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1 | INTRODUCTION

Commercial drivers, particularly those engaged in long-distance driv-
ing, face specific exposure to fatigued driving due to various factors.
These include time pressure, extended travel distances, prolonged

Anna Anund '

Summary

All new vehicle types within the European Union must now be equipped with a driver
drowsiness and attention warning system starting from 2022. The specific require-
ments for the test procedure necessary for type approval are defined in the Annex of
EU Regulation C/2021/2639. The objectives of this study were to: (i) investigate
how sleepiness develops in professional truck drivers under real-road driving condi-
tions; and (ii) assess the feasibility of a test procedure for validating driver drowsiness
and attention warning systems according to the EU regulation. Twenty-four profes-
sional truck drivers participated in the test. They drove for 180 km on a dual-lane
motorway, first during daytime after a normal night's sleep and then at nighttime
after being awake since early morning. The results showed higher sleepiness levels
during nighttime driving compared with daytime, with a faster increase in sleepiness
with distance driven, especially during the night. Psychomotor vigilance task results
corroborated these findings. From a driver drowsiness and attention warning testing
perspective, the study design with sleep-deprived drivers at night was successful in
inducing the targeted sleepiness level of a Karolinska Sleepiness Scale score of = 8.
Many drivers who reported a Karolinska Sleepiness Scale > 8 during the drives also
acknowledged feeling sleepy in the post-drive questionnaire. Reaching high levels of
sleepiness on real roads during daytime is more problematic, not the least from legal
and ethical perspectives as higher traffic densities during the daytime lead to

increased risks.
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working hours, travel-based payment, rotational shifts and insufficient
sleep (Adams-Guppy & Guppy, 2003; Craft, 2007; Girotto et al., 2019;
Hanowski et al., 2007; Wise et al., 2019). According to the National
Transport Safety Board, 58% of single-vehicle heavy truck crashes are
caused by fatigue (NTSB, 1995), and one in every four truck drivers
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reports having fallen asleep behind the wheel within the previous
12 months (McCartt et al., 2000; Vitols & Voss, 2021).

Addressing driver fatigue in the commercial sector is critical. The
complex trajectory leading to fatigue-related crashes must be effec-
tively managed and mitigated at multiple levels (Dawson &
McCulloch, 2005). Strategies include providing sufficient opportuni-
ties for sleep and recovery, managing situations where adequate
sleep could not be obtained before the work shift, predicting and
detecting fatigue-related symptoms before and during driving, and
mitigating the consequences of fatigue when it occurs (Phillips
et al., 2017). Early intervention along the fatigue-risk trajectory is
crucial. Despite robust safety management systems, some incidents
inevitably slip through. In such cases, driver-monitoring systems and
driver-assistance systems can offer temporary support as a last
resort. The European Union's (EU) general safety regulation (GSR)
therefore mandates that all new types of passenger-carrying and
goods-carrying motor vehicles in the EU must be equipped with a
driver drowsiness and attention warning (DDAW) system starting
from 2022 (EU regulation 2019/2144).

The DDAW systems are defined in the regulations as systems
that “assess the driver's alertness through vehicle systems analysis
and warn the driver if needed”. The technical requirements that
DDAW systems must fulfil are described in the Annex of EU regula-
tion C/2021/2639. When a driver reaches a sleepiness level corre-
sponding to a Karolinska Sleepiness Scale (KSS; Akerstedt &
Gillberg, 1990) rating of 8 or above, the DDAW system must trigger a
warning. The requirements document also includes guidelines for vali-
dating a DDAW system. However, many design choices remain open,
and it is up to the vehicle manufacturers to validate their DDAW
implementation. Woérle et al. (2023) have proposed a test procedure
involving sleep-deprived drivers in real traffic during daytime. In addi-
tion to establishing a test procedure, they also concluded that
KSS = 8, as defined by the EU regulation, is a suitable threshold for
DDAW validation purposes.

Performing fatigue experiments with sleep-deprived drivers in
real traffic carries inherent risks, but it offers a significant advantage
in terms of ecological validity (Davenne et al., 2012; Fors et al., 2018;
Hallvig et al., 2013). The procedure proposed by Wérle et al. (2023)
therefore suggests that the tests should be carried out during daytime,
partly for practical considerations, but also because the accompanying
safety backup driver who is handling the dual controls is more likely
to remain alert during daylight hours. At the same time, the traffic
density is higher during daytime, leading to an increased risk of colli-
sions with other vehicles. Considering this, the present study aims to
explore an alternative test procedure where the sleep-deprivation test
runs are conducted during nighttime.

Carrying out tests at night is supported by available research on
the development of truck driver fatigue. Driving simulator studies
have shown that sleepiness increases with time on task (Ahlstrém
et al., 2010; Gillberg et al., 1996; Mortazavi et al., 2009; Otmani
et al., 2005), and more so for younger drivers (Otmani et al., 2005)
and during nighttime (Gillberg et al., 1996). These findings are sup-
ported by controlled field studies on real roads, which show that night

driving and long shifts are associated with higher levels of sleepiness,
particularly during the last hours of shifts (Kecklund &
Akerstedt, 1993). In a comprehensive study involving 80 drivers and
four variants of shift schedules, Mitler et al. (1997) found that the
prevalence of fatigue and sleep was highest in the late night and early
morning hours. In total, 56% of the drivers and 7% of the recorded
data were labelled as sleepy. Further, Pylkkdnen et al. (2013) identi-
fied behavioural signs of severe sleepiness in 29% of night shifts and
26% of non-night shifts based on data from 52 long-haul truck drivers.
It is worth noting that most studies on the development of sleepiness
and fatigue while driving have primarily focused on passenger car
drivers. Therefore, further research on commercial drivers is essential
to disentangle potential differences.

The objectives of this paper are to: (i) investigate how sleepiness
develops in professional truck drivers in real-road driving conditions;
and (ji) test the feasibility of a test procedure for DDAW system vali-
dation. The research questions addressed in this study are as follows.

e What levels of self-reported sleepiness do drivers experience dur-
ing both daytime and nighttime driving?

o |s the study setup suitable for validating DDAW systems?

e Do drivers' self-reported sleepiness levels align with their post-

driving reports of sleepiness?

2 | METHOD

The data collection was conducted as part of a DDAW validation test.
During the data collection, warnings from the DDAW system were
turned off. For confidentiality reasons, no test results from the
DDAW system under evaluation are reported in this paper. Note that
this has no implications on the reported study objectives or on the
reported results as the warnings were turned off.

The study was approved by the Swedish Ethical Review Authority
(Dnr 2022-03868-01). All participants signed an informed consent
form. An exemption from Swedish law was granted by the Swedish
government (N2007/5326/TR), facilitating the experiment with

sleepy drivers on real roads during nighttime.

21 | Participants

In total, 24 professional truck drivers were recruited for the study via
advertisements in social media and via a local registry of volunteering
participants. The only inclusion criteria were a truck driver's licence of
class C and current employment as a professional driver. Of the
24 participants, 21 were men and three were women, which is repre-
sentative of the truck driver population in Sweden. The participants'
mean * standard deviation age was 50.1 + 12.6 years, and they had
worked as truck drivers for 20.8 + 14.4 years. Their body mass index
was 285+4.6kg m2 (range 22.5-39.2kg m~2). The average
Epworth Sleepiness Scale (Johns, 1991) score was 7.0 + 2.8 (range 3-
14, three rated 10 or higher). The drivers went to bed between
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After drive:
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Post-drive Q

FIGURE 1

Experimental procedure. Two drivers participated each experiment day, driving two times each on a motorway in real traffic. ECG,

electrocardiogram; EOG, electrooculogram; PVT, Psychomotor Vigilance Task.

21:00 hours and 00:15 hours. They were instructed to sleep for at
least 7 hr, and on average they slept longer than instructed (8.1
+ 1.0 hr). One driver only slept for 6.5 hr. Sixteen of the drivers (67%)
believed that they could get enough sleep in their daily life, two (8%)
believed that disturbed sleep was a health problem for them, and two
(8%) said that they generally slept quite poorly. None of the partici-
pants self-reported any illicit drug use or use of sedatives or sleeping
pills. Each participant received 2500 SEK (about €250) before tax as
compensation for their time, effort and their travel costs.

2.2 | Design and procedure

The study had a within-subjects design where each participant first
drove during daytime after a normal night's sleep, and then later at
night after being awake since early morning. The test route consisted
of a 2 x 90-km road stretch on a dual-lane motorway on road E4 in
Sweden. The posted speed limit was 120 km hr~! on most of the
route, but heavy trucks are not allowed to go faster than 90 km hrt.
The annual average daily traffic for this road section is about 8000-
15,000 vehicles according to the Swedish Transport Administration.
There was limited access due to roadworks on a short stretch about
20 km into the first part of the route. This affected the experiment to
some extent, but mostly at daytime when the traffic density was

higher.

Two drivers participated each experiment day, where driver A
drove from 14:00 hours to 16:00 hours (night drive from 01:00
hours to 03:00 hours), and driver B from 16:00 hours to 18:00
hours (night drive from 03:00 hours to 05:00 hours), see Figure 1.
Between the drives, the participants were accompanied by a lab assis-
tant to ensure that no sleeping or naps occurred. During the drives,
the participants were accompanied by a safety driver who was ready
to intervene using dual command (braking only) if the drivers were
too sleepy to continue or if they showed signs of inappropriate or
dangerous driving. The safety driver did not talk to the driver during
the data acquisition. Different safety drivers were used in the after-
noon and in the night drives. The safety drivers followed a routine
where they were not allowed to work the day before and after a night
shift, and they were also not allowed to work more than 3 nightsin a
row. To avoid fatigue due to underload they were allowed to listen to
music, radio or similar, using one earphone. Further, they used caf-
feine pills if they felt that it was necessary.

The participants were instructed not to drink alcohol and to sleep
for at least 7 hr the night before the experiment. They were also
asked to fill in a background questionnaire with background informa-
tion and a sleep diary covering the previous night. When arriving to
the laboratory, the participants received further instructions, their
breath alcohol content was checked to ensure that they were sober
(Drager 6820, Dragerwerk AG & Co, Liibeck, Germany), and elec-
trodes for the physiological measurements were attached (see
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Section 2.3 below). Before and after each drive, the participants did a
10-min Psychomotor Vigilance Task (PVT; Dinges & Powell, 1985).
After each drive, the participants filled in a short post-drive question-
naire. They were not allowed to bring their own food or beverages,
but were offered dinner, fruits, rice cakes, water, red tea or decaffein-
ated coffee during the evening.

23 | Measurements

A long-haul Scania truck (R730 A6X2NB) with a V8 engine and stan-
dard wheel configuration was equipped with a data logger that
recorded vehicle speed, GPS position, lateral position, and distance to
the closest vehicle ahead. The same logger was used to store the KSS
ratings every fifth minute. The test leader used a timer set on 5 min,
and verbally asked the driver “Sleepy?”. The test leader entered the
answer on a 10-digit keyboard, and the result was stored in the data
logger.

An electrocardiogram (ECG; lead Il) and an electrooculogram
(EOG; electrodes positioned vertically across the left eye) were
recorded with a sample rate of 256 Hz using a Vitaport 3 bio-amplifier
(Temec Instruments BV, the Netherlands), (Figure 2). The EOG was
bandpass filtered with cut-off frequencies 0.3 and 11.5 Hz, while the
ECG was filtered using the cut-off frequencies 0.3 and 30 Hz. All

FIGURE 2

Image showing the interior of the truck, the bio-
amplifier and one of the participants.

filtering was implemented with zero-phase third order band-pass But-
terworth filters.

2.4 | Sleepiness indicators

Because a reliable physiological measure of sleepiness is not available
(Mullington, 2011), several sleepiness indicators were used to esti-
mate the level of sleepiness. In addition to the PVT test that was con-
ducted before and after each drive, six different sleepiness indicators
were also measured during the drives. To mitigate the effects of geos-
patial variation along the route, the sleepiness indicators were
extracted based on distance rather than time. This way, geospatial
confounders affected the data from each driver in the same way. The
indicators were thus calculated in epochs of varying duration but with
identical distance (5 km).

The PVT test provides measures of behavioural alertness that are
sensitive to extended periods of sleep deprivation (Hudson
et al., 2020). The standard 10-min test, with random inter-stimulus
intervals of 2-10 s and a 1-s feedback period, was used in this study.
The mean reaction time and the number of lapses = 500 ms were
used as indicators of vigilant attention.

Drivers are well aware of being sleepy while driving (Anderson
et al., 2023; Cai et al., 2021), and subjective sleepiness has been found
to be rather robust to inter-individual variations (Akerstedt
et al., 2014). Here, subjective sleepiness was rated on the nine-point
KSS scale, ranging from 1 (Extremely alert) to 9 (Very sleepy, great
effort to keep awake, fighting sleep; Akerstedt & Gillberg, 1990). Par-
ticipants were instructed to report a value corresponding to the aver-
age feeling covering the past 5 min. KSS was rated before and after
the PVT test, and every 5th minute during the drives. The value clos-
est to the 5-km epoch boundary was used in the analyses of the
driving data.

Driving performance was assessed as the standard deviation of lat-
eral position (SDLP; Liu et al., 2009). Lateral position was measured
from the centre of the truck to the left lane marking, and SDLP was
calculated by taking the standard deviation of the lateral position data
in each distance epoch. Lane changes, seen as discrete jumps in the
lateral position signal, were removed before the SDLP calculation.

Heart rate, heart rate variability and blink behaviour were used as
physiological indicators of sleepiness. The expected directions of
changes with increasing levels of sleepiness are a decrease in heart
rate and an increase in heart rate variability (Lu et al., 2022; Persson
et al.,, 2020), and longer/slower eye blinks (Schleicher et al., 2008;
Wierwille & Ellsworth, 1994). Heart beats (R-peaks) were detected in
the ECG using the filter bank approach by Afonso et al. (1999), and
outliers were removed by filtering out RR-intervals deviating more
than 3 standard deviations from the mean (Aubert et al., 1999). In
addition to heart rate, the root mean square of successive differences
(RMSSD) was calculated according to Shaffer and Ginsberg (2017).
Blink duration and peak closing velocity were extracted from the EOG
using the filtering and differentiation scheme developed by Jammes
et al. (2008).
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2.5 | DDAW test requirements

The vehicle manufacturer is responsible for conducting validation
tests, and for compiling a dossier describing the test procedure and
the test results. Specifically, it must be shown that the DDAW sys-
tem under test succeeds in warning a defined percentage of
fatigued drivers at a defined level of fatigue. The dossier is then
assessed by the type-approval authorities who decide if the DDAW
system is acceptable. According to the regulations, a system is
acceptable if the average sensitivity across participants is >40%, or
if the system has a sensitivity >20% for more than 95% of the
participants.

The technical requirements that DDAW systems must comply
with are defined in the Annex of EU regulation C/2021/2639. In sum-
mary, the DDAW system should trigger a warning at a sleepiness level
of KSS 2 8. Fatigue detections at KSS = 7 are considered valid as well.
Each test participant included in the validation report should generate
at least 1 true positive or 1 false negative event, and the total number
of fatigue events should be at least 10. The study population should
correspond to the targeted demography for the vehicle type under
investigation.

If the DDAW system is affected by light conditions, such as sys-
tems relying on cameras or on ocular or eyelid parameters, then the
tests must be conducted in daylight and darkness with at least one
true positive event in each condition.

The Annex of EU regulation C/2021/2639 explicitly mentions
that the participants’ level of fatigue shall be measured using the KSS.
However, it is also possible to use alternative methods such as elec-
troencephalography (EEG), the percentage of eyelid closure
(PERCLQOS), or observer-rated sleepiness. The manufacturer should
then verify that the chosen measurement is valid, and that the chosen
fatigue threshold matches the KSS threshold mentioned above. The
tests can also be carried out in a test vehicle or in a simulator but,
again, if the tests are conducted in a driving simulator, the manufac-

turer must provide evidence that the simulator is valid for DDAW

eep
Research

2.6 | Dataanalyses

The sleepiness indicators were analysed with separate analyses of
covariance (ANCOVA) with a random effect. Both the input data
(distance driven, 5-165 km in 5-km intervals) and the response vari-
able (sleepiness indicator) were treated as continuous variables,
whereas the grouping variables (time-of-day, daytime versus sleep-
deprived nighttime drive, and drive order, A or B) were treated as
categorical fixed factors. Drive order was nested in time-of-day and
was considered as a confounding factor. Epochs corresponding to
the road work and to the midway turning point were removed and
treated as missing values. Participant (1-24) was included as a ran-
dom factor to account for inter-individual variations. The model
assumes a linear relationship between distance driven and the sleep-
iness indicators, which is a fair assumption after removing the road
work and the turning point.

The PVT data were analysed with corresponding analyses of vari-
ance (ANOVA), but with a fixed categorical factor for before/after
driving instead of the continuous variable for distance driven. The sig-
nificance level was set to 0.05. Bonferroni correction was used to
compensate for multiple comparisons. Data preparation and statistical
analyses were performed in MATLAB 9.13 (The Mathworks, Natick,
MA, USA).

3 | RESULTS

The PVT results showed significant differences in reaction time, the
number of lapses >500 ms, and reported KSS for time of day and
before/after the simulator drive (Figure 3; Table 1). All indicators
showed higher sleepiness levels after the drives compared with before
the drives, especially during nighttime. The mean and standard devia-
tion reaction time during daytime was 296.3 + 28.5 ms before the
drive and 299.4 + 29.2 ms after the drive. During nighttime, the reac-
tion time was 310.2 + 44.5 ms before the drive and 325.4 + 42.4 ms

testing. after the drive. Corresponding mean and standard deviations for the
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FIGURE 3 Psychomotor Vigilance Task (PVT) results comparing mean reaction times, lapses and Karolinska Sleepiness Scale (KSS) before
versus after the day and night driving sessions. The error bars represent the standard error of mean.
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TABLE 1 F-values and degrees of freedom from mixed-model ANOVAs of the PVT test with factors for day/night condition and before/after

the driving session.

PVT reaction time

PVT lapses >500 ms

KSS

Day/night
Fie7=16.1
p < 0.001
F1,67 = 92

p = 0.005
Fi167 = 126.7
p < 0.001

Time (before/after)

F167 =113
p = 0.001
F167 =134
p < 0.001
F167 =46.2
p < 0.001

Drive order A/B

F1’67 =28
p = 0.002
F1,67 =21
p=0.01
F1,67 =14
p=0.14

Participant
F22,67 = 81
p < 0.001
F22,67 = 98
p < 0.001
F22,67 = 27
p=0.01

Day x time
F1,67 = 52
p = 0.02
F1,67 = 97
p = 0.003

F1,67 = 06
p=044

Note: Participant is included as a random factor. Significant differences at the 0.05 level (0.017 after Bonferroni correction) are marked in grey.
Abbreviations: KSS, Karolinska Sleepiness Scale; PVT, Psychomotor Vigilance Task.

8 ‘ ‘
—+—Day
s1 —+—Night |
6 |- -
[9)]
9]
X

s
TH

4 W 1
0 20 40 60 80 100 120 140 160
Distance (km)
85
g -
o 80r . 7
3
= -
jo.
Iy 7
o 75F 1
T D
70¢ L L | | | | | I
0 20 40 60 80 100 120 140 160
Distance (km)
200
m L T
é 180
5
2 160 .
© -
=]
o 1401 ]
£
= 1L
120 !
100 s s s s s s s s
0 20 40 60 80 100 120 140 160

Distance (km)

RMSSD (ms)

Blink closing velocity (uV/s)

20

40

60

80 100

Distance (km)

120

140 160

0.11

©
o
=

o
o
=

o
o
e

o

o

N
:

@
o
o
o

20

40

60

80 100

Distance (km)

120

7000r

6000[

5000r

ey

o

o

o
T

3000
0

20

40

60

80 100

Distance (km)

120

140 160

FIGURE 4 Sleepiness indicators as a function of distance driven. Missing values correspond to a road work and to the turning point on the
motorway. The error bars represent the standard error of mean. KSS, Karolinska Sleepiness Scale.
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TABLE 2 F-values and degrees of freedom from mixed-model ANCOVAs for day/night condition and distance driven (0-5 km, 5-10 km, ...).

Day/night Distance driven
KSS F1y1220 =267.1 F1’1220 =526.8

p < 0.001 p < 0.001
SDLP (m) F11200=0.1 F11220 = 38.7

p = 0.80 p < 0.001
Heart rate (bpm) F11001 = 22.4 F11001 = 51.1

p < 0.001 p < 0.001
RMSSD (ms) F11001 = 33.6 F11001 = 9-3

p < 0.001 p = 0.002
Blink duration (ms) F1975 =9.5 F1975 = 132.9

p = 0.002 p < 0.001
Blink closing velocity (uV s™%) Fi975 = 138.2 F1975 = 82.7

p < 0.001 p < 0.001

Drive order A/B Participant Day x distance
F231220 = 5.6 F22.1220 = 67.4 F11220 = 96.8
p=0.01 p < 0.001 p < 0.001
F231220 = 0.2 F22.1220 = 25.3 F11220 = 27.6
p =0.68 p < 0.001 p < 0.001
Fig1001 = 35.1 Fig1001 = 218.4 F11001 = 16.3
p < 0.001 p < 0.001 p < 0.001

Fig 1001 = 273.2 Fig1001 = 52.2 F11001 = 2.7
p < 0.001 p < 0.001 p =0.10
F17,975 =01 F13,975 = 96.6 F1'975 =18.7
p =0.82 p < 0.001 p < 0.001

p < 0.001 p < 0.001 p < 0.001

Note: Participant is included as a random factor. Significant differences at the 0.05 level (0.008 after Bonferroni correction) are marked in grey.
Abbreviations: ANCOVA, analyses of covariance; KSS, Karolinska Sleepiness Scale; RMSSD, root mean square of successive differences; SDLP, standard

deviation of lateral position.
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FIGURE 5 Histogram of reported Karolinska Sleepiness Scale
(KSS) values during the daytime and nighttime drives.

fraction of lapses >500 ms were 0.12 + 0.12,0.13 + 0.11,0.14 + 0.14
and 0.22 + 0.20, and for KSS were 3.2+ 0.8, 42+ 1.1,54 + 1.1 and
6.6 +1.3.

The ANCOVAs generally showed significantly higher levels of
sleepiness in most indicators during nighttime compared with daytime,
as shown in Figure 4 and Table 2. KSS ratings were 2.46 units higher
and had a steeper slope as a function of distance driven during night-
time (slope = 0.007 versus 0.015 KSS units km™%), which also
explains the significant interaction term with a faster increase in KSS
during nighttime. SDLP was not significantly different between day-
time and nighttime, but increased slightly with distance driven, espe-
cially during nighttime. Heart rate was significantly lower during
nighttime, but the difference compared with daytime was so small

that it is not meaningful (mean difference = 0.08 beats per minute).

The heart rate decreased somewhat with distance driven
(slope = —0.02 beats km™%). RMSSD was 0.02 ms higher during
nighttime compared with daytime, but showed no effect of distance
driven or any interaction effect. Blink durations were longer during
nighttime (mean = 125 versus 146 ms) with a larger effect of distance
driven during nighttime (slope = 0.12 versus 0.26 ms km™1). The
blink closing velocity was slower during nighttime (mean = 5225 ver-
sus 4447 uV s7Y), with a slight decrease with distance driven
(slope = —7.7 versus —4.2 uV skm™Y). The factor Participant showed
significant effects for all sleepiness indicators, clearly demonstrating
individual differences in the data.

EU regulation C/2021/2639 stipulates how many true positives
and false negatives are needed when validating a DDAW system.
When planning a DDAW validation study, it is therefore interesting to
know roughly how many participants are needed to get enough
drivers above the sleepiness threshold (here KSS > 8). A histogram of
reported KSS ratings in this data collection is provided in Figure 5,
while the cumulative percentage of drivers that reached a certain KSS
level is provided in Figure 6. During daytime, three out of 24 drivers
reached a KSS level of 7, one out of 24 reached KSS = 8, and no
drivers reported a 9 on the KSS scale. At night, 23 out of 24 drivers
reached a KSS level of 7, 17 out of 24 reached KSS = 8, and seven
out of 24 reached KSS = 9. For the drivers who reached KSS = 8, the
time to do so was 56 = 31 min. The distance driven before reaching
KSS = 8 is provided in Figure 7. None of the drivers chose to abort
the experiment due to high levels of fatigue during daytime, whereas
10 out of the 24 drivers chose to stop or were requested to stop by
the safety backup driver in the sleep-deprived condition.

When analysing KSS reports during night driving and matching
those with responses to the post-drive questions about experiences
of sleepiness while driving, 11 out of 16 drivers who answered the
post-drive questionnaire and reported KSS = 8 during the drive, retro-
spectively reported that they had experienced sleepiness during the
drive (Table 3). Among these 16 drivers, 4 found it difficult to rate
their sleepiness level (Table 4). Simultaneously, five out of six drivers
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FIGURE 6 Reversed cumulative percentage of drivers reaching at
least a certain Karolinska Sleepiness Scale (KSS) level.
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FIGURE 7 Percentage of drivers that reached the general safety
regulation (GSR) threshold (Karolinska Sleepiness Scale [KSS] = 8)
where a drowsiness detection system must provide a warning.

who reported KSS < 7 while driving at nighttime reported that they

had experienced sleepiness in the post-drive questionnaire, and three
out of those six found it difficult to report their sleepiness.

4 | DISCUSSION

This paper investigated the development of sleepiness in truck drivers
in a real-road study designed to test a DDAW system according to

TABLE 3 “Did you experience any sleepiness while driving” (post-
drive questionnaire) versus reporting KSS = 8 during driving.

Experience of sleepiness during the KSS <7 KSS 2 8
drive? (alert) (sleepy)
No 1 4
Yes 5 11
Unsure 0 1

Note: Two out of 24 drivers had missing values in the post-drive
questionnaire.
Abbreviation: KSS, Karolinska Sleepiness Scale.

the GSR requirements. As expected, the truck drivers were sleepier
during nighttime driving compared with daytime driving, and they
became sleepier with distance driven. The PVT results corroborated
these findings, showing longer reaction times and more lapses at night
and after driving compared with before driving. Many drivers who
reported a KSS rating of 8 or above during the drives considered
themselves to have been sleepy in the post-drive questionnaire. From
a DDAW testing perspective, the study design with sleep-deprived
drivers at night successfully induced the targeted sleepiness levels.

During nighttime, 70% of the drivers reached the stipulated
sleepiness threshold of KSS > 8 within the 2-hr drive (Figure 6). Sleep
deprivation is a very efficient method to induce the targeted levels of
sleepiness, especially when combined with nighttime driving during
the circadian low. However, during daytime, only 4% of the drivers
reported KSS > 8. This is concerning as the test requirements defined
in EU regulation C/2021/2639 state that at least one true positive
event should occur per light condition. With only 4% of the drivers
reaching the stipulated sleepiness threshold, at least 25 drivers are
needed to achieve at least one drive with a true positive event in day-
light conditions. This is an important constraint of the suggested study
design that must be considered when dimensioning the data collec-
tion campaign.

There are at least two ways to increase the number of high KSS
ratings during daytime. The first would be to increase the driving time
to more than 2 hr, assuming that task-related fatigue will increase
enough with extended time on task to reach high fatigue levels. The
second approach would be to use sleep-deprived drivers in the day-
time condition as well. The latter approach was successfully applied
by Worle et al. (2023). A constraint to the chosen test procedure is
that it is illegal to drive a vehicle while impaired by lack of sleep in
most countries. For this study, an exemption from Swedish law was
granted by the Swedish government (N2007/5326/TR). This exemp-
tion is only valid during nighttime when the traffic density is low, so at
least in Sweden it would not presently be possible to use sleep-
deprived drivers on real roads at daytime. Any organization engaging
in DDAW testing with sleep-deprived drivers on real roads will need
to apply for an exemption that allows testing according to their coun-
try's legislation.

Though the duration of the drive was somewhat short in the day-
time drives, 2 hr seems appropriate during nighttime (Figure 7), with

most drivers reaching the sleepiness warning threshold at KSS = 8.
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TABLE 4 “Did you find it difficult to rate your sleepiness while driving” versus “Did you experience any sleepiness while driving?” in the

post-drive questionnaire.

Difficult to rate your sleepiness while driving? (post-questionnaire)

KSS < 7 (alert)

KSS = 8 (sleepy)

Experience of sleepiness during the drive? No
No 1
Yes 3
Unsure 0

Note: Two out of 24 drivers had missing values in the post-drive questionnaire.

Abbreviation: KSS, Karolinska Sleepiness Scale.

This is in agreement with Wérle et al. (2023), who came to the conclu-
sion that a KSS level of 8 is a turning point in fitness to drive and a
well-selected threshold for a DDAW system. Using KSS > 8 as
a threshold is also supported by the review paper by Akerstedt et al.
(2014), describing how several objective measures of sleepiness start
to increase at KSS level 7, with a strong exponential increase at level
8, peaking at level 9.

There are indications in the literature that professional drivers are
more resilient to the effects of sleep deprivation, which might affect
their subjective sleepiness ratings, which in turn may have implica-
tions for the DDAW validation threshold. However, professional
drivers seem to have the same susceptibility to sleep deprivation as
non-professional drivers (Howard et al., 2014). It has also been found
that professional drivers have lower subjective sleepiness levels than
non-professionals, whereas objective sleepiness indicators point in
the opposite direction, i.e. that professional drivers are sleepier than
non-professionals (Anund et al., 2018). Figure 8 shows mean KSS rat-
ings across participants from several studies with non-professional
drivers. All studies were conducted on real roads and had a similar
experimental setup as used in the present study (Ahlstrom
et al., 2021; Akerstedt et al., 2013; Hallvig et al., 2014; Sagaspe
et al., 2008; Sandberg et al., 2011; Schwarz et al., 2012). Compared
with the KSS ratings from previous studies, the truck drivers had
lower KSS ratings, especially during daytime. The differences in
objective and subjective sleepiness scores between professional and
non-professional drivers, and its possible implication on DDAW vali-
dation thresholds, must be investigated further.

Many drivers who had reported KSS 2 8 during the drives consid-
ered themselves to have been sleepy in the post-drive questionnaire.
However, five out of six drivers who reported KSS < 7 at nighttime
while driving retrospectively reported that they had experienced
sleepiness, and three out of those six found it difficult to report their
sleepiness. No inferential statistical analyses were conducted due to
the limited number of data points, but the descriptive results indicate
that there are individual differences in how sleepiness develops
throughout a drive and in how drivers report their sleepiness level.
The reasons for these differences are not known and need further
investigation. The KSS scale was developed for sleepiness ratings
rather than fatigue ratings, and it is also mostly used in task-related

underload situations. Hence, future research should investigate both
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FIGURE 8 Mean values across participants of Karolinska

Sleepiness Scale (KSS) ratings from this study with truck drivers
versus previously published results from passenger car drivers.

the use of KSS in more complex driving situations, and possible differ-
ences in the ratings between task-related fatigue versus sleepiness.
Setting up a procedure for DDAW testing involves balancing
validity versus risk (Anund & Kircher, 2009). Driving simulators, rang-
ing from desktop setups to advanced moving-base test rigs, minimize
the risks. However, the lack of risk can pose a problem as drivers may
become less motivated to stay awake. This inherent and vital struggle
to remain alert lies at the core of simulator validity, potentially mask-
ing overt, behavioural and physiological signs of sleepiness, which are
the primary indicators used by most DDAW systems to detect sleepi-
ness. Several driving simulator validation studies have demonstrated
that sleepiness develops faster and to higher levels compared with
real-world driving conditions (Fors et al., 2018; Hallvig et al., 2013),
but as of yet these studies have not properly explored the potential
masking effects of the struggle to stay awake. Another aspect affect-
ing external validity is the challenge of simulating realistic measure-
ment noise such as vibrations and light conditions, which can impact

sensor readings and, consequently, the accuracy of the software
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calculating the sleepiness level. Despite these challenges, simulators
offer high experimental control and the ability to use sleepiness
ground truth sensors that may be impractical in real vehicles. Addi-
tionally, extreme levels of sleepiness can be induced through sleep
deprivation, and participants can even be allowed to drive until they
fall asleep.

On the other end of the spectrum, naturalistic driving studies and
field operational tests provide extremely high ecological validity
(Carsten et al., 2013). However, the lack of experimental control,
including the inability to use sleep-deprived drivers, may render test-
ing protocols ineffective. Furthermore, the unobtrusive nature of nat-
uralistic driving studies precludes the use of subjective ratings or
physiological measurements as ground truths for sleepiness, leaving
only video-based observer ratings based on manual video annotations.
For these reasons, naturalistic driving studies are not well suited for
testing DDAW detection performance. That said, long-term field
operational tests are likely the best method for investigating real-
world effects of different warning strategies, especially aspects
related to acceptance and compliance.

In between driving simulator test setups (with low risk but uncer-
tain validity) and naturalistic driving studies (with high ecological valid-
ity, but uncontrollable risks and limited options for measuring
sleepiness), there are test track studies and controlled field trials. Both
types offer the advantages of real driving conditions, naturalistic noise
levels, high experimental control, opportunities to manipulate sleep
pressure via circadian and homeostatic factors, and the ability to uti-
lize safety drivers and vehicles with dual command systems. Test
tracks are generally safe, particularly when designed with adequate
run-off areas. However, the driving environment may be somewhat
unrealistic, and the absence of other traffic can impact risk perception,
which has implications for validity similar to those outlined for driving
simulators above. Controlled field trials conducted in real traffic do
not suffer from issues with ecological validity. However, they are
associated with higher risks. If studies involving sleep-deprived drivers
are conducted during daytime, risks are heightened due to increased
traffic density. Conversely, if tests are conducted at nighttime, there is
a greater risk of sleepy safety backup drivers. In both cases, it
is essential to provide safety drivers with the opportunity to rest,
sleep and prepare, akin to any form of shift work. The GSR technical
requirements on DDAW system validation stipulate that if tests are
conducted in a non-simulated environment, a safety backup is
required. If tests are conducted in a simulator, it is the responsibility
of the testing organization to demonstrate the simulator's validity.
Beyond these basic requirements, the choice of test environment and
study setup is left to the testing organization as long as their decisions
are well justified.

Another important design consideration is selecting an appropri-
ate sleepiness ground truth measure. While the GSR documentation
promotes the use of the KSS, alternative measurements are permitted
if the testing organization can provide evidence of their validity and
accuracy. Again, it is crucial to carefully weigh the advantages and dis-
advantages of each option. The most common alternatives to KSS are

EEG, blink duration, eye aperture, reaction time tests, observer-ratings

and driving-related errors such as involuntary line crossings and lane
departures. Reaction time tests suffer from poor time resolution and
are challenging to administer while driving. Video-based expert ratings
have been deemed unreliable as sleepiness is often mistaken for bore-
dom (Ahlstrom et al., 2015). EEG-based measures are sensitive to
noise and motion artefacts, exhibiting large inter-individual variability,
where some individuals do not respond despite being clearly sleepy
(Sparrow et al., 2018). Increased blink durations and reduced eye
aperture are consistently observed at the group level in many studies,
but individual differences are significant and effect sizes are small
(Caffier et al., 2003; Golz et al., 2010; Schleicher et al., 2008). Subjec-
tive sleepiness ratings also present challenges, including variations in
interpretation among participants, reluctance of some drivers to admit
sleepiness, discrepancies between subjective feelings and actual
sleepiness levels, and the potential for repeated reporting to have an
alerting effect. In this study, we selected KSS for two primary reasons:
firstly because it is recommended in the GSR technical requirements
for DDAW type approval; and secondly, because KSS is less affected
by inter-individual variations compared with other measures
(Akerstedt et al., 2014).

This study has several limitations, which vary depending on the
research objectives. For the investigation of the development of
sleepiness among truck drivers, it would have been beneficial to
include additional objective sleepiness indicators, such as camera-
based ocular and eyelid metrics, and EEG. Exploring how sleepiness
develops in relation to participant characteristics, traits, shift sched-
ules and over longer periods (days and weeks) would also have been
insightful. From a DDAW testing perspective, it would have
been valuable to compare different study setups in terms of drive
time, sleep deprivation and the time of day for data collection. It is
important to discern any variations in DDAW performance depending
on the cause of fatigue (sleep-related or task-related), as well as the
impact of the test environment (lab, driving simulator, test track, real
road) and study setup (controlled, naturalistic) on noise levels, label
noise and DDAW detection performance. All of these limitations
should be addressed in future studies to enhance the comprehensive-
ness and validity of research findings.

5 | CONCLUSIONS

The study's design, involving sleep-deprived drivers on real roads in
actual traffic, successfully induced the targeted sleepiness levels
with high ecological validity. As anticipated, drivers exhibited
increased sleepiness during nighttime driving compared with day-
time driving, and this sleepiness intensified with distance driven.
Conducting tests in real traffic ensures that participants genuinely
struggle to resist sleep, a crucial aspect when assessing DDAW sys-
tem validity. However, real-world testing carries inherent risks,
necessitating a careful consideration of advantages and disadvan-
tages. Testing at nighttime raises the risk of safety drivers becoming
sleepy, while higher traffic densities during daytime elevate overall

risk. Ideally, a multi-level iterative test and development procedure
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would be preferable, transitioning from lab testing to driving simula-
tor or test track testing, culminating in final validation on real roads.
Such an approach allows for a balance between risks and validity at

each stage of testing.
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