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ABSTRACT
In conditionally automated driving, several factors can affect the dri-
ver’s situation awareness and ability to take over control. To better
understand the influence of some of these factors, 88 participants
spent 20 minutes in a conditionally automated driving simulator.
They had to react to four obstacles that varied in danger and move-
ment. Half of the participants were required to engage in a verbal
cognitive non-driving-related task. Situation awareness, takeover
performance and physiological responses were measured for each
situation. The results suggest that obstacle movement influences
obstacle danger perception, situation awareness, and response time,
while the latter is also influenced by obstacle danger. The cognitive
verbal task also had an effect on the takeover response time. These
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results imply that the driver’s cognitive state and the driving sit-
uation (e.g. the movement/danger of entities present around the
vehicle) must be considered when conveying information to drivers
through in-vehicle interfaces.

RÉSUMÉ
En conduite automatisée, plusieurs facteurs peuvent affecter la
conscience de la situation et la reprise de contrôle. Pour mieux
comprendre cela, 88 participants ont passé 20 minutes dans un si-
mulateur de conduite conditionnellement automatisée. Ils devaient
réagir à quatre obstacles dont le danger et le mouvement variaient.
La moitié des participants devaient s’engager dans une tâche cog-
nitive verbale non liée à la conduite. La conscience de la situation,
la performance et les réponses physiologiques ont été mesurées.
Les résultats suggèrent que le mouvement de l’obstacle influence
la perception du danger, la conscience de la situation et le temps
de réaction, ce dernier étant également influencé par le danger de
l’obstacle. La tâche cognitive verbale a également un effet sur le
temps de réaction. Ainsi, l’état cognitif du conducteur et la situation
de conduite (mouvement/danger des entités autour du véhicule)
devraient être considérés lors de la transmission d’informations via
les interfaces homme-véhicule.
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1 INTRODUCTION
In most cases, road accidents are caused by human errors rather
than technical failures [49, 54]. This is usually due to a number of
factors that can affect the driver’s state, such as drowsiness, distrac-
tion or stress. These factors are well known to deteriorate driving
performance, sometimes up to the point of causing an accident
[15, 24, 34, 39]. To address this problem, car manufacturers have
increased the level of automation in vehicles to assist drivers. The
taxonomy published by the Society of Automotive Engineers (SAE)
is the reference for definitions and terms related to automated driv-
ing systems [23]. According to this taxonomy, the generation of
conditionally automated vehicles (SAE Level 3) is the next one that
is gradually emerging on our roads. In the rest of the manuscript,
the level 3 automation corresponding to the SAE taxonomy will
be referred to as L3-SAE. At this level, drivers will no longer be in
charge of the dynamic driving task, nor of monitoring the environ-
ment. However, they should be able to regain control if a critical
situation occurs that cannot be handled by the vehicle. In such
a case, the vehicle sends a takeover request (TOR) to the driver.
Certain factors may affect the ability of drivers to take over control,
including the psychophysiological state of the driver, but also the
environmental complexity at the time of the takeover request.

The driver’s state must be optimal in order to effectively regain
control of the vehicle when necessary. Factors such as sleep-related
fatigue or pre-driving stress can affect the driver’s initial state. In
addition, conditionally automated driving allows drivers to engage
in a non-driving-related task (NDRT). Depending on the task be-
ing performed, drivers may take their eyes off the environment
completely, thereby reducing their situation awareness (SA). Per-
forming an NDRT could also increase drivers’ mental workload
and therefore affect their performance with the automated system
[53, 58]. Some studies have already suggested that engaging in an
NDRT deteriorates the takeover performance in automated driv-
ing [15, 34, 39, 51, 57, 59]. A poor driver condition when entering

the vehicle, combined with a highly distracting and cognitive task
during automated driving, could be fatal when a takeover is needed.

In addition, depending on the state of the driving environment
when the vehicle triggers a TOR, it may be longer and more difficult
for the driver to understand the situation and react accordingly.
Several factors such as the environmental complexity can have an
influence on the driver’s understanding and response time [15, 25,
44]. Indeed, a more complex driving situation could induce a greater
mental workload, reduce SA and thus lead to a weakening of the
takeover performance [17, 41].

In previous research, the influence of the NDRT engagement
on takeover performance in automated driving has been already
addressed [15, 34, 39, 51, 57, 59]. However, the impact of the driving
environment on SA and takeover performance has received less
attention, especially in conditionally automated driving (L3-SAE).

2 RELATEDWORK
2.1 Influence of the driving environment and

non-driving-related task on SA and
performance

If there are still accidents on the roads, it is partly due to the fact
that the driving task can be considered a complex dynamic task
for humans. Indeed, a driver needs to process much information
from the driving situation and make decisions to ensure accept-
able driving performance. The concept of situation awareness (SA)
emerged in the literature to theorize this internal process in the hu-
man brain before decision-making and performance of action when
interacting with dynamic systems (e.g., a plane or a car). Endsley
[17] defined SA as the perception of the elements in the environ-
ment within a volume of time and space, the comprehension of their
meanings and a projection of their status in near future. According
to her three-level model, SA is related to decision-making and task
performance. Previous studies showed that a higher SA leads to
better decisions and increased performance while interacting with
an automated system [18]. In the context of driving, SA implies that
the driver is able to perceive and understand what is happening
in the surrounding area of the car at any time and act adequately,
even while performing an NDRT. The same model also highlights
several factors that can affect driver SA, such as task and environ-
mental factors (e.g. workload, stressors, complexity) or individual
factors (e.g. knowledge, experience) [17]. This means that not only
the driver’s workload level but also the complexity of the driving
situation should have an impact on SA and potentially on driving
performance. Several works have studied the influence of different
aspects of the driving environment on SA and performance, both
in manual and automated driving.

[25] investigated the effect of environment complexity (simple –
rural vs. complex – city) with two types of hazard exposure (static
vs. dynamic) on SA and driving performance. After hazard exposure,
they found degradation of all SA indices in the city compared to the
rural environment, which confirms the influence of environment
complexity on SA as suggested by Endsley’s model [17]. For other
levels of SA, there was also an interaction effect with age, which
can be included in individual factors impacting SA in Endsley’s
model. In addition, the type of hazard had an influence on the
speed ratio during hazard exposure (higher speed reduction when
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encountering dynamic hazard). In another study, the environment
complexity manipulated through the amount of information on
traffic signs affected negatively driver workload and thus manual
driving performance (lower speed and increase of lane departure)
[28].

In automated driving, studies also found that the environmental
complexity and the type of hazard exposure affect negatively SA and
takeover performance. A higher traffic density seems to impair the
takeover performance [15, 44], while the takeover quality improves
with a rise in familiarity (i.e., repetition of situations) [44]. [11] also
found an effect of hazard direction (static in front vs moving on
the side), which had a significant effect on takeover performance
(steering wheel grip and hazard response time) but also on SA.
Drivers were quicker to grip the steering wheel for static obstacles
in front. Besides, drivers had a higher SA (measured subjectively)
than when faced with moving obstacles (coming from the side)
than for static obstacles (in front). The opposite pattern would have
been expected since the movement of obstacles would create a
more variable and uncertain situation [17, 20, 48]. More recently,
[1] found correlations between SA and physiological measures.
Also, a negative effect of change in the physiological driver’s state
was found on takeover performance. Hence, it might be relevant to
assess the driver’s physiological state to ensure a proper takeover
performance.

While environmental factors were found to affect drivers’ SA
and performance, the nature of the task performed by an operator is
expected to influence drivers’ SA (and thus performance) according
to Endsley [17]. Previous automated driving studies showed that
engaging in different NDRT impairs takeover performance. [15,
34, 39, 57]. Participants were asked to engage in the N-back or
twenty questions task, interact with an entertainment console or a
smartphone, watch a movie, read a book or listen to an audiobook.
The driving performance was evaluated by different metrics such
as the response (or reaction) time, gaze on time, hands-on-time, the
standard deviation of lateral position, first braking or the steering
manoeuvre. Also, Wulf et. al [56] also show a negative impact of
NDRT on SA in addition to driving performance.

2.2 Measuring situation awareness, takeover
performance and driver’s state

2.2.1 Situation awareness. Various techniques have been sug-
gested in the literature to infer SA such as freeze-probe tech-
niques, real-time probe techniques, post-trial self-rating techniques,
observer-rating techniques, performance measures and process
indices [40]. A widely used technique is the freeze-probe one, in
which the simulation is stopped at a specific moment and the oper-
ator/driver is asked what they perceived and understood from that
situation. The Situation Awareness Global Assessment Technique
(SAGAT) [16] is one of the most used questionnaires to measure
SA after freezing the simulation. When the simulation cannot be
stopped, the post-trial self-rating technique is often employed. A
questionnaire is used to assess the operator’s SA after completing a
task and a well-known instrument to do that is the Situation Aware-
ness Rating Technique (SART) [48]. It was originally developed for
the assessment of pilots’ SA but items are generic so this question-
naire was also used in studies related to (automated) driving [27, 50].

SA assessment can also be combined with process indices measures
such as verbal protocols ("think aloud" technique) [43].

2.2.2 Takeover performance. There are two different approaches to
evaluate the drivers’ takeover performance at L3-SAE. Depending
on the situation, the driver usually has a set of expected reactions,
and any behaviour outside of this set is considered unsuitable. On
the other hand, a set of performance metrics were defined and used
in previous literature [52], and some of the most used ones are
described below:

• Response time (RT) [19] is the difference in the time between
the takeover request and the first action of the driver that
turns the automation off, usually either braking or turning
the steering wheel. RT should not be used alone, as a low
RT could sometimes indicate a precipitated reaction, which
is not ideal. The term "reaction time" is also used in the
literature, depending on what is measured during the study
(measurement of a reflex or a more complex behaviour).

• Maximum Steering Wheel Angle (MaxSWA) [4] is the maxi-
mum angle reached by the steering wheel during the whole
takeover process, which is from the actual takeover of the
driver until the conditional automation is resumed. A lower
MaxSWA often indicates a better takeover quality.

• Crash [38] is a simple Boolean metric, which indicates that
the car has collided with a static obstacle or other physical
entity during the takeover process. A crash brings the ve-
hicle to a complete stop and causes damage, while a simple
collision does not necessarily stop the vehicle.

2.2.3 Driver’s state. Reacting to a takeover request and handling a
dangerous situation in a short period of time can be stressful. The
autonomic nervous system is known to be affected by stress [55].
Ultra-short-term indicators (less than five minutes) of heart rate
variability can quantify the activation of the autonomic nervous
system. According to [45], the heart rate can be calculated from
10 seconds of an electrocardiogram, while 30 to 60 seconds could
be enough to get a reliable measure of other temporal indices of
cardiac activity in a very short period of time. In addition, the
electrodermal activity (EDA) of the body is also controlled by the
autonomic nervous system [13]. The response to a stressful stimulus
can hence be characterised by the occurrence of a Skin Conductance
Response (SCR). It is defined as a quick increase of skin conductance,
usually within 1 to 5 seconds [3]. The intensity of the physiological
response to a stressful stimulus can be characterised by several skin
conductance indicators such as the peak amplitude, the rise time (to
reach peak amplitude from onset) and the half-recovery time of SCR
(i.e., the time it takes for SCR to decrease to half amplitude) [3, 13].
Some of these measures might be giving relevant information on the
driver’s physiological response when reacting to stressful takeover
situations.

3 CURRENT STUDY
Previous studies investigated the impact of environmental factors
on drivers’ SA and performance, in both manual and automated
driving [1, 11, 15, 25, 28, 44]. The environment complexity was
often manipulated through the type of environment [25] or the
traffic (signs) density [15, 28, 44], while the type of hazard exposure
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was also tested [11]. In addition, driver engagement in an NDRT
also showed degradations in SA and driver performance [15, 34, 57].
However, its interaction effect with the complexity of the environ-
ment and the dangerous nature of the hazard causing the TOR has
not been investigated.

Therefore, the primary objective of this study is to examine the
influence of an environmental factor that has been less investigated
in previous research, namely the type of hazard exposure causing a
takeover request. Its effect on the driver’s SA, takeover performance,
and physiological response in conditionally automated driving (L3-
SAE) is tested. However, the manipulation of the type of hazard
exposure was done differently than in previous research, with the
type of obstacle leading to TORs varying in movement but also in
danger (i.e., the potential for causing damage). A second objective
is to confirm the negative effect of the NDRT on SA and takeover
performance and observe its interaction effect with the type of
hazard exposure on the same measures.

To answer these research questions, half of the drivers engaged
in a verbal cognitive NDRT throughout the experiment. All par-
ticipants faced four critical situations where the car asked them
to take over control. SA, takeover performance, and physiological
response were measured. On the basis of the literature review, we
formulate the following hypotheses:

• (H1): The movement of the obstacle should have a negative
effect on SA. It should not change anything at the stage of
perception of SA (level 1 according to Endsley’s model [17]).
However, the uncertainty of the obstacle’s movement should
make the situation more unstable and variable, leading to
a decrease in SA at the comprehension (level 2) and projec-
tion (level 3) stages of SA. Therefore, we assume that drivers
should have a higher SA when the obstacle is static than
when it is moving. [11, 17, 48]. Consequently, the physiologi-
cal response should be greater, linked to the stress generated
by the uncertainty of the obstacle’s movement or to greater
driver’s attention [20, 25]. A significant difference should
be found in the takeover performance based on the results
obtained in a previous study (reduction of speed when fac-
ing moving obstacles) [25]. Drivers could delay the decision
to take over control of the vehicle if faced with a moving
obstacle, because they might spend more time at levels 2
(comprehension) and 3 (projection) of the SA process once a
TOR is triggered.

• (H2): If we look at the three stages of the SA process, the
danger of the obstacle should not particularly impact the dri-
ver’s perception (level 1) and comprehension (level 2) of the
driving situation. On the other hand, it could impact his/her
projection (level 3) before taking the decision to regain con-
trol or not, as a dangerous obstacle could do more damage.
However, there is no evidence in the literature suggesting
that the danger of the obstacle has an impact on the driver’s
SA and takeover performance. Thus, we hypothesise that it
will not have an impact on SA and takeover performance in
our study either. Furthermore, a dangerous obstacle should
induce more stress in the driver and thus result in a signifi-
cant increase in heart rate and skin conductance [9, 12, 55].

• (H3): Driver engagement in a verbal cognitive NDRT is ex-
pected to increase drivers’ mental workload prior to regain-
ing control [32, 33, 42] and thus have a negative effect on SA
and takeover performance [15, 34, 39, 56].

4 METHOD
4.1 Participants and Experimental Design
88 young drivers (24.19± 6.05) were recruited for this study. 40
considered themselves to be male, and 48 considered themselves
to be female. All participants were required to have a valid driving
license and be in good general health. Participants who were uni-
versity students received course credit for their participation. All
research and measurements followed the principles of the Helsinki
agreement and written consent was obtained from all participants.
On average, the participants held their driving license for around 5
years (4.68± 6.12) and reported driving around 3800 kilometres per
year (3772.92± 6468.44). 72 of them did not have any accidents in
the three years preceding the experiment.

A 2 x 2 x 2 mixed experimental design was adopted for this ex-
periment. The type of obstacle triggering a TOR, namely movement
(moving vs. static) and danger (danger vs. non-dangerous), was
manipulated as two within-subject factors, while the type of NDRT
performed by the driver (observing the vehicle environment vs. ver-
bally counting backwards) was manipulated as a between-subject
factor.

The obstacles that elicited the TORs were a deer, a traffic cone, a
frog, and a can. The four obstacles are illustrated in Figure 1. These
obstacles were chosen because it is likely that each of them could
be encountered in a rural environment such as the one used in the
study. Moreover, the modelling effort remained acceptable and thus
allowed the desired experimental manipulation to be carried out.

Firstly, the obstacles vary in terms ofmovement. The deer and the
frog are mobile obstacles as they move and cross the road when the
car approaches, from right to left. In contrast, the traffic cone and
the can are static obstacles located in the middle of the road. This
distinction between static and mobile entities has been already done
in a taxonomy classifying the limitations of automated vehicles
(obstacles vs. external human factor) [7].

Secondly, the obstacles vary in terms of danger. This is reflected
in the potential of the obstacle to cause damage to the car and
driver, due to its size and/or weight. The deer and the traffic cone
were considered dangerous, while the frog and the can were con-
sidered non-dangerous. The order of appearance of the obstacles
was controlled between participants according to a Latin Square
design [26].

4.2 Material and instruments
The experiment was conducted in a fixed-base simulator, as shown
in Figure 2. It consists of two adjacent car seats, and a Logitech G27
steering wheel with accelerator and brake pedals. The orientation
and position of the seats could be adjusted by the driver. This unit is
installed in front of a large screen onto which the driving simulation
was projected from behind using a projector (model Epsilon EH-
TW3200). Two speakers are placed behind the seats to immerse the
driver in the simulated environment. The whole system is located
in a cabin with low ambient lighting.
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Figure 1: The obstacles leading to takeover situations

The software used for the driving simulation is GENIVI. The
driving scenario is a replica of Yosemite National Park (USA). A
continuous 20-minute drive with conditionally automated driving
(L3-SAE) features was implemented. Drivers could take over control
of the car by turning the wheel, braking, or pressing a button on
the steering wheel. A TOR was requested by the car to the driver
by means of a red icon on the dashboard and a sound signal (see
Figure 2). Obstacles causing the TORs were also implemented in
the driving scenario (see Figure 1). The nature of the obstacles was
not mentioned or shown to the participants before the experiment.
For each obstacle, the initial time to collision was 7 seconds, which
is generally chosen as the average time sufficient for the driver to
react and regain control [52]. The car was driving at 53 km/h and
the initial distance between the car and the obstacle at the time of
the TOR was therefore about 100 meters.

Physiological signals (ECG and EDA) of the drivers were col-
lected continuously during the experiment using the Biopac MP36
hardware. A sampling rate of 1000 Hz was used for signal acqui-
sition. A digital low-pass filter with a frequency of 66.5 Hz and
a Q factor of 0.5 was applied to both signals. In addition, a gain
of 2000 was added for the EDA signal. Two sets of SS57LA and
SS2LB probes (Biopac) with disposable Ag/AgCl pre-gelled elec-
trodes (EL507 and EL503, Biopac) were used to record the EDA and
ECG of the participants, respectively.

4.3 Measures
To check whether the type of obstacle was correctly manipulated
experimentally, participants were asked to rate the realism (i.e.,
"How realistic did the obstacle seem to you?") and perceived danger
(i.e., "How dangerous did the obstacle seem to you?") for each
obstacle that elicited a TOR. This assessment was made on a 7-
point Likert scale, ranging from "not dangerous/realistic" to "very
dangerous/realistic". Engagement in the NDRT was monitored by
the number of digits spoken per minute. The number of times the
experimenter asked the participant to resume counting was also
recorded.

Physiological signals were also used to control the manipulation
of the driver’s cognitive state before the TORs through engagement
in a NDRT. In particular, the average heart rate calculated over a
two-minute period prior to the TOR and corrected with the baseline
value was used [10, 31, 32]. The experimental manipulation was also
controlled through the subjective assessments of the NASA Task
Load Index (NASA-TLX) questionnaire [22], reported at the end of
the experiment. The aggregated score from the six components was
used, also known as Raw TLX (RTLX) [21]. No weighting procedure

was applied since it was only a control measure and mixed results
were found in the literature [21].

SA was assessed for all four situations. As the simulation could
not be stopped due to the continuous measurement of physiolog-
ical signals throughout the experiment, freeze-probe assessment
techniques could not be used in this study. Therefore, the SART
was chosen as the self-evaluation technique after the experiment
[48]. This questionnaire was selected because it is quick, easy to
implement, and widely used. A picture of the situation was pro-
posed to drivers in addition to the questionnaire when assessing
their SA for each obstacle [40].

As the SART only provides a subjective measure of SA after
the experiment, an alternative measure of participants’ SA was
collected, considered to be a performance measure according to [40].
Due to the limited time available after the TOR, it was not possible
to use a verbal protocol. Therefore, participants were asked to press
a button on the steering wheel from the moment they understood
the driving situation, after the TOR. The time each participant took
to understand the situation, between the TOR and pressing the
button, was measured for all situations and all participants. This
measurement is referred to as the Time to Understand the Situation
(TUS) in the following.

Regarding the takeover of the vehicle, whether the participant
regained control of the car or not was extracted from the raw
driving data. As indicators of takeover performance, the RT and the
MaxSWA during the maneuver were chosen as they are often used
in the literature [4, 19, 52]. Their definition follows the one given in
section 2.2.2. The calculation of these measures for each situation
and each participant was automated thanks to a code implemented
in Python.

To measure the physiological responses of the drivers during
the takeover situation, an automated calculation of physiological
features was performed using the Neurokit library in Python [30].
A time window ranging from 1 second before to 8 seconds after the
TOR was used to calculate the physiological measurements of the
drivers during each situation (time window less than 10 seconds im-
posed by the Neurokit library). From the EDA signal, two indicators
characterising a stimulus-associated SCR were calculated: the maxi-
mum amplitude and the rise time (to reach the maximum amplitude
from the onset) [3]. As an indicator of cardiac activity during the
same period of time, the average heart rate during the situation
was used. These measures were selected as they are sensitive to
stress [9, 12, 55], which could occur during takeover situations.
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Figure 2: Left: The driving simulator. Right: View of the dashboard and the icons indicating the driving mode.

4.4 Experimental procedure
To begin with, the participants answered the first part of the ques-
tionnaire with socio-demographic questions as well as questions
about their driving habits. Then, the experimenter set up the elec-
trodes for recording physiological signals. The experiment was
divided into three phases, each using the same driving environ-
ment described above.

The first phase (Baseline) of the experiment was used to measure
physiological indicators for each participant at rest. For fiveminutes,
participants were asked to observe the environment of the car while
it was driving in conditional automation (L3-SAE). The participants
were informed that no TOR could occur during this phase.

The second phase (Training) of the experiment was the training
session. During this five-minute phase, participants were famil-
iarised with the driving simulator and the takeover request process.
Participants were reminded that they were driving a L3-SAE ve-
hicle. The meaning of the icons indicating the autopilot status on
the dashboard was explained by the experimenter. Each driver was
given three "false" TORs (i.e., no obstacles in the lane) to familiarise
themselves with the process. After that, the experimenter ensured
that the participants understood the process and the participants
had to drive manually until the end of the five minutes.

The third phase (Driving) was the main driving session. Par-
ticipants were in the driving simulator for 20 minutes while the
car was driving in conditional automation. Before starting, partici-
pants were instructed to take over control of the car after a TOR
only when they considered that the obstacle could cause damage
to them and the car. They were also asked to press a button on the
steering wheel once they had seen the obstacle and understood
the situation after the TOR. In total, each participant had to react
to the four situations involving the different obstacles presented
earlier. If the drivers took over control, they were instructed to
resume the autopilot by repositioning the car on the right lane and
pressing a steering wheel button once the situation was not critical
anymore (according to them). Each TOR was randomly triggered
between 1.5 minutes and 4 minutes after the previous situation.
Half of the participants were also asked to perform the cognitive
NDRT which was counting backwards from 3645, from 2 to 2. At
the end of the 20 minutes of driving, participants were asked to
stop the car and leave the simulator. The electrodes were removed,
the participants completed the last part of the questionnaire and
were finally dismissed.

4.5 Statistical analysis
Some data could not be used or had to be excluded from the sta-
tistical analysis, except for danger and realism measures. The data
from seven participants were excluded because a problem occurred
with at least one obstacle triggered by the experimenter (three with
the traffic cone, three with the frog and one with the can). The
TOR was triggered but no obstacle appeared in the environment.
Also, one participant experienced motion sickness so data were not
considered in the analysis.

Concerning the physiological data, three participants were ex-
cluded because of synchronization problems between timestamps
and collected data. Also, the physiological features indicators could
not be calculated for some of the participants primarily due to noise
in the signal during takeover situations. The data of 34 participants
was considered for the statistical analysis of the SCR amplitude and
rise time, while the data of 75 participants was used for the analysis
of heart rate during the takeover situations.

For measures of TUS, RT andMaxSWA, thresholds for data exclu-
sion have been used. According to the study of Bazilinskyy [2], the
average RT to an intense audio-visual stimulus without onset asyn-
chrony is 280 milliseconds on average. Participants who pressed the
button or took over control in this short period of time may have
only reacted to the stimulus and did not take time to understand
the situation. Hence, they were excluded from the analysis. Also,
participants who pressed the button or took over control after more
than 7 seconds (i.e., time to collision after TOR) were also excluded,
because it was already too late to understand the situation and/or
take over control of the vehicle. For MaxSWA measures, values
higher than 180 degrees (more than half a turn of the wheel) were
removed from the analysis, since they were outliers. Indeed, par-
ticipants were not supposed to do more than half a turn with the
wheel.

A mixed repeated measures analysis of variance (ANOVA) was
done to investigate the effect of movement and danger of obstacles,
NDRT, and the interaction effects between these factors on all
dependent variables. A t-test was done to control for the inducement
of workload through NASA-TLX measures. Figures are proposed
to interpret the interaction effects when they are significant.

5 RESULTS
5.1 Manipulation check
5.1.1 Subjective ratings of danger and realism of obstacles. Data
analysis shows a significant effect of the danger (F (1, 79) = 247.07,
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p < .001, [2 = .36) and the movement (F (1, 79) = 51.07, p < .001,
[2 = .07) of obstacles on subjective ratings of danger reported by
participants. The obstacles considered dangerous in the experimen-
tal design (the deer and the cone) were rated as more dangerous
(M = 4.89, SE = 0.13) than obstacles considered non-dangerous (M
= 2.48, SE = 0.13). Besides, moving obstacles (the deer and the frog)
were rated as more dangerous (M = 4.21, SE = 0.13) than static
obstacles (M = 3.15, SE = 0.13). The interaction effect of danger
and movement is also significant (F (1, 79) = 7.78, p < .01, [2 = .01),
which is shown in Figure 3. A higher difference can be observed
in ratings between moving and static obstacles when they are con-
sidered dangerous than when they are considered non-dangerous.
The effect of NDRT and other interaction effects did not reach
significance level (p > .05).

Figure 3: Interaction effect of obstacles’ movement and dan-
ger on danger ratings. Error bars represent standard error.

Data analysis also shows a significant effect of the danger (F (1,
79) = 9.23, p < .01, [2 = .02) and the movement (F (1, 79) = 10.97,
p < .001, [2 = .02) of obstacles on subjective ratings of realism
reported by participants. The obstacles considered as dangerous
in the experimental design (the deer and the cone) were rated as
more realistic (M = 5.29, SE = 0.14) than obstacles considered as not
dangerous (M = 4.85, SE = 0.14). Besides, moving obstacles (the deer
and the frog) were rated as less realistic (M = 4.83, SE = 0.14) than
static obstacles (M = 5.30, SE = 0.14), suggesting that the animation
of animal movement could be improved. Besides, the effect of NDRT
and all interaction effects on realism did not reach the significance
level (p > .05).

5.1.2 Engagement in NDRT. Participants who were asked to en-
gage in the verbal NDRT counted backwards, on average, to the
number 2740 (M = 2740.03, SD = 311.28), making an average of
452 calculations throughout the driving session (M = 452.49, SD =
155.64). It corresponds to 22.6 numbers orally spoken per minute, so
approximately one number every three seconds. The experimenters

Figure 4: Interaction effect of obstacles’ movement and dan-
ger on SART ratings. Error bars represent standard error.

asked participants to resume counting on average twice (M = 2.58,
SD = 1.71).

5.1.3 Inducement of mental workload through NDRT. Participants
who engaged in the NDRT reported to have a higher level of MWL
(M = 4.66, SD = .89) compared to the control group (M = 3.90, SD =

1.44; t(77) = -2.82, p < .01, d = -0.63), regarding the aggregate score
of the NASA-TLX questionnaire (RTLX). An effect of the NDRT
was also found on the mean heart rate of participants (corrected
with baseline) (F (1, 75) = 59.21, p < .001, [2 = .35). The mean heart
rate of participants who engaged in the NDRT increased compared
to baseline (M = 6.75, SE = .72), while it decreased for participants
in the control group (M = -1.10, SE = .72).

5.2 Situation Awareness
5.2.1 SART. The data analysis shows a significant effect of the
movement of obstacles on drivers’ subjective SA (F (1, 78) = 44.96,
p < .001, [2 = .10). Participants reported to have a lower SA when
facing the moving obstacles (M = 18.23, SE = .61) compared to
facing the static ones (M = 22.42, SE = .61). Besides, there is also an
interaction effect of movement and danger on the drivers’ subjective
SA (F (1, 78) = 5.03, p < .05, [2 = .005). This interaction effect is
shown in Figure 4. When facing static obstacles, drivers’ SA was
higher for the non-dangerous obstacle (can) than the dangerous one
(traffic cone). However, drivers’ SA was higher for the dangerous
obstacle (deer) than the non-dangerous one (frog) when facing
moving obstacles. Besides, there is no significant effect of danger
and NDRT alone, as well as no interaction effects (p > .05).

5.2.2 Time to understand the situation (TUS). The data analysis
shows a significant effect of the movement (F (1, 61) = 13.59, p <

.001, [2 = .03) and danger of obstacles (F (1, 61) = 12.13, p < .001,
[2 = .03) on TUS. Participants took more time to understand the
situation and press the button on the wheel when they faced static
obstacles (M = 2.19 s, SE = .09 s) compared to moving ones (M = 1.86
s, SE = .09). They also took more time to understand the situation
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Table 1: Takeover decision of participants for each takeover
situation.

Deer Traffic
Cone

Frog Can

Takeover 86 87 61 64
No
Takeover

2 1 27 24

Total 88 88 88 88

and press the button on the wheel when they faced dangerous
obstacles (M = 2.18 s, SE = .10 s) compared to non-dangerous ones
(M = 1.87 s, SE = .10). Besides, no significant effect of NDRT was
found, as well as no interaction effects (p > .05).

5.3 Takeover performance
Table 1 shows the number of participants who took over control of
the car in the takeover situations involving each obstacle. Besides,
the statistical analysis revealed a significant effect of obstacles’
movement on RT (F (1, 34) = 14.53, p < .001, [2 = .07). Participants
took more time to take over when the obstacle triggering the TOR
was moving (M = 3.59 s, SE = .15 s) than when it was static (M =

2.97 s, SE = .12 s). Also, the effect of obstacles’ danger is significant
on RT (F (1, 34) = 6.42, p < .05, [2 = .02). Participants took less time
to take over when the obstacle was considered dangerous (M = 3.10
s, SE = .14 s) than when it was considered non-dangerous (M = 3.46
s, SE = .12 s). The effect of NDRT on RT is also significant (F (1, 34)
= 8.11, p < .01, [2 = .07). Participants who engaged in the verbal
cognitive NDRT took more time to take over control (M = 3.59 s,
SE = .15 s) than those in the control group (M = 2.97 s, SE = .16 s).
No interaction effects were found on RT (p > .05).

The effect of movement is significant on the MaxSWA during
takeover (F (1, 34) = 7.28, p < .01, [2 = .07). Participants turned
more the wheel when facing a static obstacle (M = 56.61 degrees,
SE = 3.98 degrees) than a moving one (M = 41.58 degrees, SE =

3.98 degrees). No effect of danger and NDRT alone, and interaction
effects were not significant (p > .05).

5.4 Physiological response
5.4.1 Skin Conductance Response: Peak Amplitude. The data anal-
ysis shows a significant effect of the movement of obstacles (F (1,
32) = 4.68, p < .05, [2 = .02) and the NDRT (F (1, 32) = 8.76, p = .01,
[2 = .13) on the peak amplitude of SCRs. The peak amplitude was
larger when reacting to static obstacles (M = 2.31 `S, SE = 0.24 `S)
than to moving ones (M = 1.88 `S, SE = 0.24 `S). Also, the SCR peak
amplitude was smaller for participants who engage in the NDRT
(M = 1.46 `S, SE = 0.30 `S) than for those in the control group (M
= 2.73 `S, SE = 0.30 `S). No effect of danger alone and interaction
effects were found on the peak amplitude of SCRs (p > .05).

5.4.2 Skin Conductance Response: Rise Time. The data analysis
showed a significant effect of the movement of obstacles on the
rise time of SCRs (F (1, 32) = 4.50, p < .05, [2 = .03). The rise time
of SCRs was shorter when facing moving obstacles (M = 1.74 s, SE
= .14 s) than static ones (M = 2.10 s, SE = .14 s). No effect of danger,

Figure 5: Interaction effect of obstacles’ danger and NDRT
on change in heart rate (corrected with the baseline). Error
bars represent standard error.

NDRT and interaction effects were found on the rise time of SCRs
(p > .05).

5.4.3 Heart rate. The data analysis only shows a significant in-
teraction effect of danger and NDRT on drivers’ heart rate during
takeover periods (F (1, 73) = 6.83, p < .05, [2 = .01). This interaction
effect is illustrated in Figure 5. When participants were engaged
in the cognitive NDRT, the danger of obstacles did not influence
drivers’ change in HR, while it had an influence on participants
that did not engage in the task. For the latter, the change in HR was
higher when facing dangerous obstacles than non-dangerous ones.
No effect of danger, movement and NDRT alone was found, as well
as no other significant interaction effect (p > .05).

6 DISCUSSION
6.1 Control of the experimental manipulation
One challenge of this studywas tomanipulate the takeover situation
with regard to the danger and movement of obstacles triggering the
TOR. Overall, the obstacles were considered realistic (around 5 out
of 7 for each obstacle), with the frog considered the least realistic
one.

On one hand, the manipulation of the takeover situation was
successful according to participants’ subjective ratings on the dan-
ger of obstacles. The experimental design included four different
takeover situations caused by obstacles of increasing levels of dan-
ger. The deer and the traffic cone were rated as more dangerous
than the frog and the can, as desired in our experimental design.
The moving obstacles (deer and frog) were rated as more dangerous
than the static ones (cone and can). The unpredictable aspect of
their movement might explain this higher danger perception felt
by the participants.
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On the other hand, the manipulation of the driver’s cognitive
state was successful. Participants in the manipulation group en-
gaged correctly in the verbal cognitive NDRT, counting an average
of one number every three seconds. They reported having a higher
workload during the experiment regarding scores of the NASA-TLX
questionnaire, which was confirmed by a higher heart rate com-
pared to the control group. We can consider that the participants
who engaged in the verbal cognitive NDRT had a higher workload
throughout the drive and thus before the takeover situations. With
the exception of the cognitive state, all participants were in the
same physical condition when a takeover was required, as they
were not performing any motor activity and were all expected to
look at the vehicle environment.

6.2 Situation awareness
Data analysis showed a main effect of the obstacle’s movement
on both measures of SA. When facing a moving obstacle (crossing
from the side of the road), participants reported having a lower
SA. As hypothesised, the fact that the obstacles could move when
the TOR was triggered may have made the situation more unstable
and variable [17, 20, 48]. However, drivers took less time to report
having understood the situation when faced with moving obstacles.
The fact that obstacles could move probably led them to take less
time in the steps that constitute SA (perception, comprehension,
projection) before decision-making, so that they would be ready
more quickly to take over control if needed, depending on the
obstacle’s movement.

The danger of obstacles alone only had an effect on the time
participants took to understand the situation and press the button.
Since they had to decide whether to regain control of the vehi-
cle based on the potential of the obstacles’ danger, it is coherent
to find significant differences in this measure. Participants were
quicker to report having understood the situation after the TOR
when faced with non-dangerous obstacles. It might have been easier
and more straightforward to evaluate the potential of danger of
non-dangerous obstacles, and thus led them to spend less time in
SA stages (perception, comprehension, projection). However, the
exposure to dangerous obstacles showed no influence on the dri-
ver’s subjective SA. It may only have an impact on the time needed
to understand a situation, and not necessarily on understanding
quality.

Interestingly, engaging in a verbal cognitive NDRT did not have
any effect on SA in this study. Results are different from previous
literature which usually show a negative effect of NDRT engage-
ment on SA [4, 56]. This nil effect of the NDRT engagement might
be explained by the fact that all drivers had their gaze on the driv-
ing environment, regardless of their experimental condition. They
might have collected the same amount of information, whether
engaged in the NDRT or not.

6.3 Takeover behaviour of drivers
The data analysis showed a significant effect of the movement of
obstacles on takeover performance measures of RT. Interestingly,
the drivers took less time to report having understood the situation
(TUS, see above) but more time to actually take over control when
the obstacle was moving. They might have been quicker in the early

stages of SA (perception and comprehension), but longer in the
later stages (projection) and in the decision-making before doing
the appropriate action. In other words, they might have taken more
time to choose the best option to avoid the moving obstacles (steer-
ing or braking). Again, the unpredictable aspect of the obstacle’s
movement might have delayed the actual takeover. Also, drivers
turned more the steering wheel in takeover situations involving
static obstacles. This suggests that the majority of participants
have chosen to avoid static obstacles, especially the traffic cone
that could cause damage to the vehicle. Results suggest that RT
and MaxSWA should be used to assess the driver behavior (and
takeover performance) in takeover situations involving different
obstacle types.

Besides, a significant effect of danger was found on RT. Drivers
took over faster the control of the vehicle when facing dangerous
obstacles. It is the opposite pattern as the one observed for the
movement of the obstacle: drivers took more time to report having
understood the situation but actually took over faster control when
faced with dangerous obstacles. They probably took longer in the
first stages of the SA because the obstacles were dangerous and
it was more difficult to decide. Having taken more time to decide,
the dangerous nature of the obstacles caused them to take control
more quickly in order to avoid the danger. This shows that the
dangerousness of a situation can cause an individual to reduce
his/her decision time. However, it is difficult to judge whether the
takeover quality was lower when a dangerous obstacle was in front
of them, as no effect was found on the MaxSWA.

Engaging in the verbal cognitive NDRT also showed a significant
effect on response time. Participants who had to engage in the
NDRT took on average half a second more to take over control
than participants who did not engage in the NDRT. The effect of
NDRT on takeover performance is in line with previous studies
[15, 34, 39, 51, 57, 59]. In particular, most of the previous studies
showed an impairment of takeover performance when the NDRT
is both visually and manually demanding and asks the driver to
turn away the gaze from the road [15, 24, 39, 51, 57]. [51] found
that the takeover performance when engaging in an auditory-vocal
task was comparable to a baseline without any task. However, the
significant result obtained in our study suggests that it might not
be the case, in addition to results reported by [34] who also found a
negative effect of a verbal cognitive task (twenty question task) on
the mean speed after the takeover. Hence, further studies should be
conducted to confirm the effect of engaging in a verbal cognitive
NDRT on takeover performance.

6.4 Physiological state of drivers during
takeovers

As for measures of SA and performance, an effect of the movement
of obstacles was found on measures of skin conductance responses.
After facing moving obstacles, the drivers’ rise time was shorter
but the peak amplitude was smaller. This found pattern was not
expected since a short rise time is usually associated with a high
peak amplitude [3, 13], especially after the presentation of a stressful
stimulus. Thus, facing moving obstacles is probably not related to a
single increase in stress. The pattern found needs to be confirmed in
further studies and could be an interesting measure to distinguish
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different stages of SA. Also, a recent study has shown that this can
be a marker of hazard anticipation depending on driving experience
[8], which goes in the same direction than in our study. Besides,
no effect was found for the danger of obstacles on SCR measures.
We would have expected a higher and quicker increase of the skin
conductance when facing dangerous stimuli, as it quantifies the
physiological response to a stressful event [9] or to a situation
inducing fear of physical danger [12]. One possible explanation for
this nil effect is that the feeling of danger was not strong enough.
Indeed, the participants knew that they were in a simulation and
that the obstacles could not harm them and cause damages to the
vehicle. Besides, no effect of both movement and danger of obstacles
was found on the average heart rate. Even if 10 seconds are enough
for a reliable measurement of the heart rate [45], it might not be the
most appropriate measure to quantify an individual’s physiological
response to a stressful event in such a short period.

For the effect of the NDRT on the physiological response of
drivers, data analysis showed that participants who engaged in the
NDRT showed a smaller increase in the skin conductance response
during the takeover situations, compared to participants who did
not engage in the task. This result differs from previous studies
which showed that higher mental workload was associated with
higher SCR amplitude [29], whereas [46] did not find any effect of
increased workload on that measure. Hence, the effect of workload
on skin conductance responses would need further investigation.

6.5 Summary of results and implications for
human-vehicle interaction

To summarize, we can say that:

• (H1) is validated for SA and takeover performance measures,
but not for the physiological measures. Indeed, a negative
effect of the obstacles’ movement was found on SA and
takeover performance. When obstacles are moving, drivers
have a lower SA and take less time (not enough?) to under-
stand the situation, and take more time (too much?) to take
over control of the vehicle. It suggests that drivers spend
more time in higher stages of SA (projection) when the obsta-
cle was moving. Also, the steering wheel angle was greater
for moving obstacles, but this reflects the need to avoid the
obstacle rather than poor takeover control. For the physio-
logical response of the driver, moving obstacles generated a
shorter rise time but a small peak amplitude of the SCRs. This
unexpected found pattern should be confirmed in further
studies.

• (H2) is refuted since an exposure to dangerous obstacles
showed an effect on the time to understand the situation and
the time to take over control (response time). When obsta-
cles are considered dangerous, drivers take more time (too
much?) to understand the situation (lower SA stages), and
less time (not enough?) to take over control of the vehicle,
thus reducing the time allocated to decision-making process
(higher SA stages). On the other hand, no effect of the danger
was found on the comprehension of the situation (subjective
SA), the steering wheel angle or the physiological responses.
The results still do suggest that more research on the dan-
ger of obstacles might be interesting, as this factor varies

greatly in a real-world driving environment (e.g., pedestrian
vs. roadside trash).

• (H3): the hypothesis on the engagement in an NDRT is con-
firmed for response time to take over control (longer when
engaged in a cognitive verbal task). However, the hypothe-
sis is invalidated for the other measures, as no effect of the
driver’s mental state was found on the physiological state
during takeover situations or on SA.

Overall, these results suggest that the type of obstacles/entities
present in the vehicle’s environment, and particularly their move-
ment, may have an effect on situation awareness, but also on the
time required to understand the situation and then take over control
when necessary. In order to maintain drivers’ awareness and opti-
mise the takeover quality, it would be helpful to provide the driver
with some information about the nature of obstacles and other road
users around the car, via human-vehicle interfaces (HMIs) [5, 6, 35].
If one wants to indicate potential movement and danger (or their
severity) directly to the driver via HMIs in the vehicle, we thought
of two possibilities. The first would be to do it directly on the screen
of the vehicle’s central console where a map of the environment
would be displayed with the entities present around the vehicle. The
danger (i.e. the level of severity) of each obstacle could be indicated
by visual indicators such as colours (green/orange/red) or numbers
above the obstacle (e.g. from 1 to 5). The movement of the obstacle
could be indicated by an arrow pointing in the direction of the likely
movement, or by a cross if the detected obstacle is static. These
indications could also be done in the vehicle through augmented
reality techniques, by displaying them on the windscreen or side
windows.

In parallel to this, the results suggest that it would also be useful
for an intelligent driver monitoring system to detect the type of
NDRT the driver is engaged in as this has an impact on response
time. Even if the driver’s eyes are directed towards the windshield,
his or her mental state is important to take into account, which can
be predicted with physiological indicators used as inputs of machine
learning models [36, 37, 47]. Depending on the drivers’ direction
of gaze (handheld device or windscreen) and their cognitive state
(high or low workload), the intelligent system could adapt the
location, type and amount of information transmitted to the driver,
allowing for greater adaptability and comfort for the driver during
conditionally automated driving phases [14].

6.6 Limitations and further work
In the experimental design, the movement variable was confounded
by the fact that the moving objects were living and the non-moving
ones were non-living. It is possible that the participants’ responses
might relate to the movement, the living nature, or both. The living
nature could be included in the experimental design of a future
study. Also, the color and the size of obstacles might have affected
the ability to see the obstacle when TOR is triggered. The effects
found in this study could have been different if other obstacles
would have been selected in the design. For this, it would be inter-
esting to test the same experimental design but with other obstacles
of the same type: bear or dog instead of deer, and rock or wood on
the road instead of a traffic cone.
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With regard to the driver’s mental state, it would be more appro-
priate to further distinguish between the different types of (cogni-
tively demanding) tasks in a single study, as different results have
been found in the literature. Although the induction of mental load
was validated by this task, it could also be perceived as long and
boring by some participants. Other tasks performed over a shorter
period of time may be more appropriate and realistic for further
research.

7 CONCLUSION
In this study, 88 participants monitored the environment of a condi-
tionally automated vehicle for 20 minutes. They responded to four
takeover requests triggered by different obstacles, which varied in
movement and danger: a deer, a cone, a frog, and a can. Half of
the participants were asked to engage in a verbal cognitive non-
driving related task (NDRT) throughout the driving session (count
backwards in steps of two). The results of this study indicate that
moving obstacles are perceived as more dangerous by drivers. The
movement of the obstacles also has an influence on the situation
awareness and response time during the takeover process. When
faced with moving obstacles, drivers reported lower situational
awareness, took less time to understand the situation, but took
more time to take over control. The danger of the obstacle (i.e.,
the potential to cause damage) had a significant effect on the time
drivers took to understand the situation, but also on the response
time for the actual takeover. When faced with dangerous obstacles,
drivers took more time to report having understood the situation
but less time to do the actual takeover, suggesting a reduction of the
decision-making process duration. The engagement of drivers in a
verbal cognitive NDRT only showed a significant effect on takeover
response time. The results of this study suggest that both the driv-
ing situation (i.e., movement and danger of entities in the vehicle
surroundings) and the driver’s cognitive state should be known at
any time, especially before a takeover request occurs. Based on this,
the location, the quantity, and the type of information conveyed to
the driver through in-car human-vehicle interfaces could be smartly
adapted. This would contribute to maintaining drivers’ situation
awareness and takeover performance in conditionally automated
driving.
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