV mea-
surements in a controlled laboratory environment predict performance
impairment due to sleep deprivation-induced drowsiness (Chua et al.,
2012). However, ECG recordings are susceptible to numerous types of
artifacts and other confounding influences (Thayer et al., 2012) and are
not widely pursued as a means of measuring drowsiness in operational
settings.

4. Performance measures of drowsiness
4.1. Vigilant attention performance measures

The homeostatic and circadian processes that affect brain wave
patterns and ocular movements also impact cognitive performance. As
drowsiness progresses, lapses of attention, believed to result from sleep
intrusions into wakefulness, increase in both frequency and duration
(Doran et al., 2001). The most accurate and sensitive way to determine
performance impairment from drowsiness appears to be through the
use of vigilance performance tasks that can measure lapses of attention
(Lim and Dinges, 2008). During these tasks, individuals must quickly
respond to a stimulus or inhibit a response to a stimulus across a series
of consecutive trials. Quick responses are indicative of alert states,
while slower responses and greater variability in reaction times indicate
drowsiness and/or time-on-task-related fatigue (Luce, 1991). Vigilance
performance tasks provide an objective snapshot of an individual’s level
of cognitive performance impairment.

There is continuing research and debate regarding the extent to
which different aspects of cognition are impacted by sleep loss (Lim and
Dinges, 2010; Jackson et al., 2013b; Honn et al., 2018). Nonetheless,
there is convincing evidence that vigilant attention is among the most
reliably and consistently affected (Balkin et al., 2004; Durmer and
Dinges, 2005). It has been argued that the ability to maintain vigilance
is a fundamental requirement for normal cognitive functioning (Lim
and Dinges, 2008), from which is may be inferred that vigilant attention
deficits should translate to performance impairments across the board
(although evidence to the contrary has been reported; see Tucker et al.,
2010). Vigilant attention deficits have also been shown to correlate
with driving performance impairment during simulator studies
(Gillberg et al., 1996; Forsman et al., 2013).

Lapses of attention observed during vigilance performance tasks are
a reflection of moment-to-moment variability in behavioral alertness
associated with drowsiness (Williams et al., 1959). The greater the level
of drowsiness, the greater the moment-to-moment variability in beha-
vioral alertness (Doran et al., 2001). This variability can be seen as a
hallmark symptom of drowsiness, believed to be caused by wake state
instability in the brain produced by homeostatic and circadian pres-
sures for sleep competing with effort to stay awake (Doran et al., 2001)
or by local sleep-like states in neuronal pathways involved in cognitive
processing (Van Dongen et al., 2011a). Lapses of attention may be as-
sociated with brief eye closures (lapses correlate with PERCLOS; Dinges
and Grace, 1998) or even microsleeps (Anderson et al., 2010), but they
may also occur when no overt symptoms of drowsiness are observable.

The Psychomotor Vigilance Test (PVT) is a widely used test of
vigilant attention, known for its high reliability and predictive validity
and lack of aptitude and learning effects (Dorrian et al., 2005; Basner
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et al., 2018). Individuals performing the task are instructed to press a
response key as soon as they see a stimulus appear on a display. The
stimulus appears after a random interval, typically varying between 2
and 10 s. In the earliest reported version of the task (Dinges and Powell,
1985), the stimulus is a millisecond counter, which stops as soon as the
response key is pressed (thereby providing instant feedback on response
time) and disappears 1s later. Then the next stimulus appears after
another random interval. The task continues for a fixed duration, tra-
ditionally set at 10 min. Variations of the PVT have been developed,
with a bulls-eye or other picture as the stimulus and/or with a shorter
task duration (e.g., Honn et al., 2015; Grant et al., 2017). A 3-minute
version of the PVT, known as the PVT-B, was developed for use in field
studies and other settings where little time is available for performance
testing (Basner et al., 2011).

The PVT has shown to be a sensitive means of measuring drowsi-
ness-induced performance impairment in the field (Balkin et al., 2004;
Smith-Coggins et al., 2006). However, in operational settings, work
demands often make 10-minute testing periods unfeasible, which may
result in significant data loss (Rosekind et al., 1994). The shorter, 3-
minute task duration of the PVT-B addresses this issue. A smartphone-
based implementation of the PVT-B was used recently in a naturalistic
field study of sleep and drowsiness in truck drivers (Sparrow et al.,
2016). Across a period of approximately 2 weeks (two duty cycles),
drivers completed the PVT-B three times daily: once before starting
their duty day, once during an off-duty break approximately halfway
through their duty day, and once after ending their duty day. The PVT-B
was deployed as a roadside tool for assessing drowsiness; it was dis-
abled when the truck was in motion to ensure performance testing
would not contribute to distracted driving behavior. Although drivers
were instructed to take the PVT-B at a location with minimal distrac-
tions, it was sometimes difficult for drivers to find such a place. Addi-
tional experimental controls, including asking drivers to record any
distractions that occurred during testing and maintaining daily tele-
phone contact between drivers and researchers, were needed to main-
tain high data quality during the field study. Under these conditions,
the PVT-B proved to be a sensitive and reliable tool for objectively
measuring drowsiness-induced performance impairment in the field
(Sparrow et al., 2016).

Outside of the context of experimental research studies, perfor-
mance testing on vigilance tasks such as the PVT-B in order to assess
drowsiness may be quite challenging in the field. Drowsiness detection
by means of vigilant attention performance testing requires continuing
willingness and repeated, active cooperation from individuals. As such,
testing of vigilant attention is subject to confounds from loss of moti-
vation or compliance during testing, especially if there is no strong
incentive to participate in the testing or when the detection of drow-
siness may bring repercussions (Dorrian et al., 2005). Testing condi-
tions, such as body posture (Caldwell et al., 2003) and light exposure
(Phipps-Nelson et al., 2009), influence performance on vigilance tasks
and may produce error variance. Testing of vigilant attention is also
prone to confounds from distractions — a problem that is amplified by
increased distractibility in drowsy individuals (Anderson and Horne,
2006). It has been suggested that roadside vigilance performance
testing may be suitable for drowsiness detection in the context of law
enforcement (Randun, 2009), but the many potential sources of error
variance in performance testing at a single point in time (i.e., without
repeated measurements) make this a questionable proposition.

4.2. Driving performance measures

Although loss of vigilant attention is arguably one of the most im-
portant risk factors associated with drowsiness as it pertains to driving
performance and safety, driving involves many domains of cognition,
including multiple aspects of attention, various perceptuomotor skills,
rapid and/or complex decision making, and short- and long-term
memory (Anstey et al., 2005; Gunzelmann et al., 2011). One way to
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capture the effects of drowsiness on driving, without having to be
concerned with the multi-faceted impact of drowsiness on cognition, is
to observe the driving performance itself. This can be done by recording
so-called “embedded” performance measures, which quantify one or
more aspects of driving performance based on signals drawn directly
from the driving task. Usually these signals are derived from sensors
integrated with the vehicle (in the factory or as post-market acces-
sories), such as accelerometers, steering wheel sensors, cameras re-
cording the road, forward radar, and various vehicle and engine data
streams from the Controller Area Network (CAN) bus found in essen-
tially all modern vehicles. Embedded performance measures are un-
obtrusive and require no additional responsibilities from the driver.

Embedded performance measures sensitive to the effects of drow-
siness on driving include lateral position on the road and variability
therein (lane deviation, lane departure); speed and variability therein
(speeding, hard braking); steering wheel movements and variability
therein (frequency of course corrections, jerky movements); following
distance (late braking, near-crashes); and fuel economy (inefficient
driving) (e.g., Pizza et al., 2004; Otmani et al., 2005; Hanowski et al.,
2007a, 2007b; Anund et al., 2008a, 2008b; Mortazavi et al., 2009; Van
Dongen et al., 2011c; Forsman et al., 2013; Mollicone et al. this issue).
The most frequently reported measures of drowsy driving include lat-
eral lane deviation and lane departures (Ingre et al., 2006; Anund et al.,
2008a, 2008b; Liu et al., 2009). Out of many embedded driving per-
formance measures proposed to detect drowsiness (Forsman et al.,
2013), lane deviation appears to be among the most sensitive.

There is mounting evidence of the utility of embedded performance
measures of driving for the detection of drowsiness from the homeo-
static and circadian processes, in simulator experiments (Balkin et al.,
2004; Anund et al., 2008a; Van Dongen et al., 2011c; Akerstedt et al.,
2010) and real-road studies (Akerstedt et al., 2013; Van Dongen and
Mollicone, 2013; Hallvig et al., 2014). For reasons that are not well
understood, driving simulator studies tend to show greater effects of
drowsiness than are typically observed in real-road driving (Philip
et al., 2005; Sandberg et al., 2011; Hallvig et al., 2013). Regardless,
vehicle-derived measures of drowsiness vary considerably in their
sensitivity to drowsiness, with many of them indicating drowsiness only
when safety may already be significantly compromised. In an auto-
mobile simulator study, measures of steering wheel variability were
found to be more sensitive to even moderate levels of drowsiness
(Forsman et al., 2013). However, due to differences in mass and length,
the dynamics of steering wheel control in an automobile are not the
same as those in a truck or bus; to what extent steering wheel variability
may be useful in CMV operations therefore remains to be determined.

A fundamental challenge for the effective use of embedded perfor-
mance measures to detect drowsiness is that these measures are also
influenced by the circumstances on the road (traffic, winds, etc.). For
example, hard braking may reflect a drowsiness-related, delayed reac-
tion to slowing traffic, or it may reflect an alert reaction to another
driving causing a dangerous situation on the road. Even complex signal
processing algorithms based on signals from multiple sensors have
difficulty differentiating these possibilities and avoiding false detections
of drowsiness. Nonetheless, motor vehicle manufacturers have devel-
oped proprietary systems that purport to detect drowsiness.
Independent, scientific evaluation of these systems is lacking, leaving
uncertainty as to their effectiveness (Forsman et al., 2013).

5. Behavioral measures of drowsiness
5.1. Crashes

The homeostatic and circadian processes that influence drowsiness
are directly relevant to driver crash risk. In fact, there is strong scien-
tific evidence that drowsiness is associated with increased crash risk
(Williamson et al., 2011; Hege et al., 2015; Bioulac et al., 2017). In the
U.S., it has been estimated that at least 7.0% of all road crashes and
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16.5% of fatal road crashes involve drowsy driving (Tefft, 2012). For
CMV drivers, it has been reported (a number of years ago) that drow-
siness is responsible for 13% of all crashes (Federal Motor Carrier Safety
Administration, 2006). Yet, although drowsiness is believed to be di-
rectly responsible for a substantial number of accidents on the road,
demonstrating causality in the link between drowsiness and CMV cra-
shes proves to be difficult (Morrow and Crum, 2004). Police crash re-
ports often lack sections that help to document the presence of drow-
siness. Law enforcement officers are also not trained to investigate the
possible role of drowsiness in a vehicle crash. As such, drowsy driving
crashes may be significantly underreported (Higgins et al., 2017).
Part of the problem in determining causality in drowsy driving
crashes is more intractable, having to do with the inherent variability of
drowsiness-related impairment produced by the homeostatic and cir-
cadian processes (as discussed in Section 4.1). Thus, even under con-
ditions of extreme drowsiness, individuals maintain the ability to re-
spond normally at least part of the time (Lee and Kleitman, 1923; Doran
et al., 2001) and may continue to perform effectively enough to avoid
crashing (Van Dongen et al., 2016). Accidents are typically character-
ized by multiple contributing factors. According to Reason’s “Swiss
cheese” model of accident causation (Reason, 2000), an accident occurs
when safeguards fail while risk factors align in space and time - i.e.,
when the “holes” in the “Swiss cheese” line up so that error can pro-
pagate to evolve into an accident; see Fig. 4. Because of the perfor-
mance variability associated with drowsiness, there is considerable
randomness in when this occurs, and actual accidents resulting from
drowsiness are therefore rather unpredictable. This also implies that,
despite the relatively high number of drowsy driving crashes (Tefft,
2012), they may actually be less common than could be expected based
on the prevalence of drowsiness per se (cf. Morrow and Crum, 2004).

5.2. Safety-critical events and overt driver behaviors

Obviously, drowsiness detection is no longer helpful once a crash
has occurred, but it could still be useful when crash antecedents occur.

..mm..Jum.In.L. . ||J-| III.... .

Performance
instability
E—

related risks
—

Road- and traffic-

Impact of
driving error
—

Time driving —

Fig. 4. Schematic illustrating drowsy driving crash causation in the context of
the Swiss cheese model of accident causation. The top panel represents drow-
siness-induced instability over time in driver performance (longer bars indicate
longer reaction times; see Doran et al., 2001). The middle panel represents
changes in the demands on the driver associated with the driving circumstances
(e.g., road and traffic conditions). The bottom panel represents the potential
impact of error in driving performance (e.g., failure to brake). The risks asso-
ciated with each of the three panels fluctuate over time. According to Reason’s
Swiss cheese model, an accident occurs when these risks occur simultaneously
(Reason, 2000). In the hypothetical scenario illustrated here, this does not
occur, but there could have been a close call (dotted line) — a minor difference
in the timing of events would have resulted in a crash. Figure adapted from Van
Dongen et al. (2016) with permission.
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On-board monitoring systems (OBMS) have been installed in commer-
cial motor vehicles to record safety-critical events (SCEs) — such as
hard-braking events, sudden swerves, and near-crashes — and incidents
less severe than an accident (Hanowski et al., 2009). Typically re-
quiring post-hoc assessment by a human evaluator (e.g., through review
of camera images of the road and the driver), SCEs have been used in
naturalistic field studies based on the assumption that they can serve as
proxy measures of crash risk (Guo et al., 2010; Tarko, 2012; Jonasson
and Rootzén, 2014). The validity of this assumption for CMV operations
has not been unequivocally shown (Morrow and Crum, 2004), and is
complicated by the lack of a standard of proof regarding the validity of
proxy measures as indicators of crash risk (Motor Carrier Safety
Research Analysis Committee, 2017). SCEs during driving may happen
for all kinds of reasons, and establishing the involvement of drowsiness
is subject to the same challenge associated with the inherent variability
of drowsiness-related impairment that pertains to accident causation
(see Fig. 4).

OBMS often include video and audio recordings of the driver, and
this allows for the observation of overt driver behaviors indicative of
drowsiness. These include fidgeting and moving about, yawning,
stretching, and talkativeness (Weinberg and Brumback, 1990; Watling
et al., 2015), facial expressions (Sigari et al., 2013), and changes in
speech and voice parameters (Greeley et al., 2007; Krajewski et al.,
2009; Baykaner et al., 2015; Dhala and Samant, 2016). They also in-
clude application of (perceived) drowsiness countermeasures, such as
consumption of coffee (Horne and Reyner, 1996) or energy drinks
(Reyner and Horne, 2002) and turning up the radio volume or circu-
lating cold air (Reyner and Horne, 1998a). Although automated systems
for the detection of drowsiness-related driver behaviors observed
through video and audio recordings are being developed (e.g.,
Fitzharris et al., 2017), currently the assessment of such behaviors re-
quires time-consuming, post-hoc classification by a human evaluator.
Nonetheless, driver behavior data have been found to be insightful in
the investigation of crash risk factors in naturalistic field studies
(Dingus et al., 2016). That said, large-scale utilization of driver beha-
vior recordings is unlikely, as the recorded data may be subject to
subpoena in the event of a crash. Many CMV drivers therefore consider
such recordings a legal liability and oppose their implementation.

Driving simulator studies would allow for more feasible and con-
trolled studies of the relationships between drowsiness, overt driver
behaviors, SCEs, incidents and accidents (e.g., Anund et al., 2008a).
However, in-depth, simulator-based research studies in this area have
yet to be documented.

Outside the vehicle or driving simulator, by the roadside, drowsi-
ness may be detected by observing reduced postural control (e.g.,
Cuthbertson et al., 2015) using a balance or force platform (Forsman
et al., 2014). This approach may be useful for law enforcement in jur-
isdictions that prohibit drowsy driving. To what extent it can be im-
plemented practicably remains to be determined.

5.3. Subjective drowsiness

Drowsiness-related driver actions and behaviors — in particular the
application of countermeasures such as caffeine intake — are at least
partially dependent on drivers’ awareness of their own level of drow-
siness. There has long been interest in the question of whether drivers
are self-aware of drowsiness. Published evidence shows that when
drivers are prompted to evaluate their level of drowsiness, they provide
responses that correlate relatively well with objective indices of
drowsiness (Reyner and Horne, 1998b; Horne and Baulk, 2004;
Akerstedt et al., 2013; Williamson et al., 2014; Watling et al., 2016b;
Kosmadopoulos et al., 2017), although they may not fully appreciate
the attendant risks (Watling et al., 2016a). However, it remains unclear
to what extent drivers are self-aware of being in a state of drowsiness
when not externally prompted to introspect. Furthermore, the relatively
high prevalence of drowsiness-related crashes suggests that regardless
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of whether drivers recognize that they are drowsy, they do not ade-
quately mitigate the risks. As the effectiveness of roadside signs and
other strategies for alerting drivers to the dangers of drowsiness de-
pends on their impact on drivers’ behavior, it is important to conduct
further research to elucidate these issues.

Notwithstanding the complexities of the relationship between driver
drowsiness awareness and behavioral outcomes, self-report measures of
subjective sleepiness have been used effectively in many laboratory and
field studies of driver drowsiness. The most extensively characterized
instrument for measuring subjective sleepiness is a 9-point Likert scale
called the Karolinska Sleepiness Scale (KSS; Akerstedt and Gillberg,
1990). Predictive validity of the KSS has been confirmed based a range
of physiologic and performance-based measures of drowsiness, and the
KSS has been shown to correlate with crash risk in simulator studies and
on the road (Akerstedt et al.,, 2014). Correspondence between KSS
ratings and performance impairment is particularly good at high levels
of drowsiness, with KSS scores in the upper third of the scale predicting
unintentional lane departures during simulated driving (Anund et al.,
2008a; Hallvig et al., 2013; Hallvig et al., 2014). That said, whereas the
KSS and other instruments measuring subjective sleepiness tend to
correlate relatively well with physiologic and performance measures of
drowsiness at the group level, laboratory and field experiments have
found much poorer correspondence at the level of individuals (Leproult
et al., 2003; Van Dongen et al., 2004, 2011c; Sparrow et al., 2016).

In contrast with the KSS, which assesses momentaneous (state-
based) subjective sleepiness, the Epworth Sleepiness Scale (ESS; Johns,
1991) assesses enduring (trait-based) subjective sleepiness or drowsi-
ness. Consisting of eight scenarios that are to be rated for the likelihood
of falling asleep (e.g., while sitting and reading; while watching TV),
the scale is (moderately) indicative of the presence of pathological
drowsiness from sleep disorders such as sleep apnea and other drow-
siness-promoting medical conditions (Fong et al., 2005; Kendzerska
et al., 2014). CMV drivers who demonstrate high scores on the ESS or
other self-report instruments measuring excessive sleepiness have a
heightened probability of having sleep apnea (Burns, 2014; Kales and
Straubel, 2014) and, if so diagnosed, would not be fit for duty until
successfully treated. CMV drivers with medically based, pathological
drowsiness are outside the scope of this paper.

Despite the scientific utility of self-report measures of (state or trait)
drowsiness and their ease of implementation, caution is warranted for
their use in operational settings. Subjective sleepiness scales are prone
to report bias from demand characteristics and social desirability, as
well as purposeful falsification (Carskadon and Dement, 1979; Shahid
et al., 2010; Soubelet and Salthouse, 2011; Gabehart and Van Dongen,
2016).

6. Trait and State moderators of drowsiness outcomes
6.1. Inter-individual differences in vulnerability to drowsiness

There is substantial variability among individuals in the effects of
drowsiness from sleep loss, displaced sleep, and shift work; i.e., from
the homeostatic and circadian processes (Van Dongen et al., 2006).
Such differential vulnerability to drowsiness affects driving perfor-
mance (Ingre et al., 2006; Anund et al., 2008a, 2008b; Akerstedt et al.,
2010) and has been shown to be a trait (Van Dongen et al., 2004).
However, differential vulnerability to drowsiness is not expressed in the
same manner across different physiologic, performance-based, and
subjective measures of drowsiness (Leproult et al., 2003; Van Dongen
et al., 2011d). Thus, inter-individual differences in the effects of
drowsiness observed on one measure do not necessarily correspond to
those observed on another measure (Oonk et al., 2008).

Inter-individual differences in vulnerability to drowsiness may be
due to multiple person-specific factors (Grant and Van Dongen, 2013),
including age differences (Forsman and Van Dongen, 2017), differences
in prior sleep history (Rupp et al., 2009) and genetic make-up (King
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et al., 2009). Several genes potentially involved in differential vulner-
ability to drowsiness have been identified (e.g., Viola et al., 2007;
Bodenmann et al., 2012; Satterfield et al., 2015). The impact of these
genes across various distinct measures of drowsiness has yet to be fully
elucidated, but is likely to be relatively small (Satterfield et al., 2015).

Recent laboratory studies have revealed that ensembles of biological
substances measurable in biological samples (blood, saliva, urine, hair
follicles) may serve as indicators of the states of the circadian and
homeostatic processes (e.g., Moller-Levet et al., 2013; Davies et al.,
2014; Laing et al., 2017; Uyhelji et al., 2017). While still under devel-
opment (Mullington et al., 2016), these “biomarker panels” show pro-
mise as a novel approach to passive detection of drowsiness. However,
the issue that inter-individual differences in the effects of drowsiness
observed on one measure do not necessarily correspond to those ob-
served on another measure also complicates the further development
and application of biomarker panels.

The substantial variability among individuals in the effects of
drowsiness has important implications for psychometric standards to
which drowsiness measures must be held in order to be reliable in re-
search and practice. That is, as long as a drowsiness measure is only
used to assess change within individuals over time, then it can be used
as a relative measure and differential vulnerability is not a confounding
factor. However, when a drowsiness measure is used to compare against
a set threshold (a debatable practice; Van Dongen and Belenky, 2012)
or between different individuals, then it must be used as an absolute
measure and must therefore be properly calibrated. Most physiologic
measures and many performance measures (e.g., those that show ap-
titude differences) do not meet this criterion, nor do subjective mea-
sures of drowsiness.

Inter-individual differences in the effects of the homeostatic and
circadian processes underlying drowsiness also affect the way in which
individuals would prefer to organize their sleep, wake and work ac-
tivities across the 24 h of the day (Roenneberg et al., 2007). For ex-
ample, systematic differences among people in the timing of the bio-
logical clock that drives the circadian process (Kerkhof and Van
Dongen, 1996) give rise to morningness/eveningness — the phenom-
enon that some people prefer to place their waking activities in the
early morning hours and some prefer to place them much later in the
day (Kerkhof, 1985). These and other systematic differences among
individuals - such as in the amplitude of circadian rhythm (Baehr et al.,
2000), the preferred timing of sleep relative to the timing of circadian
rhythm (Mongrain et al., 2004), the dynamics of the homeostatic pro-
cess (Mongrain et al., 2006), and the effects of aging on the effects of
displaced sleep (e.g., Hirma et al., 1994; Blok and de Looze, 2011) - co-
determine not only the magnitude, but also the timing of driver im-
pairment due to drowsiness.

6.2. Transient states

As illustrated in Fig. 2, a multitude of internal and external state
moderators influence drowsiness in interaction with the homeostatic
and circadian processes (Gabehart and Van Dongen, 2016). Internal
states include stress and motivation (Oken et al., 2006) and physical
activity and body posture (Caldwell et al., 2003), and also encompass
pharmacological agents such as sedatives and stimulants (Wesensten,
2012), including caffeine (Snel and Lorist, 2011). External circum-
stances relevant to CMV operations include weather conditions, visi-
bility, changes in traffic density (Hanowski et al., 2009), the amount of
environmental light (Cajochen, 2007), etc. Most of these factors have
effects on drowsiness that dissipate rapidly (on the order of minutes).
This has been shown, for example, for commonly applied counter-
measures to drowsiness, such as turning up the radio volume or opening
a window to get cold air (Reyner and Horne, 1998a). Other such factors
have somewhat longer effect durations, including caffeine — although
caffeine’s effects on drowsiness vary widely among individuals (e.g.,
Attwood et al., 2007; Landolt, 2008). What all these factors have in
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common is that their impact on drowsiness is transient. This is a chal-
lenging issue in the context of drowsiness detection; it is not a priori
clear whether these transient factors should be accounted for in
drowsiness measurements or whether they should be seen as confounds
and ignored. And from a technical perspective, it may not even be
possible to make this distinction.

In contrast with the state moderators influencing drowsiness tran-
siently, the homeostatic and circadian processes affect drowsiness
continually. It is thus possible to consider a “nominal” level of drow-
siness; that is, the level of drowsiness that would be present in the
absence of transient factors, determined solely by the homeostatic and
circadian processes. This nominal level of drowsiness would be useful to
know, as it determines the expected level of drowsiness (and the as-
sociated risks) after transient state moderators wear off.
Biomathematical models have been developed to predict the nominal
level of drowsiness based on equations describing the temporal changes
in the homeostatic and circadian processes (Hursh et al., 2016). One
way to deal with transient factors that confound momentaneous mea-
surements of drowsiness would be to use biomathematical modeling to
track the homeostatic and circadian processes and apply this informa-
tion to help interpret the measurements. Statistical techniques have
been developed that enable real-time cross-referencing of measure-
ments with biomathematical model predictions to improve drowsiness
detection technologies (Van Dongen et al., 2007; Kogan et al., 2016).
This approach is also helpful in situations where drowsiness measure-
ments are missing intermittently (e.g., due to equipment failure); the
biomathematical model predictions can then serve as a reasonably well-
estimated, nominal drowsiness-level substitute.

7. Current and future drowsiness detection system development
7.1. Composite drowsiness detection systems

The reliability of drowsiness detection systems may be improved
through integration of multiple drowsiness measures (Balkin et al.,
2011). Most multi-measure, composite drowsiness detection systems
developed to date focus on in-vehicle monitoring for signs of drowsiness
while driving (see Fig. 2). Data are typically collected continuously and
processed in real time using either fixed algorithms or adaptive algo-
rithms that adjust based on data received. For example, artificial neural
networks have been applied to both car and truck driving to learn the
steering inputs of individual drivers associated with various levels of
drowsiness (Eskandarian et al., 2012).

Some of the common features of currently available, composite
drowsiness detection systems have been described (Chacon-Murguia
and Prieto-Resendiz, 2015). The operational details are often proprie-
tary and remain undisclosed, however, as developing multi-measure
drowsiness detection systems is challenging and costly. Driving ex-
periments and naturalistic studies of driver drowsiness can generate
extensive amounts of vehicle-based, behavioral, and physiological data.
Data reduction may involve creating hybrid drowsiness measures that
are developed by extracting characteristics from each measure and then
combining these characteristics using sophisticated classification algo-
rithms (Sahayadhas et al., 2012).

Composite drowsiness detection methods are only as good as the
data available for analysis during development. This puts a premium on
the selection of complementary drowsiness measures based on scientific
information about their psychometric and statistical properties and
their operational strengths and weaknesses. Unfortunately, data re-
duction methods provide little guidance as to what is required of the
data, leaving most feasibility and validation checks to late stages of
development when significant investments have already been made.
Statistical methodology to help address this issue in advance has been
developed (e.g., Kogan et al., 2016), but awaits widespread im-
plementation.
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7.2. Development of drowsiness detection and warning systems

Most composite drowsiness detection systems in use today produce
some sort of warning signal once drowsiness has been detected, and
some provide alerting cues such as seat belt vibration or playing music
in an attempt to temporarily reduce driver drowsiness (Chacon-
Murguia and Prieto-Resendiz, 2015). Adaptive systems that dynami-
cally adjust multiple components of the in-vehicle environment based
on the level of detected drowsiness have been evaluated for military use
(Kerick et al., 2013). However, these systems remain limited in their
ability to adapt to the wide range of conditions usually encountered in
real-world driving.

There are several knowledge gaps that slow down the further de-
velopment of drowsiness detection and warning systems. (a) Optimal
multi-measure drowsiness detection models remain unidentified (see
Section 7.1). (b) Inter-individual differences in the effects of drowsiness
that may not be congruent across different measures (see Section 6.1)
continue to be a challenge. (c) Integration of data from smart, con-
nected vehicles, which may offer information that could increase the
effectiveness of drowsiness detection systems, has not been system-
atically explored. (d) The impact of progressive levels of vehicle auto-
mation on requirements for drowsiness detection systems (see Section
8.3) is understudied. (e) Design criteria for user acceptance of drowsi-
ness detection and warning systems are largely unknown. (f) Con-
sequences of over-reliance on drowsiness warning systems have scar-
cely been investigated.

While research is ongoing to fill these knowledge gaps, much work
remains to be done. It is important to note that drowsiness detection is
one safety component among a suite of safety management systems on
board most modern vehicles. Drowsiness detection and warning sys-
tems should be developed in concert with the other components of
these safety management systems.

8. Vehicle automation and drowsiness
8.1. Levels of automation

At some point in the future, fully automated vehicles may eliminate
the need for drowsiness detection during road transportation. Cargo
may be moved without human involvement, and passengers may be
transported safely, regardless of their level of drowsiness, without
having to engage in the driving process. Yet, vehicle automation experts
believe that the arrival of fully automated driving environments is
decades away (Kyriakidis et al., 2018). However, while driving may not
be fully automated for the foreseeable future, major developments in
semi-autonomous driving are rapid and wide-spread. Importantly,
semi-automated driving can still be impacted adversely by drowsiness —
perhaps even more so than manual driving, as semi-automated driving
shifts the emphasis of human involvement from active engagement in
the driving process to continuous passive monitoring and infrequent
emergency intervention. A prerequisite for the safety and success of
semi-automated vehicles will be the reliable, automated assessment of
drowsiness and distraction levels of the driver prior to any critical
events, as this will determine whether the driver can be relied upon to
take control of the vehicle and intervene (Hoeger et al., 2011, Trimble
et al., 2014).

Semi-autonomous driving may be categorized with six levels of
vehicle automation (Levels 0-5), which determine the degree of human
involvement (National Highway Traffic Safety Administration, 2013;
SAE International, 2014, 2016). Level 0 (Manual — No Automation)
requires full-time driver performance even in the presence of warning
or intervention systems. Level 1 (Driver Assistance) involves driver
assistance systems that automate steering, control acceleration/decel-
eration (throttle and brake), or provide parking assistance with auto-
mated steering, while the driver performs all remaining driving tasks.
Level 2 (Partial Automation) allows driver assistance systems to use
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driving environment information to control acceleration, steering, and
braking, while the driver assumes all other aspects of dynamic driving
and must be prepared to intervene if needed. Level 3 (Conditional
Automation) means that the automated driving system performs all
aspects of the dynamic driving task including emergency braking, but
the system may request the human driver to intervene. Level 4 (High
Automation) allows the automated driving system to perform the dy-
namic driving task without driver input even if the driver fails to re-
spond to a request for intervention, although the system may abort the
trip or park the car if the driver fails to respond. Level 5 (Full Auto-
mation) involves full-time driving by an automated driving system
without human intervention.

Automation research for CMV operations has focused on Level 1
cooperative adaptive cruise control (CACC), where acceleration/de-
celeration control is automated while the driver remains responsible for
steering, roadway and traffic monitoring, and intervening in critical
situations; and Level 2 (or higher) “platooning,” which involves a lead
vehicle and several close following vehicles that are each coordinated in
distance, acceleration/deceleration, and direction with the vehicle
ahead (Nowakowski et al., 2016). Although CACC and platooning
capabilities were first demonstrated using non-commercial vehicles
(Thorpe et al., 1998), these types of automations have particular ad-
vantages for CMV operations, including fuel and traffic efficiency
(Nowakowski et al., 2016). Drowsiness detection is particularly im-
portant for platooning, to make sure that the driver is capable of re-
assuming driving responsibilities in order to leave the platoon; and for
next-generation, adaptive systems that are being designed to con-
tinuously monitor driver, vehicle, and environmental states and adjust
automation control levels accordingly (Rauch et al., 2009; Hoeger et al.,
2011).

8.2. Automation-related drowsiness

The shift from active engagement in the driving task during manual
driving to continuous passive monitoring and infrequent emergency
intervention during semi-autonomous driving presents new challenges
for drowsy drivers. First, it may amplify the vigilant attention deficits
associated with drowsiness, because sustaining attention becomes a
primary, continuous task. Second, it may expose drowsiness-induced
problems with situational awareness and attentional control when
human intervention is needed, as recent laboratory studies in drowsy
individuals have shown profound difficulties in the ability to flexibly
shift attention in the face of unexpected circumstances (Whitney et al.,
2015, 2017; Honn et al., 2018; Satterfield et al., 2018; Slama et al.,
2018). The consequences of drowsiness may be most serious at auto-
mation Levels 2 and 3, where a passive driver is expected to quickly
retake control of the vehicle in a critical situation, despite the difficulty
of monitoring situations and shifting attention as needed while drowsy.
A simulated truck driving study found that partial automation in a
CACC driving scenario resulted in lower drowsiness levels than driving
during full automation; however, both automation levels produced
more drowsiness than manual driving with standard cruise control
(Hjalmdahl et al., 2017).

Drowsiness experienced during semi-autonomous driving may be
the result of not only the homeostatic and circadian processes and
various external factors as described earlier (Fig. 1), but also — probably
much more so than during manual driving - fatigue induced by the
semi-automated driving task itself. In this perspective, driver drowsi-
ness may be seen as comprised of sleep- and circadian-related drowsi-
ness as well as passive and active task-related fatigue (May and
Baldwin, 2009). Passive fatigue would be due to underload conditions
such as monotonous and extended driving and continuously monitoring
automated systems, and active fatigue would be caused by increased
task load and high-demand driving conditions. In this context, one of
the main objectives of vehicle automation is to reduce active fatigue,
which has the unwanted consequence of increasing passive fatigue
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(Jarosch et al., 2017). Passive fatigue during periods of semi-automated
driving has been associated with reduced alertness, slowed braking and
steering reactions to a critical event, and increased probability of a
crash (Saxby et al., 2013). Sleep/circadian-related drowsiness and task-
related fatigue interact and worsen each other (Doran et al., 2001;
Wesensten et al., 2004; Van Dongen et al., 2011b). Therefore, until full
Level 5 automation is achieved, progressive developments in automa-
tion may increase the need for reliable drowsiness detection.

Of course, being a passive occupant of a semi-autonomous vehicle
does not necessarily lead to drowsiness under all circumstances. Passive
drivers have the ability to engage in secondary tasks, which may help to
maintain or even increase alertness during periods of autonomous
driving (Schomig et al., 2015). However, secondary tasks may also
distract from the primary task of system and situation monitoring and,
when needed, intervening (Neubauer et al., 2014); and the adverse
safety implications of distracted driving are well documented (e.g.,
Strayer and Fisher, 2016). Moreover, the effects of drowsiness and
distraction appear to amplify each other (Anderson and Horne, 2006).
To what extent secondary tasks may be useful as a countermeasure to
drowsiness and fatigue during semi-automated driving has yet to be
determined.

8.3. Measuring drowsiness during semi-autonomous driving

The development of drowsiness detection methods suitable for semi-
autonomous driving presents some unique challenges. Drowsiness de-
tection systems will need to adapt to dynamically changing levels of
semi-automation during driving. Drowsiness measures derived from
data collected during manual driving may not be available during au-
tomated phases of driving. Adaptive systems may therefore need to
gather and analyze different data depending on the level of automation.

Several drowsiness measures currently in use are derived from in-
volvement of the driver with the vehicle, which lessens with increased
automation (Hoeger et al., 2011; Trimble et al., 2014). Furthermore,
drowsiness measures validated for use in manual driving may produce
different results during semi-automated driving. At various levels of
automated driving in a simulator, reliable detection of drowsiness was
reported for eye blink and pupil diameter measures of drowsiness
(Korber et al., 2015; Jarosch et al., 2017). PERCLOS was found to
capture drowsiness at automation Level 3 (Jarosch et al., 2017), but not
at Level 2 where constant monitoring of the automation was required
(Korber et al., 2015). Depending on the degree of automation, passive
drivers may not show the same gaze direction, eye blinks, and other
measurable behaviors as active drivers (Schmidt et al., 2018), and
therefore certain eye- and face-based drowsiness measures used during
manual driving may not be appropriate for semi-autonomous driving.

Monitoring systems that measure drowsiness during platooning
have already been implemented in real-world CMV operations. These
systems typically involve cameras to track head pose or blink rate, al-
gorithms to detect erratic vehicle movements and monitor driver inputs
related to steering, braking, and acceleration, computational estimates
of driver alertness based on time of day, and audible or haptic warning
systems to alert the driver if impairment is detected (Gaudet, 2014).
The effectiveness of such systems has not yet been systematically as-
sessed.

9. Conclusions

Measures of drowsiness used in CMV operations try to capture as-
pects of the neurobiology underlying the dynamics of drowsiness over
time (see Fig. 1). In this paper, we categorized drowsiness measures by
their modality: physiologic, performance-based, or behavior-based (see
Fig. 2). Physiologic measures, such as the EEG and various ocular
parameters, tend to accurately identify states of considerable drowsi-
ness, but are limited in their potential to detect lower levels of drow-
siness. Vigilant attention performance and other performance-based
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measures capture drowsiness reliably, but they require active driver
involvement in a performance task and are prone to confounds from
distraction and (lack of) motivation. Embedded performance measures
of driving, as well as crashes and safety-critical events, have high face
validity for CMV operations; yet to what extent drowsiness levels can be
derived from them reliably remains a topic of investigation. Subjective
estimates of drowsiness are easy to obtain, but congruence with ob-
jective drowsiness measures is questionable. The correlation among
these different modalities of drowsiness measurement tends to be high
when considering change over time, as they all track the homeostatic
and circadian processes underlying the drowsiness state. However, the
correlation across different individuals tends to be much lower, sug-
gesting that the different modalities of drowsiness measurement may be
capturing fundamentally distinct components of the functional con-
sequences of drowsiness (Forsman et al., 2013; Jackson et al., 2013a).

Another way to categorize drowsiness measures is by whether they
involve active measurement or passive real-time monitoring. Active
measurement includes self-report assessment of subjective drowsiness,
performance testing (e.g., on the PVT-B; Basner et al., 2011), and some
observations of ocular parameters (e.g., FIT; Morad et al., 2009) or
driver behavior (e.g., force platform; Forsman et al., 2014). Suitable
primarily for road-side assessments, these measures have applications
in research studies, fitness-for-duty testing, and law enforcement. Pas-
sive real-time monitoring measures of drowsiness include commonly
recorded physiologic measures, automated observations of driver be-
haviors, and embedded driving performance measures. They are sui-
table (in principle) as input signals into drowsiness detection and
warning systems (Dinges et al., 2005a, 2005b; Mallis and James, 2012;
Aidman et al., 2015), which seek to not only detect drowsiness but also
warn the driver (or dispatcher) regarding increased risk due to drow-
siness. Such systems require high standards for sensitivity (i.e., reliably
producing warnings for drowsiness when it is there) and specificity
(i.e., reliably not producing warnings for drowsiness when it is not
present). Most currently available drowsiness detection and warning
systems are based on composite measures integrated through proprie-
tary technology, and much publically accessible research remains to be
done to assess their sensitivity and specificity.

With the increase in driving automation over the next few decades,
the development of automation-appropriate drowsiness detection
measures becomes ever more important. There is a need for non-pro-
prietary, smart technologies that in a transparent manner combine
different drowsiness measurement modalities and, informed in part by
biomathematical models representing the homeostatic and circadian
processes, predict CMV driver impairment and safety risks (cf. Vadeby
et al., 2010; Mollicone et al. this issue). The development of such
technologies needs to be accompanied by education and training on
their proper use, and embedded within the broader context of hours of
service regulations and fatigue risk management strategies in road
transportation (e.g., Balkin et al., 2011; Anund et al., 2015; Higgins
et al., 2017; Phillips et al., 2017). This will require a multi-disciplinary
approach and significant resources, but is technically within reach.

Conflicts of interest

None.
Acknowledgments

This work was supported by the Federal Motor Carrier Safety
Administration (FMCSA) under contract DTMC7514D00011. The
FMCSA was not involved in writing the paper, and the paper does not
necessarily reflect their views.

References

Abe, T., Mollicone, D., Basner, M., Dinges, D.F., 2014. Sleepiness and safety: where

Accident Analysis and Prevention 126 (2019) 146-159

biology needs technology. Sleep Biol. Rhythms 12 (2), 74-84.

Aeschbach, D., Matthews, J.R., Postolache, T.T., Jackson, M.A., Gieson, H.A., Wehr, T.A.,
1997. Dynamics of the human EEG during prolonged wakefulness: evidence for fre-
quency-specific circadian and homeostatic influences. Neurosci. Lett. 239, 121-124.

Aidman, E., Chadnuow, C., Johnson, K., Reece, J., 2015. Real-time driver drowsiness
feedback improves driver alertness and self-reported driving performance. Accid.
Anal. Prev. 81, 8-13.

Akerstedt, T., 2000. Consensus statement: fatigue and accidents in transport operations. J.
Sleep Res. 9 (4) 395-395.

;\kerstedt, T., Anund, A., Axelsson, J., Kecklund, G., 2014. Subjective sleepiness is a
sensitive indicator of insufficient sleep and impaired waking function. J. Sleep Res.
23, 242-254.

Akerstedt, T., Gillberg, M., 1990. Subjective and objective sleepiness in the active in-
dividual. Int. J. Neurosci. 18 (10), 890-894.

;\kerstedt, T., Hallvig, D., Anund, A., Fors, C., Schwarz, J., Kecklund, G., 2013. Having to
stop driving at night because of dangerous sleepiness — awareness, physiology and
behavior. J. Sleep Res. 22, 380-388.

Akerstedt, T., Ingre, M., Kecklund, G., Anund, A., Sandberg, D., Wahde, M., Philip, P.,
Kronberg, P., 2010. Reaction of sleepiness indicators to partial sleep deprivation,
time of day and time on task in a driving simulator—the DROWSI project. J. Sleep
Res. 19, 298-309.

Amzica, F., Steriade, M., 1997. The K-complex: its slow (< 1-Hz) rhythmicity and relation
to delta waves. Neurology 49, 952-959.

Anderson, C., Chang, A.M., Sullivan, J.P., Ronda, J.M., Czeisler, C.A., 2013. Assessment of
drowsiness based on ocular parameters detected by infrared reflectance oculography.
J. Clin. Sleep Med. 9 (9), 907-920.

Anderson, C., Horne, J.A., 2006. Sleepiness enhances distraction during a monotonous
task. Sleep 29 (4), 573-576.

Anderson, C., Wales, A.W.J., Horne, J.A., 2010. PVT lapses differ according to eyes open,
closed, or looking away. Sleep 33 (2), 197-204.

Anstey, K.J., Wood, J., Lord, S., Walker, J.G., 2005. Cognitive, sensory and physical
factors enabling driving safety in older adults. Clin. Psychol. Rev. 25, 45-65.

Anund, A., Fors, C., Kecklund, G., van Leeuwen, W., Akerstedt, T., 2015. Countermeasures
for Fatigue in Transportation: A Review of Existing Methods for Drivers on Road,
Rail, Sea and in Aviation (Report No. 852A). Swedish National Road and Transport
Research Institute, Linkoping, Sweden.

Anund, A., Kecklund, G., Peters, B., Forsman, A., Lowden, A., Akerstedt, T., 2008a. Driver
impairment at night and its relation to physiological sleepiness. Scand. J. Work
Environ. Health 34 (2), 142-150.

Anund, A., Kecklund, G., Vadeby, A., Hjdlmdahl, M., f\kerstedt, T., 2008b. The alerting
effect of hitting a rumble strip—a simulator study with sleepy drivers. Accid. Anal.
Prev. 40, 1970-1976.

Attwood, A.S., Higgs, S., Terry, P., 2007. Differential responsiveness to caffeine and
perceived effects of caffeine in moderate and high regular caffeine consumers.
Psychopharmacology 190, 469-477.

Baehr, E.K., Revelle, W., Eastman, C., 2000. Individual differences in the phase and
amplitude of the human circadian temperature rhythm: with an emphasis on morn-
ingness-eveningness. J. Sleep Res. 9, 117-127.

Balkin, T.J., Bliese, P.D., Belenky, G., Sing, H., Thorne, D.R., Thomas, M., Redmond, D.P.,
Russo, M., Wesensten, N.J., 2004. Comparative utility of instruments for monitoring
sleepiness-related performance decrements in the operational environment. J. Sleep
Res. 13, 219-227.

Balkin, T.J., Horrey, W.J., Graeber, R.C., Czeisler, C.A., Dinges, D.F., 2011. The chal-
lenges and opportunities of technological approaches to fatigue management. Accid.
Anal. Prev. 43, 565-572.

Balkin, T., Thorne, D., Sing, H., Thomas, M., Redmond, D., Wesensten, N., Williams, J.,
Hall, S., Belenky, G., 2000. Effects of Sleep Schedules on Commercial Driver
Performance (Report No. DOT-MC-00-133). Federal Motor Carrier Safety
Administration, Washington, D.C.

Basner, M., Hermosillo, E., Nasrini, J., McGuire, S., Saxena, S., Moore, T.M., Gur, R.C.,
Dinges, D.F., 2018. Repeated administration effects on psychomotor vigilance test
performance. Sleep 41 (1), zsx187.

Basner, M., Mollicone, D., Dinges, D.F., 2011. Validity and sensitivity of a brief psycho-
motor vigilance test (PVT-B) to total and partial sleep deprivation. Acta Astronaut.
69, 949-959.

Bastien, C.H., Crowley, K.E., Colrain, .M., 2002. Evoked potential components unique to
non-REM sleep: relationship to evoked K-complexes and vertex sharp waves. Int. J.
Psychophysiol. 46, 257-274.

Baykaner, K.R., Huckvale, M., Whiteley, 1., Andreeva, S., Ryumin, O., 2015. Predicting
fatigue and psychophysiological test performance from speech for safety-critical en-
vironments. Front. Bioeng. Biotechnol. 3, 124.

Berry, R.B., Brooks, R., Gamaldo, C.E., Harding, S.M., Lloyd, R.M., Marcus, C.L., Vaughn,
B.V., 2016. The AASM Manual for the Scoring of Sleep and Associated Events: Rules,
Terminology and Technical Specifications, Version 2.3. American Academy of Sleep
Medicine, Darien, Illinois.

Bioulac, S., Franchi, J.A.M., Arnaud, M., Sagaspe, P., Moore, N., Salvo, F., Philip, P., 2017.
Risk of motor vehicle accidents related to sleepiness at the wheel: a systematic review
and meta-analysis. Sleep 40 (10), zsx134.

Bittner, R., Hana, K., Pousek, L., Smrka, P., Schreib, P., Vysoky, P., 2000. Detecting of
fatigue states of a car driver. In: Brause, R.W., Hanische, E. (Eds.), ISMDA 2000:
Medical Data Analysis. Springer, Berlin, Germany, pp. 260-273.

Blok, M.M., de Looze, M.P., 2011. What is the evidence for less shift work tolerance in
older workers? Ergonomics 54 (3), 221-232.

Bodenmann, S., Hohoff, C., Freitag, C., Deckert, J., Rétey, J.V., Bachmann, V., Landolt,
H.P., 2012. Polymorphisms of ADORA2A modulate psychomotor vigilance and the
effects of caffeine on neurobehavioural performance and sleep EEG after sleep


http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0005
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0005
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0010
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0010
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0010
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0015
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0015
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0015
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0020
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0020
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0025
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0025
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0025
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0030
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0030
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0035
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0035
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0035
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0040
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0040
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0040
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0040
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0045
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0045
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0050
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0050
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0050
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0055
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0055
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0060
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0060
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0065
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0065
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0070
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0070
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0070
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0070
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0075
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0075
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0075
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0080
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0080
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0080
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0085
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0085
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0085
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0090
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0090
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0090
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0095
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0095
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0095
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0095
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0100
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0100
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0100
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0105
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0105
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0105
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0105
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0110
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0110
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0110
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0115
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0115
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0115
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0120
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0120
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0120
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0125
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0125
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0125
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0130
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0130
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0130
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0130
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0135
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0135
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0135
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0140
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0140
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0140
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0145
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0145
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0150
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0150
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0150

A.R. Sparrow et al.

deprivation. Br. J. Pharmacol. 165 (6), 1904-1913.

Borbély, A.A., Daan, S., Wirz-Justice, A., Deboer, T., 2016. The two-process model of
sleep regulation: a reappraisal. J. Sleep Res. 25 (2), 131-143.

Burgess, H.J., Trinder, J., Kim, Y., Luke, D., 1997. Sleep and circadian influences on
cardiac autonomic nervous system activity. Am. J. Physiol. 273, H1761-H1768.
Burns, N., 2014. An integrative review of screening for obstructive sleep apnea in com-

mercial vehicle drivers. Workplace Health Saf. 62 (3), 114-120.

Cajochen, C., 2007. Alerting effects of light. Sleep Med. Rev. 11 (6), 453-464.

Cajochen, C., Khalsa, S.B.S., Wyatt, J.K., Czeisler, C.A., Dijk, D.J., 1999. EEG and ocular
correlates of circadian melatonin phase and human performance decrements during
sleep loss. Am. J. Physiol. Regulat. Integr. Comp. Physiol. 277 (3), R640-R649.

Cajochen, C., Wyatt, J.K., Czeisler, C.A., Dijk, D.J., 2002. Separation of circadian and
wake duration-dependent modulation of EEG activation during wakefulness.
Neuroscience 114 (4), 1047-1060.

Cajochen, C., Zeitzer, J.M., Czeisler, C.A., Dijk, D.J., 2000. Dose-response relationship for
light intensity and ocular and electroencephalographic correlates of human alertness.
Behav. Brain Res. 115, 75-83.

Caldwell, J.A., Prazinko, B., Caldwell, J.L., 2003. Body posture affects electro-
encephalographic activity and psychomotor vigilance performance in sleep-deprived
subjects. Clin. Neurophysiol. 114, 23-31.

Carskadon, M.A., Dement, W.C., 1979. Effects of total sleep loss on sleep tendency.
Percept. Mot. Skills 48, 495-506.

Chacon-Murguia, M.I., Prieto-Resendiz, C., 2015. Detecting driver drowsiness: a survey of
system designs and technology. IEEE Consum. Electron. Mag. 4, 107-119.

Chua, E.C.P., Tan, W.T,, Yeo, S., Lau, P., Lee, I., Mien, I.H., Puvanendran, K., Gooley, J.J.,
2012. Heart rate variability can be used to estimate sleepiness-related decrements in
psychomotor vigilance during total sleep deprivation. Sleep 35 (3), 325-344.

Cuthbertson, D.W., Bershad, E.M., Sangi-Haghpeykar, H., Cohen, H.S., 2015. Balance as a
measurement of fatigue in postcall residents. Laryngoscope 125 (2), 337-341.

Davies, S.K., Ang, J.E., Revell, V.L., Holmes, B., Mann, A., Robertson, F.P., Cui, N.,
Middleton, B., Ackermann, K., Kayser, M., Thumser, A.E., Raynaud, F.I., Skene, D.J.,
2014. Effect of sleep deprivation on the human metabolome. Proc. Natl. Acad. Sci.
111 (29), 10761-10766.

Dawson, D., Searle, A.K., Paterson, J.L., 2014. Look before you (s)leep: evaluating the use
of fatigue detection technologies within a fatigue risk management system for the
road transport industry. Sleep Med. Rev. 18, 141-152.

De Gennaro, L., Devoto, A., Lucidi, F., Violani, C., 2005. Oculomotor changes are asso-
ciated to daytime sleepiness in the multiple sleep latency test. J. Sleep Res. 14,
107-112.

De Gennaro, L., Ferrara, M., Ferlazzo, F., Bertini, M., 2000. Slow eye movements and EEG
power spectra during wake-sleep transition. Clin. Neurophysiol. 111, 2107-2115.

Dhala, R.R., Samant, 1.S., 2016. Review of speech analysis under drowsiness. Int. J. Adv.
Eng. Sci. Res. 3 (3), 19-36.

Dinges, D.F., 1995. An overview of sleepiness and accidents. J. Sleep Res. 4 (Suppl. 2),
4-14.

Dinges, D.F., Grace, R., 1998. PERCLOS: A Valid Psychophysiological Measure of
Alertness As Assessed by Psychomotor Vigilance (Report No. FHWA-MCRT-98-006).
National Highway Transportation Safety Administration, Washington, D.C.

Dinges, D.F., Maislin, G., Brewster, R.M., Krueger, G.P., Carroll, R.J., 2005a. Pilot test of
fatigue management technologies. Transp. Res. Rec. 1922, 175-182.

Dinges, D.F., Mallis, M., Maislin, G., Powell, J.W., 1998. Evaluation of Techniques for
Ocular Measurement as an Index of Fatigue and as the Basis for Alertness
Management (Report No. DTNH22-93-D-07007). National Highway Traffic Safety
Administration, Washington, D.C.

Dinges, D.F., Powell, JJW., 1985. Microcomputer analysis of performance on a portable,
simple visual RT task during sustained operations. Behav. Res. Methods Instrum.
Comput. 17 (6), 652-655.

Dinges, D.F., Rider, R.L., Dorrian, J., McGlinchey, E.L., Rogers, N.L., Cizman, Z.,
Goldenstein, S.K., Vogler, C., Venkataraman, S., Metaxas, D.N., 2005b. Optical
computer recognition of facial expressions associated with stress induced by perfor-
mance demands. Aviat. Space Environ. Med. 76 (6), B172-B182.

Dingus, T.A., Guo, F., Lee, S., Antin, J.F., Perez, M., Buchanan-King, M., Hankey, J., 2016.
Driver crash risk factors and prevalence evaluation using naturalistic driving data.
Proc. Natl. Acad. Sci. 113 (10), 2636-2641.

Doran, S.M., Van Dongen, H.P.A., Dinges, D.F., 2001. Sustained attention performance
during sleep deprivation: evidence of state instability. Arch. Ital. Biol. 139 (3),
253-267.

Dorrian, J., Rogers, N.L., Dinges, D.F., 2005. Psychomotor vigilance performance: neu-
rocognitive assay sensitive to sleep loss. In: Kushida, C.A. (Ed.), Sleep Deprivation:
Clinical Issues, Pharmacology, and Sleep Loss Effects. Marcel Dekker, New York, NY,
pp. 39-70.

Durmer, J.S., Dinges, D.F., 2005. Neurocognitive consequences of sleep deprivation.
Semin. Neurol. 25 (1), 117-129.

Eskandarian, A., Mortazavi, A., Sayed, R.A., 2012. Drowsy and fatigued driving problem
significance and detection based on driver control functions. In: Eskandarian, A.
(Ed.), Handbook of Intelligent Vehicles. Springer, London, U.K, pp. 941-974.

Federal Motor Carrier Safety Administration, 2006. Report to Congress on the Large Truck
Causation Study (Report No. MC-R/MC-RRA). (accessed March 6, 2018). https://
www.fmesa.dot.gov/sites/fmcsa.dot.gov/files/docs/ltccs-2006.pdf.

Fitzharris, M., Liu, S., Stephens, A.N., Lenné, M.G., 2017. The relative importance of real-
time in-cab and external feedback in managing fatigue in real-world commercial
transport operations. Traffic Inj. Prev. 18 (S1), S71-S78.

Fong, S.Y., Ho, C.K., Wing, Y.K., 2005. Comparing MSLT and ESS in the measurement of
excessive daytime sleepiness in obstructive sleep apnoea syndrome. J. Psychosom.
Res. 58 (1), 55-60.

Forsman, P.M., Pyykko, L., Toppila, E., Heggstrom, E., 2014. Feasibility of force platform

Accident Analysis and Prevention 126 (2019) 146-159

based roadside drowsiness screening-a pilot study. Accid. Anal. Prev. 62, 186-190.

Forsman, P.M., Van Dongen, H.P.A., 2017. Age effects and individual differences in
cognitive impairment due to sleep loss. In: Byrne, C., Catelnovo, S., Tomalin, G.,
Williams, J. (Eds.), Reference Module in Neuroscience and Biobehavioral Psychology.
Elsevier, Cambridge, MA, pp. 1-5.

Forsman, P.M., Vila, B.J., Short, R.A., Mott, C.G., Van Dongen, H.P.A., 2013. Efficient
driver drowsiness detection at moderate levels of drowsiness. Accid. Anal. Prev. 50,
341-350.

Frangois, C., Hoyoux, T., Langohr, T., Wertz, J., Verly, J.G., 2016. Tests of a new drow-
siness characterization and monitoring system based on ocular parameters. Int. J.
Environ. Res. Public Health 13 (174), 1-10.

Ftouni, S., Rahman, S.A., Crowley, K.E., Anderson, C., Rajaratnam, S.M.W., Lockley, S.W.,
2013a. Temporal dynamics of ocular indicators of sleepiness across sleep restriction.
J. Biol. Rhythm 28 (6), 412-424.

Ftouni, S., Sletten, T.L., Howard, M., Anderson, C., Lenne, M.G., Lockley, S.W.,
Rajaratnam, S.M.W., 2013b. Objective and subjective measures of sleepiness, and
their associations with on-road driving events in shift workers. J. Sleep Res. 22,
58-69.

Gabehart, R.J., Van Dongen, H.P.A., 2016. Circadian rhythms in sleepiness, alertness, and
performance. In: Kryger, M.H., Roth, T., Dement, W.C. (Eds.), Principles and Practice
of Sleep Medicine, 6™ ed.). Elsevier, Philadelphia, PA, pp. 388-395.

Gaudet, B., 2014. Review of Cooperative Truck Platooning Systems (Report No. ST-GV-
TR-0011). National Research Council Canada, Ottawa, Ontario (accessed March 6,
2018). http://nparc.nre-cnre.ge.ca/eng/view/object/?id = 0ca2ad79-2895-4ddb-
96d6-ce9caad297c8.

Gillberg, M., Kecklund, G., f\kerstedt, T., 1996. Sleepiness and performance of profes-
sional drivers in a truck simulator — comparisons between day and night driving. J.
Sleep Res. 5, 12-15.

Glos, M., Fietze, 1., Blau, A., Baumann, G., Penzel, T., 2014. Cardiac autonomic mod-
ulation and sleepiness: physiological consequences of sleep deprivation due to 40 h of
prolonged wakefulness. Physiol. Behav. 125, 45-53.

Goldich, Y., Barkana, Y., Pras, E., Zadok, D., Harstein, M., Morad, Y., 2010. The effects of
sleep deprivation on oculomotor responses. Curr. Eye Res. 35, 1135-1141.

Grant, D.A., Van Dongen, H.P.A., 2013. Individual differences in sleep duration and re-
sponses to sleep loss. In: Shaw, P., Tafti, M., Thorpy, M. (Eds.), The Genetic Basis of
Sleep and Sleep Disorders. Cambridge University Press, Cambridge, U.K, pp.
189-196.

Grant, D.A., Honn, K.A., Layton, M.E., Riedy, S.M., Van Dongen, H.P.A., 2017. 3-minute
smartphone-based and tablet-based psychomotor vigilance tests for the assessment of
reduced alertness due to sleep deprivation. Behav. Res. Meth. 49 (3), 1020-1029.

Greeley, H.P., Berg, J., Friets, E., Wilson, J., Greenough, G., Picone, J., Whitmore, J.,
Nesthus, T., 2007. Fatigue estimation using voice analysis. Behav. Res. Methods 39
(3), 610-619.

Gunzelmann, G., Moore, L.R., Salvucci, D.D., Gluck, K.A., 2011. Sleep loss and driver
performance: quantitative predictions with zero free parameters. Cogn. Syst. Res. 12,
154-163.

Guo, F., Klauer, S.G., Hankey, J.M., Dingus, T.A., 2010. Near crashes as crash surrogate
for naturalistic driving studies. Transp. Res. Rec. 2147, 66-74.

Hallvig, D., Anund, A., Fors, C., Kecklund, G., Akerstedt, T., 2014. Real driving at
night—predicting lane departures from physiological and subjective sleepiness. Biol.
Psychol. 101, 18-23.

Hallvig, D., Anund, A., Fors, C., Kecklund, G., Karlsson, J.G., Wahde, M., Akerstedt, T.,
2013. Sleepy driving on the real road and in the simulator—a comparison. Accid.
Anal. Prev. 50, 44-50.

Hanowski, R.J., Hickman, J., Fumero, M.C., 2007a. The sleep of commercial motor ve-
hicle drivers under the 2003 hours-of-service regulations. Accid. Anal. Prev. 39,
1140-1145.

Hanowski, R.J., Hickman, J.S., Olson, R.L., Bocanegra, J., 2009. Evaluating the 2003
revised hours-of-service regulations for truck drivers: the impact of time-on-task on
critical incident risk. Accid. Anal. Prev. 41, 268-275.

Hanowski, R.J., Hickman, J.S., Wierwille, W.W., Keisler, A., 2007b. A descriptive analysis
of light vehicle-heavy vehicle interactions using in situ driving data. Accid. Anal.
Prev. 39, 169-179.

Hanowski, R.J., Wierwille, W.W., Dingus, T.A., 2003. An on-road study to investigate
fatigue in local/short haul trucking. Accid. Anal. Prev. 35 (2), 153-160.

Hérmd, M.L, Hakola, T., Akerstedt, T., Laitinen, J.T., 1994. Age and adjustment to night
work. Occup. Environ. Med. 51, 568-573.

Hartmann, M.M., Schindler, K., Gebbink, T.A., Gritsch, G., Kluge, T., 2014. PureEEG:
automatic artifact removal for long-term EEG monitoring. Clin. Neurophysiol. 44 (5),
479-490.

Hege, A., Perko, M., Johnson, A., Yu, C.H., Sonmez, S., 2015. Surveying the work hours
and schedules on commercial motor vehicle driver sleep. Saf. Health Work 6,
104-113.

Higgins, J.S., Michael, J., Austin, R., ;\kerstedt, T., Van Dongen, H.P.A., Watson, N.,
Czeisler, C., Pack, A.L, Rosekind, M.R., 2017. Asleep at the wheel—the road to ad-
dressing drowsy driving. Sleep 40 (2), zsx001.

Hjalmdahl, M., Krupenia, S., Thorslund, B., 2017. Driver behaviour and driver experience
of partial and fully automated truck platooning a simulator study. Eur. Transp. Res.
Rev. 9, 8.

Hoeger, R., Zeng, H., Hoess, A., Kranz, T., Boverie, S., Strauss, M., et al., 2011. HAVEit:
The Future of Driving. Deliverable D61.1 Final Report. Continental Automotive,
Regensburg, Germany (accessed March 6, 2018). http://www.explinovo.com/
public/download/documents/HAVEit 212154 D61.1 _Final Report Published.pdf.

Holmes, A.L., Burgess, H.J., Dawson, D., 2002. Effects of sleep pressure on endogenous
cardiac autonomic activity and body temperature. J. Appl. Physiol. 92, 2578-2584.

Honn, K.A., Hinson, J.M., Whitney, P., Van Dongen, H.P.A., 2018. Cognitive flexibility: a


http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0150
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0155
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0155
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0160
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0160
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0165
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0165
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0170
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0175
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0175
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0175
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0180
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0180
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0180
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0185
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0185
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0185
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0190
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0190
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0190
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0195
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0195
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0200
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0200
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0205
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0205
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0205
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0210
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0210
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0215
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0215
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0215
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0215
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0220
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0220
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0220
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0225
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0225
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0225
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0230
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0230
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0235
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0235
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0240
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0240
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0245
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0245
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0245
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0250
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0250
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0255
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0255
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0255
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0255
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0260
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0260
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0260
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0265
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0265
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0265
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0265
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0270
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0270
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0270
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0275
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0275
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0275
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0280
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0280
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0280
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0280
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0285
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0285
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0290
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0290
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0290
https://www.fmcsa.dot.gov/sites/fmcsa.dot.gov/files/docs/ltccs-2006.pdf
https://www.fmcsa.dot.gov/sites/fmcsa.dot.gov/files/docs/ltccs-2006.pdf
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0300
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0300
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0300
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0305
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0305
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0305
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0310
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0310
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0315
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0315
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0315
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0315
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0320
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0320
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0320
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0325
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0325
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0325
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0330
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0330
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0330
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0335
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0335
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0335
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0335
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0340
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0340
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0340
http://nparc.nrc-cnrc.gc.ca/eng/view/object/?id=0ca2ad79-2895-4ddb-96d6-ce9caa9297c8
http://nparc.nrc-cnrc.gc.ca/eng/view/object/?id=0ca2ad79-2895-4ddb-96d6-ce9caa9297c8
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0350
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0350
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0350
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0355
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0355
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0355
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0360
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0360
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0365
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0365
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0365
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0365
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0370
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0370
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0370
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0375
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0375
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0375
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0380
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0380
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0380
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0385
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0385
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0390
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0390
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0390
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0395
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0395
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0395
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0400
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0400
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0400
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0405
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0405
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0405
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0410
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0410
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0410
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0415
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0415
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0420
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0420
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0425
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0425
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0425
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0430
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0430
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0430
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0435
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0435
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0435
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0440
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0440
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0440
http://www.explinovo.com/public/download/documents/HAVEit_212154_D61.1_Final_Report_Published.pdf
http://www.explinovo.com/public/download/documents/HAVEit_212154_D61.1_Final_Report_Published.pdf
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0450
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0450
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0455

A.R. Sparrow et al.

distinct element of performance impairment due to sleep deprivation. Accid. Anal.
Prev this issue.

Honn, K.A., Riedy, S.M., Grant, D.A., 2015. Validation of a portable, touch-screen psy-
chomotor vigilance test. Aerosp. Med. Hum. Perform. 86 (5), 428-434.

Horne, J.A., Baulk, S., 2004. Awareness of sleepiness while driving. Psychophysiology 41,
161-165.

Horne, J.A., Reyner, L.A., 1996. Counteracting driver sleepiness: effects of napping,
caffeine, and placebo. Psychophysiology 33, 306-309.

Hu, S., Zheng, G., Peters, B., 2012. Driver fatigue detection from electroencephalogram
spectrum after electrooculography artefact removal. IET Intell. Transp. Syst. 7 (1),
105-113.

Hursh, S.R., Balkin, T.J., Van Dongen, H.P.A., 2016. Sleep and performance prediction
modeling. In: Kryger, M.H., Roth, T., Dement, W.C. (Eds.), Principles and Practice of
Sleep Medicine, 6" ed.). Elsevier, Philadelphia, PA, pp. 79-84.

Ingre, M., Akerstedt, T., Peters, B., Anund, A., Kecklund, G., 2006. Subjective sleepiness,
simulated driving performance and blink duration: examining individual differences.
J. Sleep Res. 15, 47-53.

Jackson, M.L., Croft, R.J., Kennedy, G.A., Owens, K., Howard, M.E., 2013a. Cognitive
components of simulated driving performance: sleep loss effects and predictors.
Accid. Anal. Prev. 50, 438-444.

Jackson, M.L., Gunzelmann, G., Whitney, P., Hinson, J.M., Belenky, G., Rabat, A., Van
Dongen, H.P.A., 2013b. Deconstructing and reconstructing cognitive performance in
sleep deprivation. Sleep Med. Rev. 17, 215-225.

Jackson, M.L., Kennedy, G.A., Clarke, C., Gullo, M., Swann, P., Downey, L.A., Hayley,
A.C., Pierce, R.J., Howard, M.E., 2016. The utility of automated measures of ocular
metrics for detecting driver drowsiness during extended wakefulness. Accid. Anal.
Prev. 87, 127-133.

Jarosch, O., Kuhnt, M., Paradies, S., Bengler, K., 2017. It’s out of our hands now! Effects of
non-driving related tasks during highly automated driving on drivers’ fatigue.
Proceedings of the 9% International Driving Symposium on Human Factors in Driver
Assessment, Training and Vehicle Design. pp. 319-325. (accessed March 6, 2018).
http://drivingassessment.uiowa.edu/sites/default/files/DA2017/papers/49.pdf.

Johns, M.W., 1991. A new method for measuring daytime sleepiness: the Epworth
Sleepiness Scale. Sleep 14 (6), 540-545.

Johns, M.W., Tucker, A., Chapman, R., Crowley, K., Michael, N., 2007. Monitoring eye
and eyelid movements by infrared reflectance oculography to measure drowsiness in
drivers. Somnologie 11, 234-242.

Jonasson, J.K., Rootzén, H., 2014. Internal validation of near-crashes in naturalistic
driving studies: a continuous and multivariate approach. Accid. Anal. Prev. 62,
102-109.

Jung, T.P., Makeig, S., Westerfield, M., Townsend, J., Courchesne, E., Sejnowski, T.J.,
2000. Removal of eye activity artifacts from visual event-related potentials in normal
and clinical subjects. Clin. Neurophysiol. 111, 1745-1758.

Kales, S.N., Straubel, M.G., 2014. Obstructive sleep apnea in North American commercial
drivers. Ind. Health 52, 13-24.

Kato, M., Phillips, B.G., Sigurdsson, G., Narkiewicz, K., Pesek, C.A., Somers, V.K., 2000.
Effects of sleep deprivation on neural circulatory control. Hypertension 35,
1173-1175.

Kendzerska, T.B., Smith, P.M., Brignardello-Petersen, R., Leung, R.S., Tomlinson, G.A.,
2014. Evaluation of the measurement properties of the Epworth sleepiness scale: a
systematic review. Sleep Med. Rev. 18 (4), 321-331.

Kerick, S., Metcalfe, J., Feng, T., Ries, A., McDowell, K., 2013. Review of Fatigue
Management Technologies for Enhanced Military Vehicle Safety and Performance
(Report No. ARL-TR-6571). U.S. Army Research Laboratory, Aberdeen Proving
Ground, MD.

Kerkhof, G.A., 1985. Inter-individual differences in the human circadian system: a review.
Biol. Psychol. 20 (2), 83-112.

Kerkhof, G.A., Van Dongen, H.P.A., 1996. Morning-type and evening-type individuals
differ in the phase position of their endogenous circadian oscillator. Neurosci. Lett.
218, 153-156.

Kerkhof, G.A., Van Dongen, H.P.A., Bobbert, A.C., 1998. Absence of endogenous circadian
rhythmicity in blood pressure? Am. J. Hypertens. 11, 373-377.

King, A.C., Belenky, G., Van Dongen, H.P.A., 2009. Performance impairment consequent
to sleep loss: determinants of resistance and susceptibility. Curr. Opin. Pulm. Med.
15, 559-564.

Kinomura, S., Larsson, J., Gulyas, B., Roland, P.E., 1996. Activation by attention of the
human reticular formation and thalamic intralaminar nuclei. Science 271, 512-515.

Kogan, C., Kalachev, L., Van Dongen, H.P.A., 2016. Prediction accuracy in multivariate
repeated-measures Bayesian forecasting models with examples drawn from research
on sleep and circadian rhythms. Comput. Math. Models Med. 4724395.

Korber, M., Cingel, A., Zimmermann, M., Bengler, K., 2015. Vigilance decrement and
passive fatigue caused by monotony in automated driving. Procedia Manuf. 3,
2403-2409.

Kosmadopoulos, A., Sargent, C., Zhou, X., Darwent, D., Matthews, R.W., Dawson, D.,
Roach, G.D., 2017. The efficacy of objective and subjective predictors of driving
performance during sleep restriction and circadian misalignment. Accid. Anal. Prev.
99, 445-451.

Krajewski, J., Trutschel, U., Golz, M., Sommer, D., Edwards, D., 2009. Estimating fatigue
from predetermined speech samples transmitted by operator communication systems.
Proceedings of the Fifth International Driving Symposium on Human Factors in
Driver Assessment, Training and Vehicle Design. pp. 468-474.

Krauchi, K., Wirz-Justice, A., 1994. Circadian rhythm of heat production, heart rate, and
skin and core temperature under unmasking conditions in men. Am. J. Physiol. 267,
R819-R829.

Kyriakidis, M., de Winter, J.C.F., Stanton, N., Bellet, T., van Arem, B., Brookhuis, K.,
Martens, M.H., Bengler, K., Andersson, J., Merat, N., Reed, N., Flament, M.,

157

Accident Analysis and Prevention 126 (2019) 146-159

Hagenzieker, M., Happee, R., 2018. A human factors perspective on automated
driving. Theor. Issues Ergon. Sci in press.

Laing, E.E., Moller-Levet, C.S., Poh, N., Santhi, N., Archer, S.N., Dijk, D.J., 2017. Blood
transcriptome based biomarkers for human circadian phase. eLife 6, e20214.

Lal, S.K.L., Craig, A., 2001. A critical review of the psychophysiology of driver fatigue.
Biol. Psychol. 55, 173-194.

Lal, S.K.L., Craig, A., 2002. Driver fatigue: electroencephalography and psychological
assessment. Psychophysiology 39, 313-321.

Landolt, H.P., 2008. Genotype-dependent differences in sleep, vigilance, and response to
stimulants. Curr. Pharm. Des. 14, 3396-3407.

Lee, M.A.M., Kleitman, N., 1923. Studies on the physiology of sleep. II. Attempts to de-
monstrate functional changes in the nervous system during experimental insomnia.
Am. J. Physiol. 57, 141-152.

Leproult, R., Colecchia, E.F., Berardi, A.M., Stickgold, R., Kosslyn, S.M., Van Cauter, E.,
2003. Individual differences in subjective and objective alertness during sleep de-
privation are stable and unrelated. Am. J. Physiol. Regul. Integr. Comp. Physiol. 284,
R280-R290.

Lim, J., Dinges, D.F., 2008. Sleep deprivation and vigilant attention. Ann. N.Y. Acad. Sci.
1129, 305-322.

Lim, J., Dinges, D.F., 2010. A meta-analysis of the impact of short-term sleep deprivation
on cognitive variables. Psychol. Bull. 136 (3), 375-389.

Liu, C.C., Hosking, S.G., Lenne, M.G., 2009. Predicting driver drowsiness using vehicle
measures: recent insights and future challenges. J. Saf. Res. 40, 239-245.

Lopez-Gordo, M.A., Sanchez-Morillo, D., Pelayo Valle, F., 2014. Dry EEG electrodes.
Sensors 14, 12847-12870.

Luce, R.D., 1991. Response Times: Their Role in Inferring Elementary Mental
Organization. Oxford University Press, Cary, NC.

Mallis, M.M., James, F.O., 2012. The role of alertness monitoring in sustaining cognition
during sleep loss. In: Wesensten, N.J. (Ed.), Sleep Deprivation, Stimulant
Medications, and Cognition. Cambridge University Press, Cambridge, U.K, pp.
209-222.

Marandi, R.Z., Sabzpoushan, S.H., 2015. Qualitative modeling of the decision-making
process using electrooculography. Behav. Res. 47, 1404-1412.

Marzano, C., Fratello, F., Moroni, F., Concetta-Pellicciari, M., Curcio, G., Ferrera, M.,
Ferlazzo, F., De Gennaro, L., 2007. Slow eye movements and subjective estimates of
sleepiness predict EEG power changes during sleep deprivation. Sleep 30 (5),
610-616.

May, J.F., Baldwin, C.L., 2009. Driver fatigue: the importance of identifying causal factors
of fatigue when considering detection and countermeasure technologies. Transp. Res.
Part F Traffic Psychol. Behav. 12 (3), 218-224.

Meiring, G.A.M., Myburgh, H.C., 2015. A review of intelligent driving style analysis
systems and related artificial intelligence algorithms. Sensors 15, 30653-30682.
Moller, H.J., Kayumov, L., Bulmash, E.L., Nhan, J., Shapiro, C.M., 2006. Simulator per-
formance, microsleep episodes, and subjective sleepiness: normative data using
convergent methodologies to assess driver drowsiness. J. Psychosom. Res. 61,

335-342.

Moller-Levet, C.S., Archer, S.N., Bucca, G., Laing, E.E., Slak, A., Kabilijo, R., Lo, J.C.Y.,
Santhi, N., von Schantz, M., Smith, C., Dijk, D.J., 2013. Effects of insufficient sleep on
circadian rhythmicity and expression amplitude of the human blood transcriptome.
Proc. Natl. Acad. Sci. 110 (12), E1132-E1141.

Mollicone, D., Kan, K., Mott, C., Bartels, R., Bruneau, S., van Wollen, M., Sparrow, A.R.,
Van Dongen, H.P.A., 2018. Predicting performance and safety based on driver fa-
tigue. Accid. Anal. Prev this issue.

Mongrain, V., Carrier, J., Dumont, M., 2006. Circadian and homeostatic sleep regulation
in morningness-eveningness. J. Sleep Res. 15 (2), 162-166.

Mongrain, V., Lavoie, S., Selmaoui, B., Paquet, J., Dumont, M., 2004. Phase relationships
between sleep-wake cycle and underlying circadian rhythms in morningness-even-
ingness. J. Biol. Rhythm 19 (3), 248-257.

Morad, Y., Barkana, Y., Zadok, D., Hartstein, M., Pras, E., Bar-Dayan, Y., 2009. Ocular
parameters as an objective tool for the assessment of truck drivers fatigue. Accid.
Anal. Prev. 41 (4), 856-860.

Morrow, P.C., Crum, M.R., 2004. Antecedents of fatigue, close calls, and crashes among
commercial motor-vehicle drivers. J. Saf. Res. 35, 59-69.

Mortazavi, A., Eskandarian, A., Sayed, R.A., 2009. Effect of drowsiness on driving per-
formance variables of commercial vehicle drivers. Int. J. Automot. Technol. 10 (3),
391-404.

Motor Carrier Safety Research Analysis Committee, 2017. Motor Carrier Safety Research
Analysis Committee Letter Report: March 13, 2017. Transportation Research Board of
the National Academies, Washington, D.C (accessed August 28, 2017). https://www.
nap.edu/catalog/24713/motor-carrier-safety-research-analysis-committee-letter-
report-march-13-2017.

Mullington, J.M., Abbott, S.M., Carroll, J.E., Davis, C.J., Dijk, D.J., Dinges, D.F.,
Gehrman, P.R., Ginsburg, G.S., Gozal, D., Haack, M., Lim, D.C., Macrea, M., Pack,
A.L, Plante, D.T., Teske, J.A., Zee, P.C., 2016. Developing biomarker arrays pre-
dicting sleep and circadian-coupled risks to health. Sleep 39 (4), 727-736.

National Highway Traffic Safety Administration, 2013. Preliminary Statement of Policy
Concerning Automated Vehicles. Washington, D.C. (accessed March 6, 2018).
http://www.nhtsa.gov/staticfiles/rulemaking/pdf/Automated_Vehicles_Policy.pdf.

Neubauer, C., Matthews, G., Saxby, D., 2014. Fatigue in the automated vehicle: do games
and conversation distract or energize the driver? Proc. Hum. Factors Ergon. Soc.
Annu. Meet. 58 (1), 2053-2057.

Nowakowski, C., Thompson, D., Shladover, S.E., Kailas, A., Lu, X.Y., 2016. Operational
concepts for truck cooperative adaptive cruise control (CACC) maneuvers. Transp.
Res. Rec. 2559, 57-64.

O’Hanlon, J.F., Kelley, G.R., 1977. Comparison of performance and physiological changes
between drivers who perform well and poorly during prolonged vehicular operation.


http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0455
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0455
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0460
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0460
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0465
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0465
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0470
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0470
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0475
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0475
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0475
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0480
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0480
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0480
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0485
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0485
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0485
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0490
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0490
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0490
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0495
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0495
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0495
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0500
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0500
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0500
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0500
http://drivingassessment.uiowa.edu/sites/default/files/DA2017/papers/49.pdf
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0510
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0510
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0515
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0515
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0515
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0520
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0520
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0520
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0525
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0525
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0525
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0530
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0530
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0535
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0535
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0535
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0540
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0540
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0540
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0545
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0545
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0545
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0545
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0550
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0550
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0555
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0555
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0555
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0560
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0560
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0565
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0565
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0565
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0570
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0570
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0575
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0575
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0575
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0580
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0580
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0580
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0585
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0585
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0585
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0585
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0590
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0590
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0590
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0590
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0595
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0595
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0595
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0600
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0600
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0600
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0600
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0605
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0605
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0610
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0610
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0615
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0615
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0620
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0620
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0625
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0625
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0625
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0630
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0630
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0630
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0630
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0635
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0635
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0640
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0640
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0645
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0645
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0650
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0650
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0655
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0655
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0660
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0660
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0660
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0660
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0665
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0665
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0670
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0670
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0670
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0670
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0675
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0675
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0675
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0680
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0680
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0685
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0685
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0685
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0685
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0690
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0690
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0690
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0690
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0695
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0695
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0695
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0700
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0700
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0705
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0705
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0705
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0710
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0710
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0710
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0715
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0715
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0720
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0720
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0720
https://www.nap.edu/catalog/24713/motor-carrier-safety-research-analysis-committee-letter-report-march-13-2017
https://www.nap.edu/catalog/24713/motor-carrier-safety-research-analysis-committee-letter-report-march-13-2017
https://www.nap.edu/catalog/24713/motor-carrier-safety-research-analysis-committee-letter-report-march-13-2017
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0730
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0730
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0730
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0730
http://www.nhtsa.gov/staticfiles/rulemaking/pdf/Automated_Vehicles_Policy.pdf
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0740
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0740
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0740
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0745
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0745
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0745
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0750
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0750

A.R. Sparrow et al.

In: Mackie, R.R. (Ed.), Vigilance: Theory, Operational Performance, and Physiological
Correlates. Plenum, New York, NY, pp. 87-109.

Oken, B.S., Salinsky, M.C., Elsas, S.M., 2006. Vigilance, alertness, or sustained attention:
physiological basis and measurement. Clin. Neurophysiol. 117 (9), 1885-1901.

Oonk, M., Tucker, A.M., Belenky, G., Van Dongen, H.P.A., 2008. Excessive sleepiness:
determinants, outcomes, and context. Int. J.Sleep Wakefulness 1 (4), 141-147.

Otmani, S., Pebayle, T., Roge, J., Muzet, A., 2005. Effect of driving duration and partial
sleep deprivation on subsequent alertness and performance of car drivers. Physiol.
Behav. 84, 715-724.

Philip, P., Sagaspe, P., Moore, N., Taillard, J., Charles, A., Guilleminault, C., Bioulac, B.,
2005. Fatigue, sleep restriction and driving performance. Accid. Anal. Prev. 37,
473-478.

Phillips, R.O., Kecklund, G., Anund, A., Sallinen, M., 2017. Fatigue in transport: a review
of exposure, risks, checks and controls. Transp. Rev. 37, 742-766.

Phipps-Nelson, J., Redman, J.R., Schlangen, L.J., Rajaratnam, S.M., 2009. Blue light ex-
posure reduces objective measures of sleepiness during prolonged nighttime perfor-
mance testing. Chronobiol. Int. 26 (5), 891-912.

Pizza, F., Contardi, S., Mostacci, B., Mondini, S., Cirignotta, F., 2004. A driving simulation
task: correlations with multiple sleep latency test. Brain Res. Bull. 63, 423-426.
Rajaratnam, S., 2011. Evaluation of the SmartCap Technology to Monitor Drowsiness in

Healthy Volunteers Exposed to Sleep Restriction — Relationship between the
SmartCap Fatigue Algorithm and Frequent Misses on the Osler Test. Monash
University, Australia (accessed March 6, 2018). http://www.smartcaptech.com/wp-
content/uploads/Monash-Fatigue-Assessment-full. pdf.

Randun, I., 2009. Fatigued Driving: Prevalence, Risk Factors and Groups, and the Law.
Helsinki University Printing House, Helsinki, Finland section 4.2.4.

Rauch, N., Kaussner, A., Kriiger, H.P., Boverie, S., Flemisch, F., 2009. The importance of
driver state assessment within highly automated vehicles. Proceedings of the 16th ITS
World Congress and Exhibition on Intelligent Transport Systems and Services. (ac-
cessed March 6, 2018). http://www.haveit-eu.org/LH2Uploads/ItemsContent/25/
3117-FULL-PAPER-THE-IMPORTANCE.pdf.

Reason, J., 2000. Human error: models and management. Br. Med. J. 320, 768-770.

Rechtschaffen, A., Kales, A.A., 1968. Manual of Standardized Terminology, Techniques
and Scoring System for Sleep Stages of Human Subjects. UCLA Brain Information
Service, Los Angeles, CA.

Reyner, L.A., Horne, J.A., 1998a. Evaluation of ‘in-car' countermeasures to sleepiness:
cold air and radio. Sleep 21 (1), 46-51.

Reyner, L.A., Horne, J.A., 1998b. Falling asleep whilst driving: are drivers aware of their
prior sleepiness? Int. J. Legal Med. 111 (3), 120-123.

Reyner, L.A., Horne, J.A., 2002. Efficacy of a ‘functional energy drink' in counteracting
driver sleepiness. Physiol. Behav. 75 (3), 331-335.

Roenneberg, T., Kuehnle, T., Juda, M., Kantermann, T., Allebrandt, K., Gordijn, M.,
Merrow, M., 2007. Epidemiology of the human circadian clock. Sleep Med. Rev. 11,
429-438.

Rosekind, M.R., Dinges, D.F., Connell, L.J., Rountree, M.S., Spinweber, C.L., Gillen, K.A.,
1994. Crew Factors in Flight Operations IX: Effects of Planned Cockpit Rest on Crew
Performance and Alertness in Long-Haul Operations (Technical Memorandum
108839, Report No. DOT/FAA/92/24). National Aeronautics and Space
Administration, Moffett Field, CA.

Rowland, L.M., Thomas, M.L., Thorne, D.R., Sing, H.C., Krichmar, H., Davis, Q.,
Balwinski, S.M., Peters, R.D., Kloeppel-Wagner, E., Redmond, D.P., Alicandri, E.,
Belenky, G., 2005. Oculomotor responses during partial and total sleep deprivation.
Aviat. Space Environ. Med. 76 (7), C104-C113.

Rupp, T.L., Wesensten, N.J., Bliese, P.D., Balkin, T.J., 2009. Banking sleep: realization of
benefits during subsequent sleep restriction and recovery. Sleep 32, 311-321.

Russo, M., Thomas, M., Thorne, D., Sing, H., Redmond, D., Johnson, R.D., Hall, S.,
Krichmar, J., Balkin, T., 2003. Oculomotor impairment during chronic partial sleep
deprivation. Clin. Neurophysiol. 114 (4), 723-736.

SAE International, 2014. Taxonomy and Definitions for Terms Related to On-Road Motor
Vehicle Automated Driving Systems, J3016_201401. (accessed March 6, 2018).
https://www.sae.org/standards/content/j3016_201401/.

SAE International, 2016. Taxonomy and Definitions for Terms Related to Driving
Automation Systems for On-Road Motor Vehicles, J3016_201609. (accessed March 6,
2018). https://www.sae.org/standards/content/j3016_201609/.

Sahayadhas, A., Sundaraj, K., Murugappan, M., 2012. Detecting driver drowsiness based
on sensors: a review. Sensors 12 (12), 16937-16953.

Sandberg, D., Anund, A., Fors, C., Kecklund, G., Karlsson, J., Wahde, M., 2011. The
characteristics of sleepiness during real driving at night—a study of driving perfor-
mance, physiology and subjective experience. Sleep 34 (10), 1317-1325.

Sandstrém, M., Lampsijarvi, E., Holmstrom, A., Maconi, G., Ahmadzai, S., Merildinen, A.,
Heaeggstrom, E., Forsman, P., 2017. Detecting lane departures from steering wheel
signal. Accid. Anal. Prev. 99, 272-278.

Santamaria, J., Chiappa, K.H., 1987. The EEG of drowsiness in normal adults. J. Clin.
Neurophysiol. 4, 327-382.

Satterfield, B.C., Hinson, J.M., Whitney, P., Schmidt, M.A., Wisor, J.P., Van Dongen,
H.P.A., 2018. Catechol-O-methyltransferase (COMT) genotype affects cognitive
control during total sleep deprivation. Cortex 99, 179-186.

Satterfield, B.C., Van Dongen, H.P.A., 2013. Occupational fatigue, underlying sleep and
circadian mechanisms, and approaches to fatigue risk management. Fatigue Biomed.
Health Behav. 1 (3), 118-136.

Satterfield, B.C., Wisor, J.P., Field, S.A., Schmidt, M.A., Van Dongen, H.P.A., 2015. TNFa
G308A polymorphism is associated with resilience to sleep deprivation-induced
psychomotor vigilance performance impairment in healthy young adults. Brain
Behav. Immun. 47, 66-74.

Saxby, D.J., Matthews, G., Warm, J.S., Hitchcock, E.M., Neubauer, C., 2013. Active and
passive fatigue in simulated driving: discriminating styles of workload regulation and

Accident Analysis and Prevention 126 (2019) 146-159

their safety impacts. J. Exp. Psychol. Appl. 19 (4), 287-300.

Schmidt, J., Laarousi, R., Stolzmann, W., Karrer-Gauf3, K., 2018. Eye blink detection for
different driver states in conditionally automated driving and manual driving using
EOG and a driver camera. Behav. Res. Methods in press.

Schomig, N., Hargutt, V., Neukum, A., Petermann-Stock, I., Othersen, 1., 2015. The in-
teraction between highly automated driving and the development of drowsiness.
Procedia Manuf. 3, 6652-6659.

Shahid, A., Shen, J., Shapiro, C.M., 2010. Measurements of sleepiness and fatigue. J.
Psychosom. Res. 69, 81-89.

Shen, J., Barbera, J., Shapiro, C.M., 2006. Distinguishing sleepiness and fatigue: focus on
definition and measurement. Sleep Med. Rev. 10, 63-76.

Slama, H., Chylinski, D.O., Deliens, G., Leproult, R., Schmitz, R., Peigneux, P., 2018. Sleep
deprivation triggers cognitive control impairments in task-goal switching. Sleep 41
(2), zsx200.

Sigari, M.H., Fathy, M., Soryani, M., 2013. A driver face monitoring system for fatigue
and distraction detection. Int. J. Veh. Technol. 1, 1-11.

Smith-Coggins, R., Rosekind, M.R., Buccino, K.R., Dinges, D.F., Moser, R.P., 2006.
Rotating shiftwork schedules: can we enhance physician adaptation to night shifts?
Acad. Emerg. Med. 4, 951-961.

Snel, J., Lorist, M.M., 2011. Effects of caffeine on sleep and cognition. Prog. Brain Res.
190, 105-117.

Sommer, D., Golz, M., 2010. Evaluation of PERCLOS based current fatigue monitoring
technologies. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2010, 4456-4459.

Soubelet, A., Salthouse, T.A., 2011. Influence of social desirability on age differences in
self-reports of mood and personality. J. Pers. 79 (4) 741-462.

Sparrow, A.R., Mollicone, D.J., Kan, K., Bartels, R., Satterfield, B.C., Riedy, S.M., Unice,
A., Van Dongen, H.P.A., 2016. Naturalistic field study of the restart break in US
commercial motor vehicle drivers: truck driving, sleep and fatigue. Accid. Anal. Prev.
93, 55-64.

Stern, J.A., Boyer, D., Shroeder, D., 1994. Blink rate: a possible measure of fatigue. Hum.
Factors 36 (2), 285-297.

Strayer, D.L., Fisher, D.L., 2016. SPIDER: a framework for understanding driver distrac-
tion. Hum. Factors 58 (1), 5-12.

Tarko, A.P., 2012. Use of crash surrogates and exceedance statistics to estimate road
safety. Accid. Anal. Prev. 45, 230-240.

Tefft, B.C., 2012. Prevalence of motor vehicle crashes involving drowsy drivers, United
States, 1999-2008. Accid. Anal. Prev. 45, 180-186.

Thayer, J.F., Ahs, F., Fredrikson, M., Sollers, J.J., Wager, T.D., 2012. A meta-analysis of
heart rate variability and neuroimaging studies: implications for heart rate variability
as a marker of stress and health. Neurosci. Behav. Rev. 36, 747-756.

Thorpe, C., Jochem, T., Pomerleau, D., 1998. Automated highways and the free agent
demonstration. In: Shirai, Y., Hirose, S. (Eds.), Robotics Research. Springer, London,
UK, pp. 246-254.

Torsvall, L., Akerstedt, T., 1987. Sleepiness on the job: continuously measured EEG
changes in train drivers. Electroencephalogr. Clin. Neurophysiol. 66, 502-511.
Trimble, T.E., Bishop, R., Morgan, J.F., Blanco, M., 2014. Human Factors Evaluation of
Level 2 and Level 3 Automated Driving Concepts: Past Research, State of Automation
Technology, and Emerging System Concepts (Report No. DOT HS 812 043). National

Highway Traffic Safety Administration, Washington, D.C.

Tucker, A.M., Whitney, P., Belenky, G., Hinson, J.M., Van Dongen, H.P.A., 2010. Effects
of sleep deprivation on dissociated components of executive function. Sleep 33 (1),
47-57.

Upadhyay, R., Padhy, P.K., Kankar, P.K., 2016. EEG artifact removal and noise suppres-
sion by discrete orthonormal S-transformation denoising. Comput. Electr. Eng. 53,
125-142.

Uyhelji, H.A., Kupfer, D.M., White, V.L., Jackson, M.L., Van Dongen, H.P.A., Burian, D.M.,
2017. Exploring gene expression biomarker candidates for neurobehavioral impair-
ment from total sleep deprivation. BMC Genomics in press.

Vaara, J., Kyrolainen, H., Koivu, M., Tulppo, M., Finni, T., 2009. The effect of 60-h sleep
deprivation on cardiovascular regulation and body temperature. Eur. J. Appl.
Physiol. 105, 439-444.

Vadeby, A., Forsman, A., Kecklund, G., Akerstedt, T., Sandberg, D., Anund, A., 2010.
Sleepiness and prediction of driver impairment in simulator studies using a Cox
proportional hazard approach. Accid. Anal. Prev. 42, 835-841.

Van Dongen, H.P.A., Mollicone, D.J., 2013. Field Study on the Efficacy of the New Restart
Provision for Hours of Service (Report No. RRR-13-058). Federal Motor Carrier Safety
Administration, Washington, D.C.

Van Dongen, H.P.A., Balkin, T.J., Hursh, S.R., 2016. Performance deficits during sleep
loss and their operational consequences. In: Kryger, M.H., Roth, T., Dement, W.C.
(Eds.), Principles and Practices of Sleep Medicine, 6" ed.). Elsevier, Philadelphia, PA,
pp. 388-395.

Van Dongen, H.P.A., Baynard, M.D., Maislin, G., Dinges, D.F., 2004. Systematic inter-
individual differences in neurobehavioral impairment from sleep loss: evidence of
trait-like differential vulnerability. Sleep 27 (3), 423-433.

Van Dongen, H.P.A., Belenky, G., 2012. Model-based fatigue risk management. In:
Matthews, G., Desmond, P.A., Neubauer, C., Hancock, P.A. (Eds.), The Handbook of
Operator Fatigue. Ashgate, Farnham, U.K, pp. 487-506.

Van Dongen, H.P.A., Belenky, G., Krueger, J.M., 2011a. A local, bottom-up perspective on
sleep deprivation and neurobehavioral performance. Curr. Top. Med. Chem. 11,
2414-2422.

Van Dongen, H.P.A., Belenky, G., Krueger, J.M., 2011b. Investigating the temporal dy-
namics and underlying mechanisms of cognitive fatigue. In: Ackerman, P.L. (Ed.),
Cognitive Fatigue: Multidisciplinary Perspectives on Current Research and Future
Applications. American Psychological Association, Washington, D.C, pp. 127-147.

Van Dongen, H.P.A., Belenky, G., Vila, B.J., 2011c. The efficacy of a restart break for
recycling with optimal performance depends critically on circadian timing. Sleep 34


http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0750
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0750
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0755
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0755
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0760
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0760
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0765
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0765
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0765
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0770
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0770
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0770
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0775
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0775
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0780
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0780
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0780
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0785
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0785
http://www.smartcaptech.com/wp-content/uploads/Monash-Fatigue-Assessment-full.pdf
http://www.smartcaptech.com/wp-content/uploads/Monash-Fatigue-Assessment-full.pdf
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0795
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0795
http://www.haveit-eu.org/LH2Uploads/ItemsContent/25/3117-FULL-PAPER-THE-IMPORTANCE.pdf
http://www.haveit-eu.org/LH2Uploads/ItemsContent/25/3117-FULL-PAPER-THE-IMPORTANCE.pdf
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0805
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0810
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0810
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0810
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0815
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0815
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0820
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0820
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0825
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0825
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0830
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0830
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0830
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0835
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0835
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0835
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0835
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0835
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0840
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0840
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0840
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0840
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0845
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0845
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0850
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0850
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0850
https://www.sae.org/standards/content/j3016_201401/
https://www.sae.org/standards/content/j3016_201609/
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0865
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0865
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0870
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0870
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0870
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0875
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0875
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0875
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0880
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0880
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0885
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0885
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0885
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0890
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0890
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0890
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0895
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0895
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0895
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0895
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0900
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0900
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0900
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0905
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0905
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0905
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0910
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0910
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0910
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0915
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0915
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0920
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0920
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0925
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0925
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0925
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0930
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0930
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0935
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0935
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0935
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0940
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0940
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0945
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0945
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0950
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0950
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0955
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0955
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0955
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0955
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0960
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0960
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0965
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0965
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0970
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0970
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0975
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0975
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0980
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0980
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0980
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0985
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0985
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0985
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0990
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0990
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0995
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0995
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0995
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref0995
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1000
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1000
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1000
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1005
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1005
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1005
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1010
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1010
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1010
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1015
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1015
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1015
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1020
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1020
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1020
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1025
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1025
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1025
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1030
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1030
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1030
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1030
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1035
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1035
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1035
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1040
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1040
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1040
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1045
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1045
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1045
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1050
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1050
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1050
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1050
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1055
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1055

A.R. Sparrow et al.

(7), 917-929.

Van Dongen, H.P.A., Caldwell, J.A., Caldwell, J.L., 2006. Investigating systematic in-
dividual differences in sleep-deprived performance on a high-fidelity flight simulator.
Behav. Res. Methods 38 (2), 333-343.

Van Dongen, H.P.A., Caldwell, J.A., Caldwell, J.L., 2011d. Individual differences in
cognitive vulnerability to fatigue in the laboratory and in the workplace. Prog. Brain
Res. 190, 145-153.

Van Dongen, H.P.A., Dinges, D.F., 2005. Sleep, circadian rhythms, and psychomotor
vigilance. Clin. Sports Med. 24, 237-249.

Van Dongen, H.P.A., Maislin, G., Mullington, J.M., Dinges, D.F., 2003a. The cumulative
cost of additional wakefulness: dose-response effects on neurobehavioral functions
and sleep physiology from chronic sleep restriction and total sleep deprivation. Sleep
2, 117-126.

Van Dongen, H.P.A., Mott, C.G., Huang, J.H., Mollicone, D.J., McKenzie, F.D., Dinges,
D.F., 2007. Optimization of biomathematical model predictions for cognitive per-
formance impairment in individuals: accounting for unknown traits and uncertain
states in homeostatic and circadian processes. Sleep 30 (9), 1129-1143.

Van Dongen, H.P.A., Rogers, N.L., Dinges, D.F., 2003b. Understanding sleep debt: theo-
retical and empirical issues. Sleep Biol. Rhythms 1, 4-12.

Vicente, J., Laguna, P., Bartra, A., Bailon, R., 2016. Drowsiness detection using heart rate
variability. Med. Biol. Eng. Comput. 54, 927-937.

Viola, A.U., Archer, S.N., James, L.M., Groeger, J.A., Lo, J.C.Y., Skene, D.J., von Schantz,
M., Dijk, D.J., 2007. PER3 polymorphism predicts sleep structure and waking per-
formance. Curr. Biol. 17, 613-618.

Watling, C.N., Armstrong, K.A., Radun, I., Watling, C.N., Armstrong, K.A., Radun, I,
2015. Examining signs of driver sleepiness, usage of sleepiness countermeasures and
the associations with sleepy driving behaviours and individual factors. Accid. Anal.
Prev. 85, 22-29.

Watling, C.N., Armstrong, K.A., Smith, S.S., Obst, P.L., 2016a. Crash risk perception of

Accident Analysis and Prevention 126 (2019) 146-159

sleepy driving and its comparisons with drunk driving and speeding: which behavior
is perceived as the riskiest? Traffic Inj. Prev. 17 (4), 400-405.

Watling, C.N., Armstrong, K.A., Smith, S.S., Wilson, A., 2016b. The on-road experiences
and awareness of sleepiness in a sample of Australian highway drivers: a roadside
driver sleepiness study. Traffic Inj. Prev. 17 (1), 24-30.

Weinberg, W.A., Brumback, R.A., 1990. Primary disorder of vigilance: a novel explana-
tion of inattentiveness, daydreaming, boredom, restlessness, and sleepiness. J.
Pediatr. 116 (5), 720-725.

Wesensten, N., 2012. Sleep Deprivation, Stimulant Medications, and Cognition.
Cambridge University Press, Cambridge, MA.

Wesensten, N.J., Belenky, G., Thorne, D.R., Kautz, M.A., Balkin, T.J., 2004. Modafinil vs.
caffeine: effects on fatigue during sleep deprivation. Aviat. Space Environ. Med. 75
(6), 520-525.

Whitney, P., Hinson, J.M., Jackson, M.L., Van Dongen, H.P.A., 2015. Feedback blunting:
total sleep deprivation impairs decision making that requires updating based on
feedback. Sleep 38 (5), 745-754.

Whitney, P., Hinson, J.M., Satterfield, B.C., Grant, D.A., Honn, K.A., Van Dongen, H.P.A.,
2017. Sleep deprivation diminishes attentional control effectiveness and impairs
flexible adaptation to changing conditions. Sci. Rep. 7, 16020.

Williams, H.L., Lubin, A., Goodnow, J.J., 1959. Impaired performance with acute sleep.
Psychol. Monogr. Gen. Appl. 73 (14), 1-26.

Williamson, A., Friswell, R., Olivier, J., Grzebieta, R., 2014. Are drivers aware of slee-
piness and increasing crash risk while driving? Accid. Anal. Prev. 70, 225-234.
Williamson, A., Lombardi, D.A., Folkard, S., Stutts, J., Courtney, T.K., Connor, J., 2011.

The link between fatigue and safety. Accid. Anal. Prev. 43, 498-515.

Zhong, X., Hilton, H.J., Gates, G.J., Jelic, S., Stern, Y., Bartels, M.N., DeMeersman, R.E.,
Basner, R.C., 2005. Increased sympathetic and decreased parasympathetic cardio-
vascular modulation in normal humans with acute sleep deprivation. J. Appl. Physiol.
98, 2024-2032.


http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1055
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1060
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1060
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1060
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1065
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1065
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1065
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1070
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1070
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1075
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1075
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1075
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1075
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1080
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1080
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1080
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1080
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1085
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1085
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1090
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1090
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1095
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1095
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1095
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1100
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1100
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1100
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1100
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1105
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1105
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1105
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1110
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1110
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1110
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1115
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1115
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1115
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1120
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1120
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1125
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1125
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1125
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1130
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1130
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1130
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1135
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1135
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1135
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1140
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1140
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1145
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1145
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1150
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1150
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1155
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1155
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1155
http://refhub.elsevier.com/S0001-4575(18)30173-8/sbref1155

	Drowsiness measures for commercial motor vehicle operations
	Introduction
	Neurobiology of drowsiness
	Physiologic measures of drowsiness
	Brain activity
	Ocular measures
	Cardiac measures

	Performance measures of drowsiness
	Vigilant attention performance measures
	Driving performance measures

	Behavioral measures of drowsiness
	Crashes
	Safety-critical events and overt driver behaviors
	Subjective drowsiness

	Trait and State moderators of drowsiness outcomes
	Inter-individual differences in vulnerability to drowsiness
	Transient states

	Current and future drowsiness detection system development
	Composite drowsiness detection systems
	Development of drowsiness detection and warning systems

	Vehicle automation and drowsiness
	Levels of automation
	Automation-related drowsiness
	Measuring drowsiness during semi-autonomous driving

	Conclusions
	Conflicts of interest
	Acknowledgments
	References




