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ARTICLE INFO ABSTRACT

Keywords:
Autonomous shuttle

Automated shuttles provide a first look at future transportation, however, they still require on-board human
operators for regulatory compliance and safety assurance. This paper examines the experiences of eight shuttle
operators through two studies. The aim was to investigate their alertness throughout their working shifts. Study
A used a controlled experimental methodology to compare fatigue and gaze behaviour at complex road sections
during the first and last hours of one shift. Study B involved naturalistic observations over two months, exam-
ining sleep, sleepiness and stress.

Study B found that 27% of work shifts occurred following less than six hours of sleep. However, only 1% of
shifts resulted in a Karolinska Sleepiness Score of 7 or higher, suggesting that insufficient sleep was rare. Stress
was also infrequently reported. Notable individual differences suggested the potential value of personalized
approaches to fatigue management. Study A revealed that while overall alertness was generally adequate, gaze
patterns often deviated from safe expectations. Operators paid less attention to their surroundings than would be
expected (21% not looking left, 38% not looking right, 58% not looking to the rear of the vehicle, in situations
where this would have been appropriate).

The results are important for safety operators and their employers, highlighting the shared responsibility of
having well-prepared and well-rested operators who are fit to effectively monitor the automated shuttle for an
entire driving period. Further research is needed to develop effective strategies to maintain operators’ situational
awareness over time, especially as their confidence in the vehicles’ capabilities increases.

Professional driver
Driver fatigue
Driver sleepiness
Situation awareness
Driver vigilance

1. Introduction are not easily served by traditional buses (Bucchiarone et al., 2021;

Thorhauge et al., 2022; Whitmore et al., 2022). The use of automated

Automated vehicles, electrification, and ridesharing have the po-
tential to improve road safety, reduce traffic congestion, lower emis-
sions, reduce the need for parking spaces, and promote sustainable
urban mobility. Automated shuttles (Fig. 1) offer a peek into what the
future of automated mobility may hold. These shuttles aim to enhance
accessibility for everyone, including individuals with disabilities, the
elderly, and those without access to private vehicles (Iclodean et al.,
2020). They also address the last-mile problem in urban environments
with Bus Rapid Transit-solutions as well as cases where narrow streets

shuttles is expanding rapidly as cities seek innovative transportation
solutions and technology advances. Deployment projects are emerging
globally in forms of demonstrations, pilots and showcases, including in
Europe (e.g., Sweden, Norway, France, Germany, and Spain), North
America (e.g., USA and Canada), Asia (e.g., Singapore, Japan, and South
Korea), and Australia.

The technological maturity of automated shuttles is continuously
improving. However, further development is necessary to ensure smooth
operations in complex traffic situations, considering surrounding traffic,
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Fig. 1. Shared automated shuttle bus.

shared spaces, sensor noise, and weather conditions with precipitation
(Anund et al., 2022). Snow, dust, rain, and leaves often interfere with
surround sensing which triggers emergency braking manoeuvres, jeop-
ardizing the safety of passengers who risk falling (Backhaus, 2020). For
safety reasons, shuttles are therefore (i) driving at low speeds, and (ii),
being monitored by an on-board operator who is ready to take over
control whenever needed.

In addition to their technical capabilities, the success of automated
shuttle services depends on passengers’ willingness to use them
(Piatkowski, 2021). The perceived safety when traveling by automated
shuttles is generally high (Hilgarter & Granig, 2020; Mouratidis &
Serrano, 2021; Salonen & Haavisto, 2019). Flexibility, efficiency,
number of departures, and appropriate transportation connections are
key aspects if people are to use shuttles instead of other modes of
transportation (Hilgarter & Granig, 2020; Mouratidis & Serrano, 2021).
These expectations conflict with today’s shuttle buses’ state of tech-
nology, which may lead to negative user experiences. Especially the low
vehicle speed (SchuB et al., 2022), about 13 km/h at our test site, is
problematic as users expect the shuttle services to save them time.
Ongoing research is currently investigating on-demand functionalities to
accommodate some of the expectations. However, to overcome the
users’ demands for higher speed and fewer abrupt braking events
(Mouratidis & Serrano, 2021), the underlying automation technology
must first be improved.

While much research has been devoted to automation capability and
passenger experience, the role of safety operators remains under-
researched. Safety operators have multiple roles in operation of the
shuttle. They support passengers, check that the vehicle functions
properly, maintain the safety of passengers inside the vehicle as well as
surrounding road users outside. They also monitor the automated sys-
tems and intervene in case of automation failures (Schrank et al., 2024;
Schul et al., 2022; Sherry et al., 2020). Monitoring and intervention for
hazardous rare events is a straining task that human operators are not
well-suited to perform (Greenlee et al., 2019; Solis-Marcos et al., 2018;
Stapel et al., 2019; Warm et al., 2008). Extensive fatigue risk manage-
ment programmes have therefore been developed to prevent, monitor,
and mitigate fatigue-induced risks among safety operators in automated
driving systems (Favaro et al., 2022). These programmes include com-
ponents dealing with continued education, awareness and reporting
guidelines, real-time vigilance assessment, supplemental engagement,
and adaptive scheduling. There are no technical quick fixes that makes
safety operators more vigilant. The full range of components is needed,
something which requires trust and collaboration between the safety
operators and their employers.

The general aim of this study was to investigate work-related fatigue,
stress, and inattention among automated shuttle operators. Two
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experiments were conducted: Study A was a controlled field study
investigating sleepiness and attention during one work shift, and Study B
was a long-term naturalistic study where sleep patterns and fatigue/
stress levels were investigated over a period of two months. Together,
the two studies provide an overview of the working conditions (in terms
of fatigue, attention, and stress) faced by automated shuttle operators in
their daily work.

2. Methods

The study was conducted at the test site “Ride the Future” in Link-
oping, Sweden (https://www.ridethefuture.se). This research platform
aims to explore how small electrified and automated shuttles can com-
plement existing public transportation, thereby increasing its competi-
tiveness against privately owned cars and making it easier for more
people to use public transportation. Three shuttles operate on a 3.7-km
route that crosses a university campus, which has many pedestrians and
bicyclists, and a nearby suburb with mixed traffic and narrow streets. A
safety operator is on board for each trip, responsible for monitoring the
vehicle’s driving and taking over manual control if necessary. The safety
operator also acts as a customer host.

The vehicles utilized during the data collection are of an early gen-
eration and lack advanced technological solutions. Due to the presence
of protected objects along the vehicles’ routes, the cameras are disabled.
The navigation sensors are LiDAR and an advanced GPS system. The
safety of individuals outside the shuttles is prioritized, which can result
in sudden braking events that may cause discomfort for the safety
operator and the passengers.

This paper reports on two separate data collections. Study A was
conducted in May 2021 and focused on the safety operators’ sleepiness
and attention levels during one work shift. Study B, conducted between
August and October 2023, examined the drivers’ fatigue and stress levels
over an extended period. While study A could make use of obtrusive
sensors such as electrodes and eye-tracking glasses, study B, that lasted
for two months, was conducted with less obtrusive wearable devices and
before/after shift questionnaires and tests.

2.1. Participants

Eight drivers operate the shuttles at the test site and all of them were
included in the two studies. All eight participants have, in addition to a
bus driver’s license including a professional competence training cer-
tificate, also received specific training to work as shuttle safety opera-
tors. The two vehicle suppliers (EasyMile and Navya) require this
specific training, which have been developed by the manufacturers
themselves. The training lasts four days and includes both theory and
practice. The test site has been operational since March 2020 and seven
of the drivers have been working at the site throughout this period. One
driver was replaced in 2022, meaning that the participant population is
close to, but not identical, in the two studies.

The participants worked full time, with 60 % of their working days as
shuttle operators. For the remaining time, they drive a city bus or tram in
a nearby city. When working in the shuttle, unlike driving a city bus or
tram, they can take short breaks as needed. The shuttle operation is a
special shift, and there are no general guidelines on how many days per
week or in a row they must work in the shuttles. Their working day
begins at the depot in the other city, and they commute to the shuttle
site. The commuting time, approximately 45 min, is included in their
working hours.

Population characteristics for the participants in the two studies are
reported in Table 1. The body mass index is lower in study B, which is
not only due to the replaced driver, but also due to a general decrease in
body weight over the course of the two studies. The participants’ self-
reported sleep hygiene was generally good, but two participants in
both study A and study B felt that they did not get enough sleep, and one
participant in study B reported clearly insufficient sleep. The Bordeaux
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Table 1
Participant characteristics.
Study A Study B
(controlled) (naturalistic)
Gender 7 men, 1 woman 6 men, 2 women
Age (M + SD, range years) 47.8 + 8.2 [30 - 47.8 £7.7 [31 -
58] 59]
BMI (M + SD, range kg/mz) 28.8 + 4.3 [21.8 25.0 + 2.8 [19.7
-34.7] -29.3]
Years as a bus driver (M + SD, range years)  16.6 + 7.3 [6 — 148 £2.8[3-
30] 24]

Do you feel stressed (tense, restless, 1.4+0.7[1-3] 2.1 +1.0[1-4]
nervous or anxious)? (1 Not at all - 5 Very
stressed)

How many hours do you usually sleep per
24 h period? (M =+ SD, range hours)

Are you getting enough sleep? (1 Yes,
definitely — 5 No, far from enough)

In general how would you like to rate your
sleep? (1 Very good - 5 Very bad)
Bordeaux Sleepiness Scale (combined

score 0 — 8)

7.1+ 0.6 [6-8] 7.1+0.7 [6-8]

2.2+0.4[2-3] 24+09[1-4]
2.0+0.5[1-3] 2.0+0.5[1-3]

24+11[1-5]

Sleepiness Scale (Philip et al., 2023) was used to evaluate sleep-related
driving risk in study B. If the total score is 3 or higher, the risk of having a
sleep-related near-miss or crash is defined as positive. One participant
scored 3 and one participant scored 5. The elevated risk score originated
from the question “Have you experienced in the previous year at least
one episode of severe sleepiness at the wheel that made driving difficult
or forced you to stop?”, where both participants answered “Yes, at least
once a month”. The question was asked in the context of their role as
professional drivers, encompassing both city/tram driving and shuttle
operations.

2.2. Design and procedure

2.21. Study A

The data collection in study A was conducted during one shift, within
normal operation during normal work shifts. An afternoon shift begins
after lunch and lasts approximately eight hours (including commute
time). Data collection in study A covers the first and last hour of the
afternoon work shift. Since the shuttles can complete about three laps on
their route in one hour, a total of 2 x 3 = 6 laps are included in the
analysis. The first three laps occur sometime between 1:30 PM and 3:00
PM, collectively these laps will be referred to as “Drive 17, and the last
three laps occur between 4:30 PM and 6:00 PM, collectively these laps
will be referred to as “Drive 2”. The instructions were to drive as they
normally would, except that they were not allowed to take any breaks
during the three laps, instead being required to take a break between
each set of three laps. Study A had a within-subjects design with a factor
for the first versus second drive.

Before participating in study A, the drivers kept a diary for three days
to track their sleep and wakefulness as well as their working hours. The
night before data collection, the drivers had slept between 5 and 9 h.
During the three preceding days, they had slept between 4 h and 15 min
and 9 h. When arriving to the laboratory, the participants received in-
structions and signed an informed consent form. Electrodes for the
physiological measurements were attached and eye tracking glasses
were mounted and calibrated.

2.2.2. Study B

The data collection in Study B was designed as a naturalistic driving
study and conducted over two months (62 days) in real-life operations.
Participants were informed about the study during an introductory
meeting with all eight shuttle drivers. After receiving information about
the study, participants signed an informed consent form and filled in a
background questionnaire. They were also provided with a wearable
sleep and activity tracker to be worn at all times for the entire data
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collection period.

Throughout the data collection period, participants reported their
subjective sleepiness, stress, and fitness levels on a daily basis. The
Karolinska Sleepiness Scale (KSS) was used for sleepiness ratings, the
VTI Acute Stress Scale (VSS; Sjors Dahlman et al., 2024) was used for
stress ratings, and general fitness was rated on a scale from 0 to 100. All
participants performed an alcohol test before each shift (Senseair Wall,
Vasteras, Sweden) and underwent two random drug tests for benzodi-
azepines and opioids (Leitat, Barcelona, Spain).

Study B is part of the EU funded project PANACEA. The overall aim
of the project is to create a holistic monitoring and assessment system
which detects professional drivers who are not fit to drive and support
them and their employers to manage the situation and put measures in
place to prevent it happening again. This paper includes the baseline
data collection done before implementing the fitness-to-drive support
system.

2.3. Measurements

2.3.1. Study A

Every fifth minute during the drives the participants rated their
sleepiness level on the Karolinska Sleepiness Scale (KSS; Akerstedt &
Gillberg, 1990). The scale has nine anchored levels: (1) extremely alert
(2) very alert (3) alert (4) rather alert (5) neither alert nor sleepy (6)
some signs of sleepiness (7) sleepy, no effort to stay awake (8) sleepy,
some effort to stay awake; and (9) very sleepy, great effort to keep
awake, fighting sleep. Participants were instructed to report a value
corresponding to their average feeling over the past 5 min.

An electrocardiogram (ECG, lead II) and an electrooculogram (EOG,
electrodes placed vertically across the left eye) were recorded at a
sample rate of 256 Hz using a Vitaport 3 bio-amplifier (Temec In-
struments BV, the Netherlands). The EOG was bandpass filtered between
0.3 and 11.5 Hz, while the ECG was filtered between 0.3 and 30 Hz. Both
filters were zero-phase 3rd order band-pass Butterworth filters. Heart
rate, heart rate variability, and blink behaviour were extracted from the
ECG and EOG. Increasing levels of sleepiness is expected to decrease
heart rate, increase heart rate variability (Lu et al., 2022; Persson et al.,
2020), and lengthen blink durations (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). Additionally, the root
mean square of successive differences (RMSSD) was calculated accord-
ing to Shaffer and Ginsberg (2017).Blink duration was extracted from
the EOG using the filtering and differentiation scheme developed by
Jammes et al. (2008). The mean heart rate and blink duration were
calculated in five-minute windows to match the KSS ratings. Similarly,
RMSSD was calculated in the same five-minute windows.

The participants situational awareness was assessed with camera-
based eye tracking glasses (Pupil Invisible, Pupil Labs GmbH, Ger-
many). The glasses record a scene video with a gaze overlay. The videos
were analysed manually by encoding each glance based on its direction
and relevance. The directions or objects coded were forward, backward,
right, left, the bus interface (GUI), mobile phone, and other. Each glance
was also coded as necessary, useful, or irrelevant for driving based on
the Minimum Required Attention framework (Ahlstrom et al., 2021a;
Kircher & Ahlstrom, 2017).

2.3.2. Study B

In Study B, the KSS was used to rate sleepiness before and after each
shift. A KSS score of 7 or higher was used to identify cases of sleepiness.
In addition, stress was rated using the VSS, which has nine levels
matching the KSS levels: (1) completely relaxed, feeling entirely calm
and relaxed (2) very relaxed (3) relaxed (4) rather relaxed (5) neither
relaxed nor stressed (6) slightly stressed, (7) stressed, feeling some
tension and pressure (8) very stressed (9) extremely stressed, feeling
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very tense and under high pressure, on the verge of what I can handle. A
VSS score of 7 or higher indicated stress. After each shift, participants
also answered the question, “How was your fitness to drive today?” on a
scale from 0 to 100 %, with ratings below 50 % indicating they felt unfit
to drive.

Objective measures of sleep quality and stress were obtained from a
wrist-worn wearable device (Fitbit Charge 5, San Francisco, US). The
device provides a stress score, ranging from 0 to 100, which is calculated
daily based on heart rate variability, exertion levels, and sleep patterns.
Higher scores indicate fewer physical signs of stress. A score of 60 or
below was used to identify stress in the data. The Fitbit also tracks sleep
duration and provides a sleep score, which ranges from 0 to 100. This
score is based on sleep duration, sleep quality, and heart rate variability,
with higher scores indicating better sleep quality. Sleep durations below
6 h (Cirelli et al., 2017) and Fitbit sleep scores below 60 (https://ente
rprise.fitbit.com/blog/track-sleep/) were used to identify insufficient
sleep.

Due to the naturalistic design, participants were not asked for their
KSS ratings during drives as this would have been too obtrusive. Instead,
sleepiness levels were estimated using a biomathematical fatigue model
(BMM). The model is based on the sleep/wake predictor model by

Table 2
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Akerstedt et al. (2008) but further developed to incorporate time on task
(Ahlstrom et al., 2021b). The BMM predicts fatigue levels on a contin-
uous scale that matches the 9-level KSS scale by considering time of day
(circadian rhythm), time awake (sleep homeostasis, from the wearable
device), and time on task (from participants’ shift schedules). Sleep and
shift schedule information from the past three days are used as input to
the BMM. The maximum BMM value in each working shift, along with a
threshold of 7, was used to identify shifts with sleepiness.

2.4. Statistical analyses

The sleepiness indicators in study A were analysed with separate
analyses of covariance (ANCOVA) with a random effect. Both the input
data (time on task, 5 — 55 min in 5-minute intervals) and the response
variable (sleepiness indicator) were treated as continuous variables
whereas the grouping variable (Drive 1 versus Drive 2) was treated as a
categorical fixed factor. Participant (1-8) was included as a random
factor to account for inter-individual variations. The model assumes a
linear relationship between time on task and the sleepiness indicators.

A descriptive approach was used to analyse the participants’ situa-
tional awareness. Data from the eye tracker was categorised according

Visualisation and specification of locations/zones and where it is deemed necessary (blue areas) or useful (red areas) to look to ensure sufficient situational awareness.
Black lines indicate start and end of the zones. The arrows represent the direction of travel. Map data was obtained from Google Earth (Google LLC).

Location 2

Location 1

Zone 1: Dock at bus stop

stop) stop)

Zone 1: Exit from bus stop, zebra crossing
e Necessary: Forward, Backward, Right (at the bus o Necessary: Forward, Backward, Right (at the bus

Zone 1: Crossing shared space, enter thoroughfare for pedestrians
and cyclists
e Necessary: Forward, Right, Left

e Useful: Area around the bus stop

Zone 1: Exit from bus stop in shared space
e Necessary: Forward, Backward, Right, Left

Useful: Right/Left (bicycle path)
Zone 2: Yield obligation, turn right
Necessary: Forward, right, left
Useful: Forward (bicycle path)
Zone 3: Turn right, bicycle lane
Necessary: Forward, backward
Useful: Right/Left (bicycle path)
Location 5

ig

Zone 1: Exit from bus stop, yield obligation

o Necessary: Forward, Backward, Right (bicycle path)
e Useful: Left

e Zone 2: Dock at bus stop

o Necessary: Forward, Backward, Right (bus stop)

e Useful: Right, Backward

Location 6

Zone 1: Go straight, zebra crossing

o Necessary: Forward (including zebra crossing), Backward
o Useful: Right, Left

e Zone 2: Intersection (no yield obligation), zebra crossing
o Necessary: Forward, Backward

e Useful: Right, Left
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to glance direction/target and whether the glance was deemed neces-
sary, useful, or irrelevant. The analysis includes not only objects the
participants looked at but also the proportion of necessary directions/
objects the driver did not look at. This was done in six geographical
locations of particular interest along the route. The locations include
both conventional bus stops (on the sidewalk, with a glass shelter) and
unconventional bus stops (bus stop with only a sign). For some locations,
the geographical area has been divided into zones due to changes in the
vehicle’s direction and the attentional requirements in the area. For each
location/zone it was then predefined which directions that needed to be
scanned, and when they needed to be scanned, to ensure sufficient
situational awareness. For example, in cases where the shuttle is obli-
gated to give way, it is necessary for the driver to check all directions
from which other road users may come. Such directions are classified as
necessary for safe driving. Yield obligation means the shuttle stops
automatically before the intersection if the driver does not confirm that
nothing is in the way. For the EasyMile shuttle, yield obligation means
the bus stops before the driver can approve the exit, while the Navya
only stops if any object is detected in the surroundings of the shuttle. In
addition to necessary attentional requirements, there are also ‘re-
quirements” that are classified as useful. These useful areas of interest
are not required by law, but can facilitate a smooth ride, and may also
increase the safety of surrounding road users. Details about their loca-
tions and how they were analysed are found in Table 2. It should be
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3. Results
3.1. Results study A

The development of fatigue throughout the study sessions is illus-
trated in Fig. 2. Subjective sleepiness is at a low level indicating that
most participants are alert throughout. The highest reported value was
KSS 7 (sleepy but not difficult to stay awake) and the lowest was 2 (very
alert). There was a significant increase in KSS with time on task (slope
0.02 KSS units/min), but no significant difference was found between
Drive 1 and Drive 2 (Table 3). Similarly, there was an increase in blink
durations over time in both Drive 1 and Drive 2 (slope 0.25 ms/min),
indicting the participants became more fatigued over time. Blink dura-
tions were slightly longer in Drive 2. A time on task effect was also seen
for heart rate, with decreasing heart rate over time in both Drive 1 and
Drive 2 (slope —0.08 bpm/min). This could not be seen in the heart rate
variability metric RMSSD. Clear individual differences were seen in all

Table 3

F-values and degrees of freedom from mixed-model ANCOVAs for drive 1/2 and
time on task (5 — 55 min in 5-minute intervals). Participant is included as a
random factor. Significant differences at the 0.05 level (0.0125 after Bonferroni
correction) are marked with a *.

R A . . Time on task Drive [1,2] Participant Drive*Time on
noted that glance behaviour is just a proxy of situational awareness. (5-55 min) task
Study B aimed to determine the prevalence of insufficient sleep
bef X shifts and the f £ sleeni d st duri KSS F(1,161) = F(1,161) = F(7,161) = F(1,161) = 2.9,
efore work shifts and the frequency of sleepiness and stress during 458,p< 27.p=010 47.3,p< p - 0.09
shifts. The analyses were exploratory and descriptive, focusing on the 0.001* 0.001*
distribution of these variables and counting occurrences of insufficient Blink F(1,144) = F(1,144) = F(6,144) = F(1,144) = 5.6,
sleep, sleepiness, and stress. Linear regression models were used to duration  12.3,p < 9.7, p= 70.3,p < p = 0.02
identify trends throughout the stud 0.001* 0.002 0.001*
y & v Heartrate  F(1,154) = F(1,154) = F(7,154) = F(1,154) = 4.8,
18.4,p < 35p=006 70.2,p< p=0.03
0.001* 0.001*
RMSSD F(1,154) = F(1,154) = F(7,154) = F(1,154) = 0.4,
05p=048 32,p=0.07 437,p< p=0.52
0.001*
45 r r r r r r r r r T T 160 T T T T T T T r r r r
150 f 1
4 + —
(2]
E 140 1
o 7 - c
B35t T }‘% 130 1
X i 5 T
o
X
120 1 1
3t m
1 110 f 1
2.5 : e 100 R
5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55
Time (min) Time (min)
95 55 - ——
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Fig. 2. Fatigue indicators as a function of time on task. The error bars represent the standard error of mean.
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variables.

The participants directed 39 % of their glances in the forward di-
rection, corresponding to 43 % of the time, see Fig. 3. Approximately 9
% of the glances were directed backward, 19 % to the left, and about 18
% to the right. The drivers also looked at their mobile phone for 3 % of
the time, at the shuttle interface (GUI) for 5 % of the time, and at other
things for 9 % of the time. The drivers distributed their glances in almost
the same way during Drive 1 and Drive 2.

Table 4 shows the percentage of time the participants looked in
different directions, subdivided according to the locations and zones
defined in Table 2. The participants glanced extensively at the shuttle’s
GUI at location 2, zone 2, for up to 10 % of the time, which may be
because the driver uses the interface to acknowledge that the shuttle can
continue driving there. It can also be seen that the participants spent
about 10 % of their time interacting with their mobile phone at location
1.

The directions, per location and zone, deemed necessary to look in to
obtain sufficient situational awareness, have been compared with the
participants’ glance data, Table 5. Consistently across all locations,
participants did not glance backwards in on average 58 + 24 % of the
locations or passages where it was deemed necessary to do so, Table 5.
The corresponding percentage of neglected glances to the left and to the
right was 21 + 9 % and 38 + 15 %, respectively.

3.2. Results study B

Fig. 4 presents the Fitbit sleep score, hours slept, KSS ratings before
and after shifts, and the maximum BMM value during the workday, of all
working days in the shuttle over the two study months. The mean + std
(range) of the Fitbit sleep score was 78.7 + 6.8 (57 — 97) %, hours slept
=6.7 £1.3(3.0-11.8), KSS before = 3.1 + 1.1 (1 - 7), KSS after = 3.2
+ 1.2 (1 - 7), and maximum BMM = 5.0 &+ 0.9 (3.1 — 8.2). Linear
regression models indicated no significant changes in sleep or sleepiness
metrics during the data collection period. Summary statistics and his-
tograms show that participants were generally well-rested and alert.
Counting the number of events indicating insufficient sleep, 0.65 % of
the nights before a work shift had a Fitbit sleep score below 60, 27.45 %
of the recorded sleep durations were shorter than 6 h, 1.27 % of the KSS
ratings before the shift started were rated 7 or higher (1.34 % after the
shift), and 3.92 % of the work shifts had a BMM fatigue score above 7.

Fig. 5 illustrates the stress and fitness metrics over time. The sub-
jective fitness ratings increased significantly throughout the study (F-
statistic versus constant model = 6.16, p = 0.01). In contrast, the stress
metrics remained stable. Histograms reveal that participants generally
reported high fitness and low stress levels. The mean + std (range) rated

Distribution of glances
Other (8%)

Phone (1%)
GUI (6%)

Forward (39%)

Forward (43%)

Right (18%)
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fitness level = 88.6 4 13.6 (49 — 100) %, the Fitbit stress score = 78.2 +
5.8 (65 — 90) %, VSS before shift = 2.9 + 0.8 (1 — 6), and VSS after shift
= 3.0 + 0.9 (1 - 5). Only once was fitness rated below 50 %, and there
were no instances of reported stress.

During the two-month data collection period, two drivers reported
drinking alcohol within 12 h before their shift, on three separate occa-
sions. However, none of the participants tested positive for alcohol
before starting their shift. One driver reported taking drugs within 12 h
before their shift on one occasion. None of the participants tested pos-
itive for drugs in the random drug tests.

4. Discussion

This paper provides insights into fatigue, attention and stress expe-
rienced by operators of automated shuttles. As an emerging transport
mode, little is currently known about operators work experience. By
combining focused experimental investigation with naturalistic obser-
vation, this study offers a first-time exploration of the unique challenges
and demands faced by these operators. Generally, participants reported
high fitness, low stress, low subjective sleepiness and high sleep scores.
In 27.45 % of the recorded nights, the sleep duration was shorter than 6
h, but this rarely resulted in high levels of sleepiness during their shifts.
Thus, the safety operators appear well-prepared for the task of moni-
toring the automated shuttle. Although, there were notable individual
differences in all fatigue-related measures highlighting the personal
nature of fatigue experience. A particularly concerning observation was
that operators frequently neglected to monitor areas deemed necessary
for safe driving, especially those to the rear of the vehicle, and to the left
and right when approaching intersections. This behaviour could indicate
overreliance on the automated system, potentially leading to gaps in
operators’ situational awareness.

Shuttle operators are required to maintain situational awareness at
all times, with an expectation that they will take over control at a mo-
ments notice if it is deemed that there is a risk to safety. Analysing
situational awareness based on eye-tracking data has its limitations. The
eye tracker measures where you are looking, not what you have seen and
comprehended (Mack, 2003; Simons, 2000), nor will it account for pe-
ripheral vision (Vater et al., 2022). Results from study A show that
participants often did not look left and right in situations where it was
deemed necessary to do so (Table 2). There was also a high number of
missed backward glances. This could indicate that the participants relied
on peripheral vision to cover the sides and mirrors, or that they believed
it was unnecessary to monitor the surroundings, trusting the vehicle to
do so.

Much attention was directed towards a display in the shuttle that

Distribution of dwell times

Other (9%)

Phone (3%)
GUI (5%)

Right (17%)

[ Required
[ Juseful
[ irrelevant

Left (19%)

Backward (9%)

Left (17%)

Backward (6%)

Fig. 3. Pie chart with glance distribution and dwell time distribution towards different glance directions/targets. The outer circle shows the distribution required,

useful, or irrelevant glances per direction/target.
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Table 4
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Percentage of time that the participants looked at different glance directions/targets, subdivided by location, zone and first/second drive. The locations and zones were

defined in Table 2.

Forward Backward Left Right GUI Phone Other
Drive 1 2 1 2 1 2 1 2 1 2 1 2 1 2

Location Zone

1 1 34 % 39 % 4 % 8% 8% 1% 27 % 27 % 5% 2% 11 % 8 % 10 % 14 %
2 1 17 % 27 % 12% 1% 27 % 15 % 24 % 22 % 10 % 15% 1% 3% 8% 8%
2 2 29 % 28 % 3% 5% 17 % 15 % 37 % 39 % 11 % 9% 1% 2% 4% 3%
2 3 60 % 44 % 2% 6 % 8% 7 % 11 % 21 % 7 % 5% 0% 2% 12 % 15 %
3 1 45 % 52 % 10 % 7 % 20 % 20 % 12 % 10 % 8 % 6 % 2% 0% 3% 4%
4 1 60 % 47 % 9% 8% 1% 21 % 7% 6% 5% 2% 0% 1% 9% 15 %
5 1 35 % 41 % 7 % 3% 23 % 24 % 21 % 15 % 6 % 7 % 0 % 4% 7 % 5%
5 2 49 % 50 % 3% 6 % 16 % 22 % 16 % 11 % 2% 2% 1% 0% 12 % 10 %
6 1 449% 39 % 5% 3% 18 % 18 % 20 % 19 % 2% 6% 1% 7% 9% 8%
6 2 59 % 45 % 4 % 2% 9% 8% 18 % 32% 3% 3% 0% 3% 8 % 7 %

Table 5 training may be beneficial to sustain appropriate gaze allocation as

able

Percentage of cases where the participants did not look in the required direction
deemed necessary for safe driving as defined in Table 2. Empty cells represent
glance directions where the driver is not obliged to sample visual information.

Forward Backward Left Right
Drive 1 2 1 2 1 2 1 2
Location  Zone
1 1 4% 0% 83 88 26 33
% % % %
2 1 4% 4% 43 33 39 17
% % % %
2 2 13 21 22 38 43 25
% % % % % %
2 3 0% 0% 79 67
% %
3 1 0% 0% 21 13 58 63
% % % %
4 1 0% 0% 38 38 19 14 52 48
% % % % % %
5 1 0% 0% 27 42 23 21
% % % %
5 2 0% 0% 36 30 41 48
% % % %
6 1 0% 0% 72 65
% %
6 2 6 % 6 % 88 94
% %

shows what the vehicle knows about its surroundings. Monitoring this
display is reasonable as it allows operators to anticipate and avoid hard
braking manoeuvres by manually slowing down. While it is very
reasonable to do so, this behaviour diverts attention from the outside of
the bus limiting the potential to identify a hazard which the vehicle has
not detected. Additionally, the participants occasionally looked at their
mobile phones. Although some work-related tasks are managed via the
phone, these tasks should not be prioritized in the analysed locations/
zones where high situational awareness is needed. Overall, the glance
results suggest a high level of reliance on the vehicle’s capabilities, an
inability to sustain attention over long periods, or a combination of both.
It should be noted that at the time of data collection in Study A, the
shuttles had been in operation for over a year. As such, operators had
had noticeable opportunity to get used to the vehicles’ behaviour. It is
likely that gaze patterns changed as operators became more confident
and used to shuttle operation, potentially anticipating likely scenarios
where the shuttle would have an error. This may also explain the higher-
than-expected glance proportion at a mobile phone, as drivers are
known to regulate mobile phone use depending on the road conditions
being faced (Oviedo-Trespalacios et al., 2018). The high percentage of
phone glances, 10 %, at location 1, while there were hardly any phone
glances in other locations, also indicates self-regulation, and that spare
visual capacity was available at location 1. It is possible that ongoing

confidence in the vehicles’ ability increases.

Although there were no adverse events recorded during Study A,
outside of the direct data collection period several anecdotal observa-
tions of rare events have been reported. These include red light viola-
tions, operators falling during hard braking events caused by oncoming
traffic, and running over obstacles at “high” speed, resulting in dis-
lodged sensors. The occurrence of these events evidence that the shuttle
operator still has an important safety role to play, as yet the vehicles are
not safe enough to drive unsupervised. The occurrence of these events
also indicates that sometimes the human operator does not step in to
resolve a safety issue. There are many reasons why an operator may not
take over control at a safety critical time, for example, inappropriate
gaze direction, low expectancy, habituation, inattention blindness, and
the above-mentioned overreliance on the shuttle’s capabilities. It may
be unreasonable to expect that safety operators should stay attentive
during tasks that are largely passive in nature (Alambeigi & McDonald,
2023; Greenlee et al., 2024), and a reassessment of the demands placed
on safety operators may be needed to ensure safe operations.

In terms of sleep and fatigue, both objective and subjective metrics in
both studies showed that participants generally had sufficient sleep and
low sleepiness scores. However, individual variations existed. One
driver in study A reported elevated KSS values, especially during Drive
1, but also during Drive 2, although at lower levels. The elevated fatigue
level can likely be attributed to long and demanding workdays prior to
data collection. Individual differences in fatigue development are well-
known, even in situations where fatigue is more related to low or high
workload rather than to physiological sleepiness (Szalma, 2012). Fa-
tigue is a common problem in city bus drivers (Anund et al., 2016; Miller
et al., 2020), but it does not appear to be a regular workplace hazard for
shuttle operators. During Study B there were some occasions (27 % of
shifts) when the objective measure of sleep durations from Fitbit sug-
gested insufficient sleep, but the KSS scores did not reflect this. As there
is strong evidence that individuals have good insight into their sleepi-
ness (Cai et al., 2021), this discrepancy should be investigated further.

The study was conducted on the entire population of automated
shuttle operators at the test site in Linkoping. The drivers responsible for
shuttle operations were handpicked from a pool of bus drivers based on
their good health and dedication. The finding that they predominantly
showed good sleep and health metrics over the two-month data collec-
tion period is therefore not surprising. This should not only be attributed
to the safety operators though, but also to their employment environ-
ment. The employer has a mature fatigue management culture with
sustainable scheduling and opportunities for rest and recovery, facili-
tated by teamwork between employees and employers. Although this
works well on a small-scale test site, it remains to be seen whether safety
operators will be prioritized and well-treated also when shuttle opera-
tions are scaled up to a city level. The results from this study should
therefore be treated as a best-case scenario. For example, it has been
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Fig. 4. Linear regression model plots (left) of various sleep hygiene metrics as a function of time. Data points indicating insufficient sleep are marked in red.
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this article.)

reported in London bus drivers that work related factors including less
than 11 h off duty time between shifts and working six or more days
without a rest day predicts sleepiness at work (Miller et al., 2020). A
plausible explanation for the low sleepiness levels in this study is that
these risk factors were not present during shuttle operation. Ensuring
that professional drivers have sufficient time for rest and recuperation
between shifts is likely to reduce problems with sleepiness at work
(Zhang et al., 2023).

The launch of automated or autonomous vehicles is progressing
rapidly, with advanced robotaxi technologies developed by companies
such as Waymo, Baidu Apollo, WeRide, Zoox, and Cruise. These robot-
axis aim for high levels of autonomy, often operating without a safety
operator, and are designed for higher speeds and longer ranges
compared to shuttles. They are also more versatile and suitable for both
personal and commercial purposes. In addition to small-sized robotaxis,

there are also larger robobuses focused on autonomous public transport
solutions (e.g. Otokar and WeRide). The role of the safety operator may
thus soon be obsolete, but until then, we must treat them well to ensure
safe operations.

5. Conclusions

Employing both controlled experimental methods and naturalistic
observation, the eight participating automated shuttle safety operators
participating in the study generally had sufficient sleep, low sleepiness,
and low stress levels across the two-month study period. However, the
gaze patterns deviated from safe expectations with operators paying
significantly less attention to the sides and rear of the vehicle. This could
be attributed to several factors, such as a perceived need to focus on the
forward direction for braking readiness, reliance on peripheral vision for
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Fig. 5. Linear regression model plots (left) of various stress metrics as a function of time. No data points indicating high stress levels were found in the dataset.

Corresponding histograms are provided to the right.

sideward information, or complacency regarding shuttle’s capabilities.

The findings highlight the importance of ensuring all safety operators
are well-prepared to avoid fatigue during work. Scheduling, rest, and
recovery are crucial factors to ensure safe operations. Importantly, this is
true for on-board operators but also applies to remote operators, which
is the likely next step in supervising automated shuttles in public
transportation.
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