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a b s t r a c t

Platooning, whereby automated vehicles travel closely together in a group, is attractive in terms of safety
and efficiency. However, concerns exist about the psychological state of the platooning driver, who is
exempted from direct control, yet remains responsible for monitoring the outside environment to detect
potential threats. By means of a driving simulator experiment, we investigated the effects on recorded
and self-reported measures of workload and stress for three task-instruction conditions: (1) No Task, in
which participants had to monitor the road, (2) Voluntary Task, in which participants could do whatever
they wanted, and (3) Detection Task, in which participants had to detect red cars. Twenty-two partici-
pants performed three 40-min runs in a constant-speed platoon, one condition per run in counter-
balanced order. Contrary to some classic literature suggesting that humans are poor monitors, in the
Detection Task condition participants attained a high mean detection rate (94.7%) and a low mean false
alarm rate (0.8%). Results of the Dundee Stress State Questionnaire indicated that automated platooning
was less distressing in the Voluntary Task than in the Detection Task and No Task conditions. In terms of
heart rate variability, the Voluntary Task condition yielded a lower power in the low-frequency range
relative to the high-frequency range (LF/HF ratio) than the Detection Task condition. Moreover, a strong
time-on-task effect was found, whereby the mean heart rate dropped from the first to the third run. In
conclusion, participants are able to remain attentive for a prolonged platooning drive, and the type of
monitoring task has effects on the driver's psychological state.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The concept of a platoondan actively coordinated, tightly
spaced group of vehicles traveling together (Bergenhem et al.,
2012; Ren and Green, 1994)dhas been studied for several de-
cades (e.g., Fenton et al., 1968; Thorpe et al., 1998). Because the
vehicles in a platoon are driving with short yet constant headways,
substantial benefits are achieved in terms of safety, traffic flow ef-
ficiency, and energy consumption (Hochst€adter and Cremer, 1997;
Karaaslan et al., 1991; Kunze et al., 2011; Tsugawa et al., 2011).
Now that sensor, computer, and communication technologies are
advancing rapidly, platooning is gaining interest among engineers
(e.g., Larson et al., 2015; Ploeg et al., 2014) and Human Factors
scientists (e.g., Gouy et al., 2014; Skottke et al., 2014).
ikoop).
Platooning often entails both longitudinal and lateral automa-
tion (e.g., Bergenhem et al., 2012), and hence no direct inputs by the
driver are required. According to current legal frameworks, the
driver must always be able to resume manual control (Kim et al.,
2016; United Nations, 1968). Thus, the role of the driver in a pla-
toon is, at present, ill-defined with, on the one hand, an exemption
from control duties and, on the other, the ever-present requirement
to be able to reclaim control (see also Norman, 2015). Unless the
automated driving technology is legally allowed to drive in all
environmental circumstances and is perfectly capable and reliable
(or can always bring itself to a minimal-risk condition; Society of
Automotive Engineers, 2014), the possibility remains that the
driver has to take over control or modify the automation mode, set-
points, or control laws (see also Sheridan, 2011).

Researchers have expressed concerns about the effects of pla-
tooning on the driver's psychological state (e.g., Levitan et al., 1998;
Saffarian et al., 2012). Because the driver in a platoon is supervising
the automation rather than manually controlling the car, there is
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the risk of becoming drowsy, mentally underloaded, and fatigued
(Cha, 2003; De Waard et al., 1999; Saxby et al., 2013; Young and
Stanton, 2007). Although automated driving is experienced as
effortless, at the same time the drivers are subjected to pressure
because they have to remain alert in order to be able to intervene in
a critical scenario (Banks et al., 2014; Casner et al., 2016). In fact, the
notion that the vehicle is in control but the driver remains
responsible for accidents that may occur has been said to be “a
formula for extreme stress” (Hancock, 2015, p. 138). Furthermore,
research has shown that when participants are tasked to monitor a
machine in order to detect irregular events, they become frustrated
and stressed (Scerbo, 2001; Szalma et al., 2004; Warm et al., 2008).

A common adage within the Human Factors domain is that
humans are poor monitors (Hancock and Parasuraman, 1992;
Kibler, 1965; Harris, 2002; Pritchett and Lewis, 2010; Sheridan,
1996; Wiener and Curry, 1980), or as Wiener (1985) put it: “After
three decades of highly prolific research on human vigilance
(Mackie, 1977), we are still making the seemingly contradictory
statement: a human being is a poor monitor, but that is what he or
she ought to be doing.” (p. 87). Farber (1999) pointed out that
platooning drivers are unable to remain attentive for prolonged
periods and will invariably engage in non-driving tasks. Empirical
evidence concurs that drivers of automated vehicles are likely to
engage in tasks such as calling on the phone, reading, interacting
with a smartphone, or grabbing something from the rear
compartment, making them unable to react in time if an emergency
happens (Llaneras et al., 2013; Omae et al., 2005). It is for this
reason that Google removed the steering wheel from their driver-
less cars (Teller, 2015). However, it is yet unknown whether Goo-
gle's form of function allocation, in which the human is engineered
out of the control loop, is tenable or legally acceptable (Kim et al.,
2016). It certainly runs at odds with how automation has been
deployed in complex systems such as aviation, water transport, and
process control (see Sheridan, 2002).

Thus far, there appears to be no empirical evidence regarding
the psychological state of platooning drivers as a function of
monitoring task conditions. Moreover, much of what has been said
of humans being poor monitors is based on experiments in which
subjects sat in an isolated booth and responded to irregular stimuli
having a low signal-to-noise ratio (cf. the highly-cited vigilance
experiments by Mackworth, 1948). It is unclear to what extent the
results of the classical vigilance paradigm generalize to complex
supervisory tasks (Kibler, 1965; Stearman and Durso, 2016). Ac-
cording to a literature review by Cabrall et al. (2016), there is little
overlap between the features of classic vigilance research and
published experimental tasks of driving vigilance. A driving simu-
lator study by Funke et al. (2007) found that drivers of a semi-
automated vehicle actually performed better in a pedestrian-
detection task than drivers in a manual control condition. Simi-
larly, an on-road study by Davis et al. (2008) showed a performance
improvement in target-detection performance for automated
convoy driving as compared to manual convoy driving.

1.1. Present research

The aim of the present research was to investigate how the
monitoring task of drivers in a platoon influences dimensions of
stress, workload, and signal-detection performance. Participants
were told that a critical situation may occur and that they had to
intervene when needed. Three task instructions were compared:
(1) ‘No Task’ (NT), in which no extra task was to be performed, (2)
‘Voluntary Task’ (VT), in which it was emphasized to the partici-
pants that they were free to do whatever they wanted, and (3)
‘Detection Task’ (DT), inwhich participants were asked to detect red
cars among other traffic in the road environment. The NT condition
assessed the effects of monitoring demands that are similar to
those that occur with modern forms of highly automated driving in
which drivers should be vigilant for events that the automation
cannot handle. The DT condition added extra task demands on top
of the baseline monitoring demands, requiring the participant to
scan cars in the environment. Conversely, the VT condition created
a less demanding situation, allowing the driver to engage in non-
driving tasks. The experiment was conducted in a driving simu-
lator, providing a safe and controlled environment in which the
traffic behaves identically for all participants.

Based on the aforementioned literature, we expected that the DT
condition would yield the highest and the VT condition the lowest
scores on stress and workload. In our study, stress dimensions
(engagement, distress, & worry) were operationalized with the
multi-dimensional Dundee Stress State Questionnaire (DSSQ;
Matthews et al., 1999), whereas aspects of workload were assessed
with the NASA Task Load Index (TLX). Additionally, we used car-
diovascular measures, whereby heart rate was regarded as an indi-
cation of stress (Healey and Picard, 2004), and heart rate variability
was regarded as an indication ofworkload (Brookhuis and DeWaard,
2010; Cinaz et al., 2013; Fallahi et al., 2016; Jorna, 1992; Luque-
Casado et al., 2016; Suriya-Prakash et al., 2015). Moreover, consid-
ering the literature about human vigilance performance, we ex-
pected that participants in the DTconditionwouldmiss a substantial
number of red cars. An eye trackerwas used to record the percentage
of eye-closure as an indicator of task engagement (cf. Lal and Craig,
2002; K€orber et al., 2015; Wierwille et al., 1994).

2. Method

2.1. Participants

Twenty-two participants (13 male) aged between 19 and 45
years (M¼ 29.6; SD¼ 6.8) with at least 1 year of driving experience
(M ¼ 10.0; SD ¼ 6.7) were recruited. Most participants were from
the University of Southampton community, with 14 participants
being students, researchers, or lecturers at the university, a further
four holding an engineering qualification, two being administra-
tors, one being a medicine student, and one a police officer who
indicated that driving is part of his profession. In order to retain a
typical driving population, we did not apply exclusion criteria
regarding personal characteristics that are known to be associated
with heart rate variability, such as being a smoker (Barutcu et al.,
2005) or general fitness level (Corrales et al., 2012; Luque-Casado
et al., 2013). However, being healthy and having 20/20 vision
were inclusion criteria, and given the acute effects of smoking on
heart-rate variability (Karakaya et al., 2007; Manzano et al., 2011),
we verified that none of the participants engaged in smoking in
between the experimental sessions. Five participants indicated
they drove less than once a month, five once a month, three 1e3
days aweek, three 4e6 days aweek, and six every day in the past 12
months. Seven participants indicated they drove 1e1000 miles,
three 1001e5000 miles, six 5001e10,000 miles, four
10,001e20,000 miles, one 20,001e30,000 miles, and one over
50,000 miles in the past 12 months.

All participants in this experiment read and signed a consent
form. The study was approved by the Ethics and Research Gover-
nance Online of the University of Southampton under submission
ID number 13967.

2.2. Apparatus

The experiment was performed in the Southampton University
Driving Simulator (SUDS; Fig. 1), a Jaguar XJ Saloon. The simulator
ran on STISIM Drive® 3, which is a widely used driving simulator
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software that allows for custom scenario building (Mets et al.,
2011). The simulation was shown on three screens in the front
creating a 135-degree field-of-view, one screen at the back for a
rear view image, and two side mirror displays.

Seeing Machines FaceLab 5 eye tracker captured the partici-
pants' eye movements, and AD Instruments PowerLab26T (con-
sisting of three MLA2505 biopotential electrodes, lead wires with
disposable ECG electrode patches, and LabChart 8 software) was
used for ECG measurements. ‘Normal to Normal’ (NN) intervals
were extracted by the LabChart 8 software using the standard hu-
man ECGmode, with the default 2 standard deviation threshold for
detection. Furthermore, a low-pass filter (cut-off frequency 50 Hz)
was selected to filter extraneous noise.

2.3. Environment

The simulation showed an eight-lane highway (four lanes in
either direction) with mild curves and hills. Participants were
automatically transported within a five-car platoon, with the third
car being the ego car. The environment consisted of sparsely
distributed buildings, blank overhead signs, and trees. The starting
position of the platoon was on the slow (left) lane of the highway,
and the centre-to-centre distance between cars was 9 m (trans-
lating into a time headway of about 0.3 s). The longitudinal and
lateral movements of all cars of the platoon, including the ego car,
were synchronous and fully automated. At the start of each run, the
platoon accelerated to 120 km/h and maintained that speed for the
entire run. The platoon's lateral movement involved seven over-
taking manoeuvres per run by means of a single lane change back
and forth.

2.4. Procedure

Participants were asked to bring some entertainment they could
Fig. 1. The Southampton University Driving S
use while sitting down, like a book or e-reader, something to eat or
drink, a laptop, or a mobile phone. These items could be used
during one of the conditions of the experiment.

Upon arrival, participants received paper instructions explain-
ing that they would be driving three 40-min runs along a highway
in an automated platoon. Furthermore, information on the pro-
cedures of the experiment, a consent form, a figure depicting
electrode placement, a demographics questionnaire, and the first
part of the DSSQ were provided. This pre-task DSSQ queried the
participants' current state prior to the simulator runs.

Participants read the instructions and filled out the question-
naires. In addition, the eye tracker was calibrated and the ECG
electrodes were attached. The three electrodes were placed in a
triangular configuration, with two electrodes placed below the far
ends of the collar bones and one electrode over the xiphoid process
(males), or one electrode at the top of the sternum and two elec-
trodes below the ribs on both sides (females) (see e.g., Shaffer and
Combatalade, 2013).

To indicate readiness to begin the experiment, participants
pressed a handheld button, after which the run was started. After
each run, the participants received the post-task DSSQ and the TLX.
The post-task DSSQ asked the participants about their state while
performing the task.
2.5. Conditions

The experiment consisted of three 40-min runs, one task con-
dition per run in counterbalanced order. Although no automation
malfunction actually occurred, for this is likely to be a rare event in
real-life automated platooning, for all three conditions, participants
were told that a critical situation may occur and that they had to
intervene when needed. Specifically, before each run, participants
received paper instructions, which differed per experimental
condition:
imulator (SUDS) during the experiment.
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(1) ‘No Task’ (NT), in which participants were asked to monitor
the road, to intervene whenever a critical situation appears,
and to avoid accidents at all times.

(2) ‘Voluntary Task’ (VT), in which next to the tasks of the NT
condition, participants were told they could do whatever
they wanted, including reading, drinking, eating, detecting
red cars, or even sleeping, as long as they felt able to inter-
vene at all times.

(3) ‘Detection Task’ (DT), in which, in addition to the tasks of the
NT condition, participants were asked to detect red cars by
pressing the handheld button.

Note that the driving task was fully automated, meaning that it
was both hands-free and feet-free. Thus, although participants
were instructed to intervene if the situation demanded it, they
could not intervene at any point during the experiment.

The traffic density in the participants' direction of travel was
low, with 23 vehicles distributed across the four lanes that were
either overtaking or being overtaken by the platoon during the run.
The opposite side of the road contained 5179 vehicles over the
duration of the run, comprising a flow of traffic distributed across
all four lanes with decreasing density towards the fast lane. The
average capacity flow per lane was 1942 cars per hour, which is in
line with typical free-flow traffic (Knoop et al., 2008). Each half run
contained either a low rate (LR) or high rate (HR) of red cars,
counterbalanced across participants. The red cars could be driving
in the participants' own lane (1 being overtaken by the platoon), in
the three other lanes (10 overtaking the platoon), as well as in the
four lanes among the traffic driving in the opposite direction (59 in
total), on predetermined randomly distributed times during the
drive. The LR half contained 20 red cars per 20 min, whereas the HR
half contained 50 red cars per 20 min, totalling 70 red cars per run.
The 70 red cars were conspicuous with respect to the remaining
traffic. That is, the colours of the remaining vehicles were never
dark orange or brown, but, for example, black, grey, white, or blue.

2.6. Dependent measures

The following dependent measures were calculated per run:

C Hit rate (% of 70 red cars). The hit percentage was calculated
automatically by assessing for each of the 70 red cars
whether the button was pressed. In the calculation of the hit
rate, a two-stage approach was used by distinguishing be-
tween the 59 approaching cars and the 11 overtaken/over-
taking red cars that could occur simultaneously with the
approaching cars. The time that approaching cars were
visible was approximately 8 s, including the time they were
visible in the mirrors. A hit for an approaching car was
defined as a button press between 2 s before until 10 s after
the red car could first be seen. This 2-s time buffer before and
after appearance of the red cars was adopted to account for
possible synchronisation discrepancies in the data logging.
After determining the hits for the 59 approaching cars, it was
assessed whether the remaining button presses could be
assigned to the overtaken red car (20 s visibility interval) or
the 10 overtaking red cars (40 s visibility interval). If a
participant pressed a buttonmore than once for the same red
car, this counted as a single hit (cf. Mueller and Piper, 2014).

C The false alarm rate (% of 53 time intervals). A false alarmwas
defined as a button press in a time interval in which a red car
could not be seen. The maximum possible number of false
alarms was 53, and the total time interval inwhich there was
an opportunity for generating a false alarm was 1409 s
(corresponding to 58.5% of the eight 300-s intervals).
C Heart rate (bpm), a measure of stress.
C SDNN (ms). This time-domain measure of heart rate vari-

ability is defined as the mean of the standard deviation of all
NN intervals. A decrease in SDNN is an indication of an in-
crease of workload (e.g., Fallahi et al., 2016; Suriya-Prakash
et al., 2015).

C LF/HF ratio. This frequency-domain measure of heart rate
variability is defined as the power of the NN interval in the
low-frequency (LF) 0.04e0.15 Hz range relative to the high
frequency (HF) 0.15e0.40 Hz range. An increase in the LF/HF
ratio is an indication of an increase in workload (Cinaz et al.,
2013; Suriya-Prakash et al., 2015). Both the SDNN and the LF/
HF ratio were calculated from the NN intervals after a default
NN artefact filter, using an open-source MATLAB program
provided by Vollmer (2015).

C Percentage eyes closed (PERCLOS; %), defined as the per-
centage of time that the eyes were practically closed across a
moving time window of fixed size, excluding blinks.

C DSSQ, a self-report measure of stress states. Version 1.3
(Matthews et al., 2000) was used in this experiment. Stan-
dardized change scores for each scale of the DSSQ were
calculated as follows: (post-score � pre-score)/(standard
deviation of the pre-score) (Helton et al., 2002). The scores
for the three DSSQ scales (engagement, distress and worry)
were calculated as the means of four subscales (based on
Fairclough and Venables, 2005; Heikoop et al., 2016b;
Matthews et al., 2002; Matthews, 2014). Specifically,
engagement consists of the subscales (1) energetic arousal,
(2) success motivation, (3) intrinsic motivation, and (4)
concentration, distress consists of (5) tense arousal, (6) he-
donic tone, (7) control and confidence, and (8) anger/frus-
tration, and worry consists of (9) self-focused attention, (10)
self-esteem, (11) task-relevant interference, and (12) task-
irrelevant interference. The internal reliability (Cronbach's
alpha) of the subscales of the DSSQ ranges from 0.77 to 0.89
(Matthews et al., 2002).

C TLX, as a self-report measure to assess workload. The TLX is
the most widely used measure of self-reported workload (De
Winter 2014) and has shown a test-retest reliability of 0.83
across a four-week period (Hart and Staveland, 1988).

The hit rate, false alarm rate, cardiovascular measures, and eye-
closure measure were calculated per 5-min interval to be able to
assess time-on-task effects within a session, as well as the overall
effect of a session. Specifically, each 2413-s long run was divided
into eight 300-s segments (10e310 s, 310e610 s, …, 2110e2410 s;
the first 10 s and the last 3 s were discarded). The measures were
calculated per segment and subsequently averaged across the eight
segments. For the SDNN variable, this approach is equivalent to the
SDNN index, a measure that is robust to low-frequency drifts in the
data (Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology, 1996).

2.7. Statistical analyses

The three conditions were compared with a repeated measures
analysis of variance (ANOVA) with a significance level a of 0.05. The
ANOVA was followed by paired comparisons between the three
conditions using a Bonferroni correction. Hence, in the pairwise
comparisons, a result was declared statistically significant if the p
value was smaller than 0.05/3. Effect sizes between pairs of con-
ditions were calculated as Cohen's dz for matched pairs. With a
sample size of 22, the power to detect medium (dz ¼ 0.5) and large
effects (dz ¼ 0.8) at a significance level of 0.05/3 was 42% and 86%,
respectively (Faul et al., 2007). In order to assess the validity of the
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workload measures, a Spearman rank-order matrix was con-
structed between personal characteristics (age, gender, driving
experience, driving frequency, mileage) and measures of workload
(heart rate variability, self-reported workload).
3. Results

3.1. Button presses, hits, and false alarms

In the VT condition, 11 out of 22 participants took up the
detection task, of which 6 performed this task throughout the
entire run and 5 partially. In the three runs combined, the button
was pressed 2118 times, of which 11 were false alarms, 2073 were
hits, and 34 were cases in which a participant pressed the button
more than once in a red-car interval. For example, some partici-
pants pressed the button twice when a red car was overtaking
them: once when the red car appeared in the rear-view mirror and
once again when it appeared in the frontal view. Participants never
pressed the button twice in a no-red-car interval.

The participants' mean (SD) hit rate was 39.9% (42.1%) and 94.7%
(4.2%), whereas the mean (SD) false alarm rate was 0.2% (0.6%) and
0.8% (1.7%) for the VT and DT conditions, respectively. For the DT
condition, the hit rate and false alarm rate translate into a
perceptual sensitivity (d0) of 4.04 and a response bias (b) of 5.10
(Stanislaw and Todorov, 1999). In other words, participants were
exceptionally well able to discriminate the red cars from the
remaining traffic and were highly conservative in responding.
Across the 22 participants, the hit rate ranged between 0% and
98.6% for the VT condition, and between 87.1% and 100% for the DT
condition. The false alarm rate ranged between 0% and 1.9% for the
VT condition, and between 0% and 7.5% for the DT condition.

Fig. 2 shows the hit rate per 5-min interval. It can be seen that
the hit rate remained approximately constant with time, indicating
there was no substantial vigilance decrement.
3.2. Self-report questionnaires: DSSQ and TLX

The results of the DSSQ show that in all three conditions, par-
ticipants had lost substantial task engagement with respect to the
pre-task score (i.e., standardized change scores below zero, see
Fig. 3). Several statistically significant effects between the three
conditions were observed for the three DSSQ dimensions. Specif-
ically, the VT condition yielded a lower Distress score than the VT
condition. Moreover, NT resulted in higher Worry than VT and DT.

The pairwise comparisons of the TLX showed that the DT con-
dition was rated as more mentally demanding than the other two
conditions (Fig. 4). Additionally, participants rated DT as signifi-
cantly more effortful and frustrating compared to the VT condition.
3.3. Heart rate

The mean (SD) heart rate for the NT, VT, and DT conditions was
70.3 bpm (12.1), 69.4 bpm (10.9), and 70.9 bpm (12.5), respectively.
According to a repeated measures ANOVA, the mean heart rate
between the three conditions was not significantly different,
F(2,42) ¼ 0.84, p ¼ 0.438. The pairwise comparisons were not
significantly different from each other either (NT vs. VT: dz ¼ 0.16,
p ¼ 0.462; NT vs. DT: dz ¼ �0.12, p ¼ 0.577; VT vs. DT: dz ¼ �0.26,
p ¼ 0.242).

A follow-up analysis revealed that there was a strong time-on-
task effect, F(2,42) ¼ 14.1, p < 0.001, with the heart rate dropping
significantly from Run 1 (M ¼ 72.5, SD ¼ 11.0) to Run 3 (M ¼ 67.8,
SD ¼ 11.4), dz ¼ 0.96, p < 0.001 (see Fig. 5).
3.4. Heart rate variability

The mean (SD) SDNN for the NT, VT, and DT conditions was
75.6 ms (29.5), 75.5 ms (30.7), and 75.0 ms (34.9), respectively. The
three conditions were not significantly different (F(2,42) ¼ 0.01,
p ¼ 0.992), and the pairwise comparisons were not significant
either (NT vs. VT: dz ¼ 0.00, p ¼ 0.985; NT vs. DT: dz ¼ 0.02,
p ¼ 0.910; VT vs. DT: dz ¼ 0.02, p ¼ 0.921). As with heart rate, a
time-on-task effect was found: F(2,42) ¼ 11.7, p < 0.001; the SDNN
rose fromRun 1 (M¼ 65.6, SD¼ 27.7) to Run 3 (M¼ 83.1, SD¼ 33.8),
dz ¼ �0.82, p < 0.001.

The mean (SD) LF/HF ratio was 1.15 (0.27), 1.07 (0.30), and 1.18
(0.30) for the NT, VT, and DT conditions, respectively. The three
conditions were significantly different (F(2,42) ¼ 5.78, p ¼ 0.006),
and the pairwise comparisons showed that the VT condition had a
lower LF/HF ratio than the DT condition (NT vs. VT: dz ¼ 0.51,
p ¼ 0.025; NT vs. DT: dz ¼ �0.17, p ¼ 0.429; VT vs. DT: dz ¼ �0.76,
p¼ 0.002). There was no significant effect of run number on the LF/
HF ratio (F(2,42) ¼ 1.03, p ¼ 0.365).
3.5. Percentage eyes closed (PERCLOS)

The eye-tracker was often unable to track the participants' eyes.
First, we performed a data quality check to examine whether the
amount of missing data differed between the three task conditions.
For the eye-closure variable, 42% (SD ¼ 39%), 63% (SD ¼ 35%), and
42% (SD ¼ 33%) of data points were missing for the NT, VT, and DT
conditions, respectively (F(2,42) ¼ 7.09, p ¼ 0.002; NT vs. VT:
dz ¼ �0.59, p ¼ 0.012; NT vs. DT: dz ¼ �0.02, p ¼ 0.927; VT vs. DT:
dz ¼ 0.73, p ¼ 0.003). The particularly high amount of missing data
for the VT condition may be explained by the fact that participants
in this condition were told that they could do whatever they
wanted, and therefore strayed from the eye tracker's field-of-view.
When selecting the 16 participants who had available eye-closure
data for each of their three runs, the mean (SD) eye-closure per-
centages were 5.2% (8.6%), 5.8%, (8.9%) and 3.1% (3.7%) for the NT,
VT, and DT conditions, respectively, F(2,30) ¼ 1.36, p ¼ 0.271.

There were no statistically significant differences between Runs
1, 2, and 3, F(2,30)¼ 0.03, p¼ 0.973, but a further analysis indicated
that eye-closure increasedwith time-on-task. Specifically, averaged
across the three task conditions, the mean eye-closure in the first
and second half of the session was 5.1% and 6.9%, respectively. The
amount of missing data increased as well, from47.1% in the first half
of the session to 51.0% in the second half of the session.
3.6. Correlation analysis

Table 1 shows the correlation matrix among the personal
characteristics, cardiovascular measures, and TLX items. Although
interpretation should be donewith caution due to the small sample
size, several patterns emerge. First, it can be seen that older par-
ticipants showed indications of lower heart rate variability, which is
in line with the literature (Voss et al., 2015). Second, the heart rate
variability measures are not interpretably related to self-reported
workload, with one scale of self-reported workload (frustration)
in fact showing a statistically significant positive correlation with
SDNN. Third, heart rate, SDNN, and the LF/HF ratio are strongly
correlated with each other, indicating substantial redundancy of
these cardiovascular measures. Fourth, signal detection perfor-
mance is not significantly related to driving experience and
mileage, but it is related to workload, whichmay be because people
who tried harder on the task obtained a better detection
performance.



Fig. 2. Hit rate per 5-min segment during the run, for each of the three experimental conditions. The dotted lines represent linear trend lines. Note: The fluctuation in the hit rate
between segments (e.g., low hit rate in Segment 7) is partly attributable to variations in the visibility of the cars (e.g., a red car which was partly/completely covered by another
vehicle, or the redness of a car was visible from close by only).

Fig. 3. Standardized change scores for the DSSQ for the three experimental conditions. Also shown are the F statistic and p value for the repeated measures ANOVA and the Cohen's
dz effect size between the three pairs of conditions. For the ANOVA, the p value is shown in boldface if p < 0.05. For the pairwise comparisons, the dz is shown in boldface if p < 0.05/
3.

D.D. Heikoop et al. / Applied Ergonomics 60 (2017) 116e127 121
4. Discussion

The aim of this study was to assess the effect of task instructions
on dimensions of workload and stress (engagement, distress,
worry) in an automated platoon for extended periods. For each task
condition, participants were informed that they had to monitor the
road, intervene whenever a critical situation appeared, and avoid
accidents at all times. In the Voluntary Task (VT) condition partic-
ipants were further informed that they could do whatever they
wanted. In the No Task (NT) condition, participants had no



Fig. 4. Scores on the TLX for the three experimental conditions. The scores are expressed as a percentage and range from Very low (0%) to Very high (100%) for the mental demand,
physical demand, temporal demand, effort, and frustration items, and from perfect (0%) to failure (100%) for the performance item. Also shown are the F statistic and p value for the
repeated measures ANOVA and the Cohen's dz effect size between the three pairs of conditions. For the ANOVA, the p value is shown in boldface if p < 0.05. For the pairwise
comparisons, the dz is shown in boldface if p < 0.05/3.

Fig. 5. Mean heart rate per 5-min segment during the run, for the three runs in chronological order. The dotted lines represent linear trend lines.
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additional task, and in the Detection Task (DT) condition, partici-
pants had the task to detect red cars during the run.

Compared to other automated driving simulator experiments
our research is extensive, with three 40-min sessions (2 h of driving
in total), giving insights into the longer-term psychological effects
of automated platooning. Previous driving simulator research on
automated driving involved a total driving time of an average of
1.05 h (SD ¼ 0.63) (for an overview see De Winter et al., 2014). In
comparison, typical vigilance research, the largest vigilance
decrement occurs in the first 15 min (e.g., Mackworth, 1948), and
the average trip duration in the U.S. and Europe is 20e30 min
(McKenzie and Rapino, 2011; Pasaoglu et al., 2014).



Table 1
Spearman rank-order correlations among personal characteristics and workload measures (N ¼ 22, averaged across the three task conditions).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1. Age (years) e

2. Gender (1 ¼ female, 2 ¼ male) 0.00 e

3. Driving experience (years) 0.87 �0.12 e

4. Driving frequency (1e5) 0.31 �0.23 0.51 e

5. Mileage (1e7) 0.48 �0.11 0.63 0.79 e

6. Heart rate (bpm) 0.04 �0.18 0.00 0.35 0.08 e

7. SDNN (ms) �0.32 �0.02 �0.13 �0.14 �0.04 �0.77 e

8. LF (ms2) �0.09 �0.04 0.05 0.42 0.22 0.48 �0.15 e

9. HF (ms2) �0.32 �0.27 �0.10 �0.06 �0.06 �0.48 0.77 �0.01 e

10. LF/HF ratio (no unit) 0.21 0.28 0.10 0.30 0.25 0.60 �0.73 0.50 �0.82 e

11. TLX e Mental demand (%) �0.15 �0.19 0.10 0.12 �0.01 �0.03 0.02 0.21 0.25 �0.01 e

12. TLX e Physical demand (%) 0.24 �0.43 0.46 0.24 0.14 �0.14 0.23 0.18 0.35 �0.26 0.53 e

13. TLX e Temporal demand (%) �0.17 �0.31 0.05 0.26 0.03 0.04 0.10 0.07 0.27 �0.18 0.69 0.41 e

14. TLX e Performance (%) �0.25 0.01 �0.22 �0.33 �0.43 0.00 0.06 �0.02 0.01 �0.13 �0.09 0.01 �0.10 e

15. TLX e Effort (%) �0.02 �0.31 0.24 0.32 0.16 �0.02 0.12 0.38 0.42 �0.11 0.72 0.68 0.48 0.08 e

16. TLX e Frustration (%) �0.16 0.07 0.17 0.39 0.40 �0.20 0.47 0.27 0.48 �0.25 0.27 0.46 0.33 �0.05 0.39 e

17. Hit rate DT condition (%) �0.01 �0.24 0.24 0.20 �0.09 0.37 �0.14 0.51 0.05 0.12 0.55 0.46 0.47 0.03 0.31 0.24

Note. Correlations of magnitude 0.43 or greater are statistically significant from 0 (p < 0.05).
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4.1. Signal-detection performance

Participants adhered to the task instructions: Not one partici-
pant pressed the response button in the NT condition, whereas all
22 participants detected at least 61 out of 70 target cars in the DT
condition, with a high mean hit rate of 94.7% and a low mean false
alarm rate of 0.8%. These results suggest that the saying ‘man is a
poor monitor’ does not apply to our automated platooning envi-
ronment. Although our miss rate was low in comparison to some of
the classical vigilance research (e.g., Mackworth, 1948, showing
that the miss rate rose from 16% to 28% over a 2-h experiment),
missing 5.3% of targets may still pose a high risk in real life if the
targets (i.e., the situations that require manual intervention) occur
frequently and/or if misses have severe consequences. To illustrate,
if each miss of the DT condition resulted in a collision, then there
would have been an unacceptably high number of 82 (5.3% of 22
participants � 70 red cars) collisions in 15 h of driving (22
participants� 40 min). The lowmiss rate, which is in disagreement
with our hypothesis, may be caused by the fact that the environ-
ment of the open road is more complex and dynamic than classic
vigilance task environments, for which operators may be more
likely to remain engaged (for further discussion on task complexity
and vigilance see Cummings et al., 2016; Montague et al., 1965;
Molloy and Parasuraman, 1996). The detection task itself might
have been considered engaging as well; Neubauer et al. (2014)
showed that interacting with media devices is considered to be
engaging. Alternatively, it could be that our detection task was easy
due to the high saliency of the red cars (i.e., a high signal-to-noise
ratio); see K€orber et al. (2015) for a similar interpretation regarding
the results of their auditory detection task used during partially
automated driving.
4.2. Self-reported stress and workload

Our results indicate that automated platooning in general (i.e.,
each of the three task instructions) resulted in a loss of task
engagement with respect to the pre-task score (i.e., standardized
change scores below zero). These results resemble those of Saxby
et al. (2007), who found that during a passive (fully automated)
condition drivers reported a significant loss of task engagement.

Furthermore, participants found being occupied with a (either
voluntary [VT] ormandatory [DT]) task significantly less worrisome
than having no task to do (NT). This may be due to the fact that
when having no task to do, participants have more opportunity to
focus attention on themselves and worry about personal matters.
Additionally, the voluntary task yielded lower distress scores than
the other two task conditions, which is in agreement with our
hypothesis.

Performing the detection task was considered to be somewhat
mentally demanding, with a mean TLX mental demand rating of
39% for the DT condition versus 26% for the VT condition, on a scale
from very low (0%) to very high (100%) (Fig. 3). Thus, consistent with
our hypothesis, overall, participants found the VT condition the
least stressful, and the DT task the most workload-inducing.

By means of personal observations and post-experiment in-
terviews it was found that in the VT condition participants per-
formed actions ranging from eating a sandwich and interacting
with one's mobile phone, to performing the detection task. Indeed,
half of participants in the VT condition decided to detect red cars
even though this was not required (Fig. 2). Some of them explained
afterwards that they preferred doing the detection task in the VT
condition to ensure they remained attentive to the road (and see
Miller et al., 2015 for a study showing that engaging in a non-
driving task can prevent drowsiness).

4.3. Heart rate and heart rate variability

Our hypotheses regarding workload and stress were not
accepted regarding the mean heart rate and SDNN: there were no
statistically significant difference between the three conditions.
However, heart rate variability in terms of the LF/HF ratio differ-
entiated the VT condition from the other two conditions, support-
ing the hypothesis that the VT condition was the least workload-
inducing. Moreover, we found that the heart rate reduced and
SDNN increased substantially during the experiment from Run 1 to
Run 3. This suggests that, regardless of the driver's task in an
automated platoon, the driver will become less stressed as well as
underloaded over time. These results resemble those of K€orber
et al. (2015), who found significant time-on-task effects for
several eye measures such as blink frequency. Collectively, our re-
sults indicate that not only the type of task, but also time-on-task
has substantial effects on the state of the driver, suggesting that
both these effects should be taken into consideration when
designing automated driving systems.

4.4. Limitations

Certain limitations of this experiment are acknowledged. First, it
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is impossible to uniquely attribute a specific psychological state
(e.g., workload) to a specific overt physiological recording
(Cacioppo and Tassinary, 1990). Because psychological states are
often substantially correlated (e.g., Desmond and Matthews, 2009),
we recognize the risk of ‘construct proliferation’ (for a review see
Heikoop et al., 2016a). The interpretation of heart rate variability is
particularly difficult, because the time-domain measure (SDNN)
was sensitive to time-on-task (Run 1 vs. Run 3) but not to the type
of task, whereas the frequency-domain measure (LF/HF ratio) was
sensitive to the type of task (VT vs. DT) but not to time-on-task. It is
known that physical activity and posture (e.g., sitting vs. supine or
upright position) have substantial effects on heart rate variability
(e.g., Bernardi et al., 1996; Castiglioni et al., 2009; Pomeranz et al.,
1985) and so do individual characteristics such as age (Voss et al.,
2015) and gender (Koenig and Thayer, 2016) (see also the correla-
tion analysis in Table 1). It cannot be ruled out that these variables
have interacted with the experimental conditions, although our
within-subject design in which each participant serves as his/her
own control ought to be robust against individual differences. The
correlation analysis indicated that the heart rate variability mea-
sures were not meaningfully related to self-reported workload, but
were substantially associated with basic heart rate, raising ques-
tions about the discriminant validity of these two measures (see
Mehler et al., 2011, for a similar observation). The interpretation of
heart rate variability as an index of workload or sympathetic versus
parasympathetic activity is the topic of ongoing research and
debate (e.g., Billman, 2013; Reyes del Paso et al., 2013; Thayer et al.,
2012), and we concur with Vollmer (2015) that “the average heart
rate and heart rate changes can act as confounding variables” (p.
610). Thus, it appears that heart rate variability is able to discrim-
inate between task conditions, yet the causal pathways and
neurophysiological mechanisms remain to be elucidated. This sit-
uation is similar to other physiological signals, such as pupil
movements, which are known to “empirically reflect variations in
central processing load” but for which the physiological causes are
indirect and complex (Beatty and Lucero-Wagoner, 2000).

Second, although previous studies have found substantial cor-
relations between driving behaviour in a STISIM simulator and
driving behaviour on the road (B�edard et al., 2010; Lee et al., 2003;
Mayhew et al., 2011; Wang et al., 2010), participants' behaviours
and physiological states during a simulator experiment are not
necessarily representative of real-world platooning. Participants
knew that a potential crash would not cause them physical harm
and were therefore probably not as stressed as in a real life sce-
nario. Moreover, the fixed-base simulator did not provide vestib-
ular motion feedback, whereas in on-road automated driving,
issues of visual-vestibular conflict may influence driver comfort
and the uptake of secondary tasks (Diels and Bos, 2016). Thus, a
replication of this experiment in a real world-driving scenario is
advised.

Third, this research did not contain a control condition in which
participants were to drive manually (e.g., Barnard and Lai, 2010;
Saxby et al., 2013), nor did we vary the degree of automation reli-
ability and availability (cf. Neubauer et al., 2012). For example, it is
likely that drivers will become considerably frustrated if automa-
tion requires regular manual intervention (De Winter et al., 2016).
Conversely, if automation is guaranteed to be safe and no manual
intervention is ever to be expected (i.e., Fully Automated Driving or
level 4 automation, per BASt and NHTSA definitions, respectively),
like traveling in a train, participants are likely to be less stressed.

Fourth, although hazard perception is a critical component of
(automated) car driving (Underwood et al., 2011), it is unknown
whether detecting red cars is a realistic representation of such task.
It remains to be investigated how our results generalize to the
anticipation, detection, and response to diverse and realistic
hazards that require manual intervention, such as vehicles devi-
ating from their paths, automation malfunction, sudden de-
celerations of lead cars, or stationary objects.

Fifth, the significant drop of heart rate and rise of heart rate
variability might reflect acclimatization to the laboratory setting
rather thanworkload and stress per se. To rule out this effect, multi-
day sessions of the same participants to the driving simulator are
necessary (cf. Beggiato and Krems, 2013; Beggiato et al., 2015; Kazi
et al., 2007; Pereira et al., 2015).

Sixth, our sample was relatively small (N ¼ 22), and therefore
the statistical power to detect small effects is low. Specifically, in
order to detect effects small effects (dz ¼ 0.2) with 80% power and a
significance level of 0.05/3, 265 participants would be needed (Faul
et al., 2007). Only by means of fundamentally different types of
research (e.g., large-sample cross-institutional research), it is
possible to detect subtle effects of stress and workload that may
exist in the population.

Lastly, the eye tracker used in this experiment was prone to
missing data, a problem that is common in naturalistic driving tasks
(Ahlstrom et al., 2012). However, in our case, the amount of missing
data itself discriminatedmore strongly between the task conditions
than what was actually measured with the eye-tracker. For future
research, we recommend the use of a head-mounted eye-tracker if
the goal is to measure eye-closure.

5. Conclusion

In conclusion, this research shows that the idea that automated
driving puts humans in an extremely stressful monitoring role for
which they are “magnificently disqualified” (Hancock, 2015, p. 138)
does not generalize to a simulator-based platooning task. Although
the VT condition was the least workload-inducing and least
stressful, participants in the DT condition remained attentive to the
road for 40 min, with an average hit rate of 94.7% on the detection
task. Furthermore, our results indicate clear time-on-task effects
regarding heart rate. Similar to Szalma et al. (2004) we recommend
that in order to increase performance and reduce stress, both type
of task and time-on-task should be considered in system design.
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