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A B S T R A C T

In recent years the automation level of driver assistance systems has increased continuously. One of the
major challenges for highly automated driving is to ensure a safe driver take-over of the vehicle guidance.
This must be ensured especially when the driver is engaged in non-driving related secondary tasks. For
this purpose it is essential to find indicators of the driver’s readiness to take over and to gain more
knowledge about the take-over process in general.
A simulator study was conducted to explore how drivers’ allocation of visual attention during highly

automated driving influences a take-over action in response to an emergency situation. Therefore we
recorded drivers’ gaze behavior during automated driving while simultaneously engaging in a visually
demanding secondary task, and measured their reaction times in a take-over situation.
According to their gaze behavior the drivers were categorized into “high”, “medium” and “low-risk”.

The gaze parameters were found to be suitable for predicting the readiness to take-over the vehicle, in
such a way that high-risk drivers reacted late and more often inappropriately in the take-over situation.
However, there was no difference among the driver groups in the time required by the drivers to establish
motor readiness to intervene after the take-over request.
An integrated model approach of driver behavior in emergency take-over situations during automated

driving is presented. It is argued that primarily cognitive and not motor processes determine the take-
over time. Given this, insights can be derived for further research and the development of automated
systems.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Over the last decades a highly visible trend toward increasing
automation has characterized the automotive industries (Stanton
and Marsden, 1996). Different levels of automated driving can be
defined depending on how strong the system intervenes in the
longitudinal and lateral control of the vehicle and whether or not
the driver needs to monitor the system, (Gasser et al., 2012; Gasser
and Westhoff, 2012; National Highway Traffic Safety Administra-
tion, 2013; SAE International, 2014). Several car manufacturers
already offer partly automated driving as a function of their
assistance systems. These systems take over both longitudinal and
lateral control while the driver is still responsible for monitoring

the automation system and the road (such as adaptive cruise
control in combination with active lane keeping). At the next level
of highly automated driving the driver does not have to be
permanently attentive and is thus allowed to temporarily engage
in secondary tasks while driving. However, there are situations the
system cannot handle (e.g., when reaching a system boundary due
to sensor or actuator limitations, ambiguous environment
observations, etc.) and the driver must be able to take over
control within a reasonable amount of transition time. Ensuring
that the driver is able to intervene in time poses one of the major
challenges to highly automated driving. Previous research has
demonstrated that automation alone can take the user out of the
loop, resulting in deteriorated reactions in cases of system failures
or boundaries (Brookhuis et al., 2001; Endsley and Kaber, 1999;
Endsley and Kiris, 1995; Kaber and Endsley, 2004; Neubauer et al.,
2012; Wiener and Curry, 1980). It can be assumed that for a
distracted driver this so-called out-of-the-loop performance
problem (Endsley and Kiris, 1995) is compounded
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(Merat et al., 2012). The question of how long it takes a distracted
driver to take over control of the vehicle after automated driving
has therefore attracted growing attention within the last years.

The following sections outline the current state of research on
take-over times (Section 1.1) as well as on visual distraction while
driving and its influence on gaze behavior (Section 1.2). Finally, the
purpose of the present study is presented (Section 1.3).

1.1. Take-over time after highly-automated driving

Damböck et al. (2012) conducted a driving simulator study in
which participants performed a highly automated driving task on
the highway. Participants drove while performing a visual
secondary task that was cognitively and manually demanding.
The authors examined different times from take-over request until
the system boundary was reached. It was found that from take-
over times of 6–8 s there were no differences in the driving
behavior in a take-over situation when compared to non-
automated driving. Petermann-Stock et al. (2013) found maximum
take-over times ranging from 5.7 to 8.8 s. Further studies report
mean take-over times between 2.1 and 4.1 s (Giesler and Müller,
2013; Gold and Bengler, 2014; Gold et al., 2013). Gold and Bengler
(2014) additionally measured the time to the first gaze at the
scenery (0.7 and 0.9 s for a time budget of 5 and 7 s, respectively).
They also measured the time until the hands touch the steering
wheel (1.5 and 1.8 s for a time budget of 5 and 7 s, respectively).

Several studies report an influence of secondary task demands
on take-over time and quality (Merat et al., 2012; Petermann-Stock
et al., 2013; Radlmayr et al., 2014). Studies on assisted driving (e.g.,
with adaptive cruise control) or manual driving revealed a number
of additional environment and driver-related factors affecting
reaction times while driving. These include driving task demands
(Alm and Nilsson, 1994; Jamson and Merat, 2005), driver
expectancy (Ruscio et al., 2015), urgency of the reaction
(Schweitzer et al., 1995), automation complacency (Ruscio et al.,
2015), and age (Broen and Chiang, 1996). Ruscio et al. (2015) even
identified the single processing steps that were or were not
delayed. The authors divided brake reactions to a warning into the
processes of perception, mental processing, and motor execution
of actions. They found that the expectation of an event influenced
the time needed for perceiving and mentally processing the
warning, but not the time for putting the driver’s foot on the brake
pedal and performing braking pressure.

Hence, there is no such thing as a single, general take-over time.
Instead, the take-over time is, within limits, specific for a particular
set of situation variables (e.g., traffic density, action alternatives,
HMI concepts, secondary task type, level of driver distraction) and
driver variables (e.g., age and skill of the driver). While the studies
referred to in the previous paragraph provide important initial
insights into take-over after automated driving, a closer examina-
tion of the basic processes underlying the driver take-over and how
these processes are affected by situation and driver variables has
not been addressed so far.

1.2. Driver distraction

Driver distraction is regarded as one of the major causes for
crashes and near-crashes (Klauer et al., 2006; McEvoy et al., 2006).
Considerable research has been conducted on distracted driving
without automation.

1.2.1. Effects of visual distraction

As most information is perceived visually while driving (Cohen
and Hirsig, 1991; Sivak, 1996 Sivak,1996), visual distraction is often
considered the most safety-critical type of distraction. A strong
impairment of the detection of critical stimuli or events during
visually distracted driving could be observed (Greenberg et al.,
2003). Several authors have demonstrated a strong relationship
between visual distraction and the likelihood of becoming
involved in a collision (e.g. Horrey and Wickens, 2007; Klauer
et al., 2006). Furthermore, visual distraction is regarded as one of
the main contributing factors to crashes and near-crashes in real-
world driving (Dingus et al., 2006). In addition, visually demanding
secondary tasks have been shown to lead to an increased variation
of lane position and more frequent steering corrections (Engström
et al., 2005; Green,1999; Greenberg et al., 2003; Jamson and Merat,
2005), as well as to a reduction in speed (Engström et al., 2005;
Jamson and Merat, 2005). The latter of which is often considered a
compensatory effect.

Finally, this strong impairment of driving performance is linked
to the driver’s gaze behavior during visually distracted driving. A
study conducted by Victor (2005) showed that drivers who are
visually distracted (e.g. by reading an email or by dialing a
telephone number) spent only 29% of their viewing time on the
road center, compared to 80% in the case of non-distracted drivers.
Besides this general diversion of visual attention away from the
roadway, the glances at the road by visually distracted drivers were
spatially more concentrated toward road center compared to non-
distracted and cognitively distracted drivers.

1.2.2. Gaze behavior as an indicator of driver distraction

Although it is possible, in principle, to shift attention
independent of the position of the eye (e.g., Posner et al., 1978),
there is clear evidence that eye movements are closely linked to the
driver’s visual attention (e.g. Crundall and Underwood, 1998;
Crundall and Underwood,1998, 2011; Konstantopoulos et al., 2010;
Underwood, 2007). Against the background of automated driving,
this is of special interest given that the measures of driver
distraction derived from driving performance (Bach et al., 2009)
cannot be used when the vehicle is controlled by the system and
not the driver. Recent research on manual driving has documented
that certain gaze parameters are sensitive enough to measure the
level of distractedness. Drivers’ glances at a secondary task display
increase in duration and frequency with increasing visual task
difficulty, while the time spent inspecting the road center
decreases (Green, 1999; Peng et al., 2013; Victor et al., 2005).
Also, both the maximum off-road glance duration and the number

Fig. 1. Model of processes underlying the driver take-over after highly automated driving while doing secondary tasks.
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of off-road glances taking longer than two seconds increase with
rising task demands (Peng et al., 2013; Victor et al., 2005). Horrey
and Wickens (2007) stress the fact that many studies focus on the
average rather than the maximum off-road glance duration,
although these extreme values are the actual safety-relevant ones.
The authors showed that the mean off-road glance duration did not
differ significantly as a function of the task complexity, while the
amount of extremely long off-road glances increased with task
difficulty. Accordingly, Peng et al. (2013) classified drivers as high-
risk and low-risk drivers with high-risk drivers showing longer
maximum off-road glance durations and less frequent off-road
glances. High-risk drivers also displayed a larger percentage of the
total time of off-road glances compared to low-risk drivers.

1.3. Purpose of the present study

Considerable research has been conducted on the impact of
visual distraction on the driver’s gaze behavior and much is already
known about what can be considered well-adapted gaze behavior
during non-automated driving. However, little is known about the
effects of visual distraction on gaze behavior during highly
automated driving and how this, in turn, affects the driver’s
behavior in take-over situations. Given that automated systems are
becoming more and more important, it is necessary to examine the
degree of visual distraction which poses serious safety implica-
tions for driver take-over. Fig. 1 outlines theoretical assumptions
about the processes underlying the driver take-over.

When a system-initiated take-over request is prompted during
highly automated driving, a visually distracted driver will initially
redirect his or her gaze from the secondary task to the street. If the
performed secondary task includes a manual aspect such as
holding something or using some input device, it may also be
necessary for the driver to simultaneously return his hands back to
the steering wheel and to move his feet toward the pedal systems.
Thereby the driver achieves motor readiness (Fig. 1) to take over
the driving task. As mentioned in Section 1.1, reaction times are
typically less than a second for the first gaze at the scenery, 1.5–
1.8 s for the first contact with the steering wheel and about 1.5 s
until the foot is on the brake pedal. The main factor influencing
these motor processes should be the manual load of the secondary
task.

The model shares with threaded cognition theory the general
notion that multiple threads or goals can be active at the same
time, and as long as there is no overlap in the cognitive, perceptual,
or motor resources needed by these threads, there is no
multitasking interference (Salvucci and Taatgen, 2008, 2011). This
assumption implies that the perceptual and cognitive processing of
the take-over situation can be executed parallel to the achievement
of motor readiness. Similar to the model of situation awareness
(Endsley, 1995) we assume that cognitive processing includes
perceiving single elements and updating the current mental model
of the situation by integrating relevant elements into a coherent
model. Based upon the updated mental model an appropriate
action can be selected.

As described in Section 1.1, it can be assumed that there are
environment-related and driver-related factors (e.g., the complex-
ity of the situation or the driver’s state of distraction) that influence
the quality and duration of the driver take-over. Driver distraction
in particular was shown to delay take-over time (e.g. Petermann-
Stock et al., 2013). As gaze behavior was shown to reflect the
driver’s level of distractedness (Section 1.2.2), we hypothesize that
there is also a relationship between the driver’s gaze behavior
during highly automated driving and the take-over performance.
Research on manual driving shows that experienced drivers have
scanning strategies that differ from those of novice drivers, and
experienced drivers are better at adapting their strategies to

different driving task demands (Crundall and Underwood, 1998;
Konstantopoulos et al., 2010; Underwood, 2007). According to
Underwood (2007) a novice driver’s scanning pattern reflects an
inadequate mental model of the driving situation. In line with
these results we assume that gaze behavior during highly
automated driving is linked to the driver’s situation awareness.
Drivers with a well-adapted allocation of visual attention between
the driving and the secondary task should make regular glances at
the street, thereby allowing them to gain enhanced situation
awareness compared to drivers focusing mostly on the secondary
task. This should lead to a rapid reorientation and update of the
driver’s mental model in a sudden take-over situation, allowing an
earlier and well adapted take-over reaction. Based on the results by
Ruscio et al. (2015), we hypothesize that this has an effect mainly
on the perception and cognitive processing of the take-over
situation, and no or only little effect on achieving motor readiness.

This study focuses on processes underlying the driver take-over
after highly automated driving and examines the relationship
between the driver’s gaze behavior and the take-over. Based on
this, assumptions made within our model of driver take-over can
be tested.

We address the following questions: (1) How do drivers allocate
their visual attention during highly automated driving while
engaging in a secondary task? (2) Which gaze parameters can be
used to assess how effectively the driver monitors the roadway?
(3) How does gaze behavior influence the quality and duration of
the driver take-over on the whole and how is it related to the
corresponding underlying processes?

2. Methods

2.1. Participants

The data reported here represent a subset of the data collected
within an extended experimental design with 247 participants in
total (Cardenas, 2013). 107 participants took part in the condition
that is reported here. Data from 18 participants had to be excluded
due to technical problems, incomplete data recordings or motion
sickness. As a result, data from 89 participants (54 male, 35 female)
with a mean age of 42 years (range 20–72, SD = 13) were analyzed.
The participants were recruited using a Daimler AG database of
volunteers. Participants were required to hold a valid driver’s
license (which they held for 24 years, SD = 13, on average), to have
normal or corrected-to-normal vision. Of all participants, 94% had
experienced cruise control at least once (55% used it regularly, 29%
occasionally and 10% once). Data were collected anonymously.
Informed consent was obtained after the task had been explained.
Participants were free to terminate participation in the experiment
at any time without any type of penalty. Participants received 50 s

for their participation. All experimental procedures were con-
ducted in accordance with the ethic guidelines of the Declaration
of Helsinki.

2.2. Driving simulator

The study was conducted in the Daimler AG dynamic driving
simulator in Sindelfingen, Germany. The moving-based simulator
dome has a hexapod platform which is mounted on a single 12 m
axis for linear motion. Inside the dome a real car cabin (here an E-
Class sedan, W212) and a photorealistic 360� projection served as
testing environment (Clark, 2012). Inside the car cabin, two
cameras pointed at the driver to control driver activity and to
record their gaze behavior. Another camera was located in the foot
well to record the driver’s acceleration and braking behavior.
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2.3. Highly automated driving system

The highly automated driving system controlling the longitu-
dinal and the lateral guidance on the highway was a combination
of adaptive cruise control and active lane keeping. The system was
activated by the driver with a lever on the left side of the steering
wheel that usually controls the adaptive cruise control. When
activated, the system adjusted the car’s velocity to 130 km/h
(81 mph) or, in case of a slower leading vehicle, to an experimen-
tally manipulated distance that corresponded to a time gap of 2.5,
3.0 or 3.5 s. The system did not conduct lane changing or
overtaking manoeuvres. The system status displays were imple-
mented in the central display of the head unit located at the center
console. A green lamp indicated that the system had been
activated. When the system recognized a critical situation that
it could not handle, an acoustic warning prompted the driver to
take over the driving task and a red steering wheel icon appeared
in the head unit display (Fig. 2, left).

2.4. Test procedure

Before the test drive, participants filled out a socio-demograph-
ic questionnaire and received instructions containing information
about the following drive and the highly automated driving
system. They were informed that the system would control the
vehicle laterally and longitudinally at a set maximum speed and
automatically keep the distance to the vehicle ahead. Furthermore,
they received information that there could be situations the
system cannot handle and that the car would prompt a visual and
auditory take-over request after which the driver would have only
a limited amount of time before the system would be deactivated
automatically. The participants did not receive further information
about the take-over situations. It was explained that there would
be secondary tasks the participants should be executing while the
automated system was activated. When seated in the car, the
participants finally received general information on the handling
of the car, how to activate and deactivate the system and where the
system status was to be displayed.

The simulation started with an 11 km training drive on a two-
lane highway where the participants first drove the car without the
automated driving system to get used to the simulator and the
vehicle. After that, the participants were instructed to activate the
system. Participants were instructed to stay in the right lane. After
further 2 km the participant’s car approached a black SUV that also
drove in the right lane at 120 km/h (75 mph). The automated
driving system autonomously adjusted the car’s velocity to the
speed of the SUV running ahead so that the driver followed the SUV
with a constant time gap of 2.5, 3.0 or 3.5 s, depending on the
experimental condition. The time gap is defined as the number of
seconds it takes for the participant's car to pass a particular
position that had been passed by the SUV. The drivers were

instructed to remain behind the SUV during the entire ride and
were then allowed to start working on the secondary tasks.

At kilometers 25.9 and 40.6 (corresponding to about 11 and
19 min of highly automated driving, respectively) one of two take-
over situations took place. In both situations the ego-lane was
blocked because of roadwork or a road construction sign. As soon
as the SUV changed lanes to pass the obstacle the system was able
to detect it and requested the driver to take over the control of the
vehicle with a time budget of 12 s before reaching the obstacle.
These situations were arranged in a non-time critical way so that
the drivers all had enough time to react. The purpose was to get the
participants used to the automation system, its system boundaries
and the take-over request and they were not included in further
statistical analyses. At kilometer 55.4 (after about 26 min of highly
automated driving and about 7 min after the previous take-over
situation) a third take-over situation took place. This time the ego-
lane was blocked by a broken vehicle and the SUV changed lanes
close to this obstacle (i.e. at a distance of 50 m, which corresponds
to a time gap of 1.5 s until the SUV would have collided with the
obstacle). The take-over request was prompted with a time gap of
2.5, 3.0 or 3.5 s before reaching the obstacle, depending on the
experimental condition. The system simultaneously started a
preemptive braking with a decelerating rate of 2.5 m/s2. This
resulted in 4.9, 5.7 or 6.6 s before the participant’s car would have
collided with the obstacle had the driver not intervened.

Shortly before the critical situation a convoy of several vehicles
passed in the left lane, thereby blocking that lane and making a
steering manoeuvre to avoid the obstacle impossible. The take-
over is depicted in Fig. 3. It is important to note that this take-over
situation was designed as an emergency situation that could not be
handled by all drivers. Furthermore, all collision avoidance systems
of the vehicle were deactivated. The aim was to examine a critical
scenario that was difficult to handle without the support of driver
assistance systems. The whole test drive was 55.8 km long and took
about 28 min.

2.5. Secondary task

The tasks “texting” and “internet search” (described below)
served as model tasks for typical visual distraction scenarios and
were displayed in the central display. Interventions were
performed using a rotating/push button, which is assumed to
induce low manual demand (Fig. 2, right). Both, display and
operating of the multimedia system are standard in the
2014 Mercedes E-Class model. The tasks were integrated into a
custom-designed multimedia system menu. They consisted either
of simple text entries (e.g., completing the missing word of a saying
or copying a given sentence) or internet searches (e.g., going to a
mobile site or using a search engine). As soon as the driver finished
one task with a click on the “OK” button the next task automatically
popped up. The tasks were in the same order for all participants

Fig. 2. Take-over request in the head unit (left). Driver working on secondary task in the head unit with rotating/push button (right).
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and there was no time limit for finishing the tasks to ensure
individual processing times. However, a new block of secondary
tasks of comparable difficulty was started for all participants after
the second take-over situation to ensure similar tasks for the third
take-over manoeuvre. The difficulty of the tasks was not tested
beforehand. The task type is not included in further analyses.

2.6. Recording of eye movements

Eye movements were collected via video labeling of the two
interior cameras. The cameras were set up with different angles so
that a detection of the viewing direction was always possible. The
following areas of interest (AOI) were differentiated: windshield
(roadway in front of the driver), central display (secondary task),
left and right exterior mirror, rearview mirror and instrument
cluster. Data was recorded only during the three take-over
situations from 1950 m before the obstacle until the obstacle
was passed. That corresponded to one minute before the take-over
request was prompted and–depending on the driver’s reaction and
the speed of the vehicle–about 15 s until the obstacle was passed.
The video was recorded with a sampling rate of 25 Hz. The analyses
of the eye movements included only the minute before the take-
over request was prompted. Unless noted otherwise the analyses of
the eye movements refer to the last minute before the third, critical
take-over situation. The labeling was done framewise with the
video annotation tool ANVIL version 5.1.7 (Kipp, 2013).

3. Results

3.1. Gaze behavior during highly automated driving and engaging in a

secondary task

All eye movement analyses were based on gazes. According to
Crundall and Underwood (2011), a gaze consists of one or multiple
fixations within one AOI. Gaze duration is therefore defined as the
time the eye dwells continuously within an AOI.

Figs. 4 and 5 depict the gaze behavior during highly automated
driving. Fig. 4 shows the mean number and corresponding
duration of glances at different AOIs during 1 min of highly
automated driving. It should be noted that the mean duration of
central display glances shows a right-skewed distribution and the
mean is strongly biased upward (median = 7.2 s). Fig. 5 presents the
average total amount of glances at different AOIs within 1 min of
highly automated driving.

3.2. Driver classification based on gaze behavior

In order to find appropriate criteria for adequate gaze behavior
it is necessary to consider not only measures of the central
tendency (such as means or medians) but also extreme values
containing valuable information about the distribution of the data
and which may be better indicators of high-risk behavior. The
maximum duration of one single gaze off the roadway is therefore
plotted against the number of glances at the central display for
each driver during 1 min of highly automated driving (logarithmic
regression, F(1, 87) = 447.54, p � .01, R2 = .84).

Currently, objective criteria for an a priori classification of gaze
behavior in automated driving do not exist. We therefore
conducted an empirical classification using a k-means clustering
algorithm. Using this clustering algorithm, the drivers were
classified into three groups that were labeled high, medium and
low-risk drivers. The high-risk driver group showed less frequent
glances at the central display, but longer maximum eyes-off-road
time than medium and low-risk drivers (Fig. 6,nhigh = 20, nmedium=
36, nlow = 33).

Analyses of additional parameters of gaze behavior showed
more significant differences among the three groups of drivers
(Table 1), and pairwise comparisons (Tamhane’s T2) revealed that
these differences were all statistically significant (p � .01 for all
comparisons). The high-risk driver group took significantly fewer
glances through the windshield and spent a smaller total
percentage of time looking at the roadway in front of the car

Fig. 3. Critical take-over situation due to a broken vehicle on the ego-lane.

Fig. 4. Mean glance frequency and glance duration with standard deviation as error bars during 1 min of highly automated driving while engaging in a visual secondary task.
Glance frequency for n = 89 drivers for all AOIs. Glance duration for the number of recorded glances for each AOI: ncentraldisplay = 89, nwindshield = 82, nexteriormirrors = 18,
nrearviewmirror = 18, ninstrumentcluster = 17.
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Fig. 5. Mean total glance duration (% and s) for different AOIs for 1 min of highly automated driving (n = 89).

Fig. 6. Maximum eyes-off-road time depending on the number of glances at the central display with resulting driver classification (left). Boxplots for number of glances at the
central display and maximum eyes-off-road time for each driver group (right).

Table 1

Parameters of windshield and central display glances for high, medium and low-risk driver groups (means with standard deviations in brackets) and statistical results of a
one-way ANOVA with driver group as between-subject factor. All pairwise comparisons based on Tamhane’s T2 revealed significant differences among all groups (p � .01 for
all comparisons).

Glances at windshield Glances at central display

Number Total % of 1 min drive Number Total % of 1 min drive Duration (s) Max. eyes-off-road time (s)

High-risk 1.10 (1.00) 1.17 (1.63) 2.15 (0.99) 97.45 (2.48) 30.39 (14.97) 44.35 (7.99)
Medium-risk 4.72 (2.47) 4.73 (2.71) 5.56 (2.34) 90.04 (5.52) 10.55 (4.90) 20.83 (4.79)
Low-risk 11.79 (4.96) 13.11 (7.59) 12.48 (4.84) 77.57 (11.19) 3.94 (1.75) 8.59 (3.29)
F(2, 86) 68.38 41.96 (68.41)a 45.17 74.10 (290.64)a

p �.01 �.01 (�.01)a �.01 �.01 (�.01)a

a As the factor groups were classified based on these variables, the given statistics cannot be used to assess differences between the groups.

Table 2

Demographic variables for high, medium and low-risk driver groups. Experience with driver assistance systems was measured on a 5-point Likert scale (1 – no experience, 5 –

regular use). For data on ratio or ordinal scale means (standard deviations in brackets) and statistical results of a one-way ANOVA with driver group as between-subject factor
are given. For categorical data percentages and results of a x

2 test are given.

Age (years) Gender (% female/% male) Mileage (1000 km/a) Experience with

adaptive cruise control lane keeping system

High-risk 38.65 (12.68) 50/50 18.3 (12.16) 2.75 (1.12) 1.45 (0.69)
Medium-risk 40.39 (12.81) 27.8/72.2 24.51 (13.59) 3.06 (1.17) 1.69 (0.62)
Low-risk 45.30 (12.41) 45.5/54.5 23.56 (16.98) 3.21 (1.17) 1.67 (0.69)
F(2, 86) 2.12 3.49a 1.23 1.00 0.96
p �.1 �.1 �.05 �.1 �.1

a A x
2 test was conducted for categorical data.
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than the medium and the low-risk driver group. They also showed
a higher total percentage of time spent looking at the central
display and longer mean single glances at the central display than
the other driver groups.

The driver groups did not differ significantly in age, gender
ratio, mileage per year or experience with different driver
assistance systems such as cruise control, adaptive cruise control,
lane departure warning, lane keeping assist (Table 2).

3.3. Driver take-over

In the present scenario, braking was the only take-over reaction
to prevent a collision. The take-over time was defined as the time
between the take-over request and the point when the standard-
ized brake bedal travel was larger than 10%. First hand-contact
with steering wheel was considered a measure of motor readiness.
This detection was based on the steering wheel dynamics. The
system used an absolute steering wheel angle velocity larger than
0.075�/s and absolute steering wheel angle acceleration larger than
5�/s2 as the criteria for hands-on recognition. A number of drivers
had to be excluded from these analyses: One driver had his hands
on the steering wheel before the take-over request, 27 drivers
looked at the road before the take-over request and 9 drivers did
not break.

The remaining drivers needed 1.14 s (SD = 0.45 s) on average for
their first contact with the steering wheel after the take-over
request. A one-way ANOVA revealed no significant differences
between low, medium and high-risk drivers (F(2, 85) = 0.20,
p = .82). The first gaze at the road was on average after 0.69 s
(SD = 0.20 s). There were again no significant differences among
driver groups (F(2, 59) = 2.59, p = .084). Average braking time
differed among the driver groups (F(2, 77) = 7.18, p � .01). High-risk
drivers (M = 2.31 s, SD = 0.67 s) started braking later than both
medium (M = 1.86 s, SD = 0.67 s, p = .038) and low-risk drivers
(M = 1.63 s, SD = 0.50 s, p � .01). The group difference just missed
the conventional criterion of statistical significance for the
percentage of collisions variable (x2(1) = 5.67, p = .059, Cramer’s
V = .253). High-risk drivers collided with the obstacle significantly
more often than low-risk drivers (45.0% vs. 15.2% collisions,
p � .05). Two drivers collided with the obstacle on the ego-lane, the
remaining collisions occurred with the surrounding vehicles on the
left lane. Braking reaction time and percentage of collisions are
presented in Fig. 7.

3.4. Stability of gaze behavior

In order to evaluate the stability of the drivers’ gaze behavior,
the same k-means classification was applied to 1 min of data after
11 (t1) and 19 min (t2) of highly automated driving in addition to
the above mentioned driver classification after 26 min (t3). For the
resulting plots, see Fig. 8.

As shown in Table 3, there are moderate relationships between
the categories the drivers were assigned to at times t1 and t2 as
well as at t1 and t3 and a strong relationship between the
classifications at times t2 and t3. The increase in the relationship
from r = .50 between t1 and t2 to r = .70 between t2 and t3 is
statistically significant (t(82) = 2.52, p = .01). 59% of the drivers
were assigned the same group at t1 and t2, compared to 67% at
t2 and t3.

4. Discussion

The main intent of this paper was to examine the process of the
driver take-over of the vehicle in an emergency situation after
highly automated driving. Particular attention is paid to the
driver’s gaze behavior during automated driving (discussed in
Section 4.1) and which gaze parameters seem suitable for a driver
classification (Section 4.2). Finally, the influence of this classifica-
tion on the process of driver take-over (Section 4.3) and a basic
take-over model are discussed (Section 4.4).

4.1. Allocation of visual attention between driving and secondary task

During automated driving, drivers focused mainly on the
secondary tasks while there was little monitoring of the roadway
and the system. However, it was not only the total glance duration
that revealed a strong focus on the secondary task. While drivers
made about as many glances at the central display as at the
windshield, the single glances at the central display were on
average remarkably longer than glances at the street (12.6 vs. 0.6 s).
Comparing these values with gaze behavior during manual driving
might help evaluating these findings.

In a field study conducted by Waldthausen et al. (2013) drivers
had to enter addresses in the central display during manual driving
on the highway. Compared to the results of the present study, the
authors found a much higher number of glances per minute both at
the central display and the street (4.2 times more glances at the
secondary task and 3.3 times more glances at the street for manual

Fig. 7. Mean reaction time with standard deviation as error bars (left) and percentage of collided drivers (right) for each driver group. nhigh = 20, nmedim= 36, nlow = 33. *p � .05,
**p � .01.
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compared to automated driving). However, a more interesting
comparison is the single glance duration on these areas. Glances at
the road had a comparable duration (on average 0.8 s during
manual driving vs. 0.6 s during automated driving). Glances at the
secondary task, on the other hand, were more than 11 times longer
during automated driving compared to manual driving (12.6 vs.
1.1 s). These comparisons suggest that performing secondary tasks
during automated driving leads to strongly extended glances at the
secondary task as compared to manual distracted driving. Glance
durations at the street, however, seem to be mainly unaffected. A
possible explanation for this effect could be that the glances at the
road have to be of a certain duration in order to adequately
perceive the driving environment and to update the mental model
of the driving situation. The reduced glance frequency during
automated driving, however, might simply be a consequence of the
extended glance durations at the secondary task.

Although it could be expected that drivers would have
comparably long single glances at the secondary task during
automated driving, these findings are still contrary to our
expectations. We had expected to find a maximum duration,
where drivers would be unwilling to go without information about
the driving environment. However, there did not seem to be a
“natural” threshold to how much visual attention drivers pay to the
roadway during the automated drive. Previous studies of non-
automated driving had shown that drivers are unwilling to go
without information of the roadway for longer than 2 s (known as
the “2-second rule”, Green, 1999; Rockwell, 1972). With the
increasing importance of automated systems the question arises as
to what separates acceptable from high risk visual distraction.

Some methodological limitations of the present study must be
considered. Here, the drivers were novices in dealing with the

highly automated driving system. Also, the study was conducted in
a driving simulator with no real risk of accidents, and the drivers
were explicitly encouraged to engage in secondary tasks. These
factors may have led to an unusual priority being given to the visual
secondary task. Furthermore, the gaze data covered only one
minute of continuous highly automated driving. A longer time
window might have been more revealing.

4.2. Driver classification based on gaze behavior

In order to assess the driver’s monitoring behavior, an attempt
was made to identify gaze parameters that reflect the allocation of
visual attention to the driving and the secondary task. By relating
the number of glances at the secondary task to the maximum
duration of off-road glances, different strategies for monitoring the
roadway became apparent. While some drivers preferred many,
but comparably short, off-road glances others preferred fewer, but
very long glances at the secondary task. It seems reasonable to
assume that the former reflects a better adapted and less risky
allocation of visual attention between the driving and secondary
task. The drivers were thus classified on the basis of these variables
into high, medium and low-risk drivers. High-risk drivers showed
fewer and a smaller total percentage of glances at the street and
conversely longer glances at the secondary task and a longer
maximum off-road glance duration. Studies on non-automated
driving revealed similar effects of visual distraction on gaze
parameters (e.g. Green, 1999; Victor et al., 2005). This indicates
that fundamental processes during distracted driving and the
categorization approach of Peng et al. (2013) are apparently
applicable to highly automated driving. The number and the
maximum duration of off-road glances seem to be suitable gaze
parameters to assess and categorize the driver’s monitoring
behavior in highly automated driving situations.

The driver classification was shown to be moderately stable
throughout the 26 min drive. In fact, the relationship between
classifications even increased across this time period. The latter
aspect of the data may reflect the development of a “gaze strategy”
of the driver in the driving situation that was initially novel for all
drivers (see above). Previous studies have found evidence for
situational factors influencing the gaze behavior while driving
such as the difficulty of the secondary task (Green, 1999; Victor
et al., 2005) or the complexity of the driving situation (Chapman
and Underwood, 1998; Crundall and Underwood, 1998; Victor,
2005). These factors might also influence a driver classification
based on gaze behavior. However, the stability of the driver

Fig. 8. Driver classification based on number of glances at the central display and maximum eyes-off-road-time during 1 min of highly automated driving after 11 (t1, left), 19
(t2, middle) and 26 min (t3, right) of driving. nt1high = 23, nt1medium = 40, nt1low= 24, nt2high = 13, nt2medium = 43, nt2low = 31, nt3high = 20, nt3medium = 36, nt3low = 33.

Table 3

Correlation (Spearman’s r for ordinal data) between the driver classification groups
at times t1, t2 and t3 followed by the number of drivers that are classified into the
same group, more risky or less risky. *p � .05, **p � .01.

t2 t3

Spearman’s r t1 r = .50** r = .49**
t2 – r = .70**

Classified same group n (%) t1 51 (59.30%) 47 (54.02%)
t2 – 58 (66.67%)

Classified more risky n (%) t1 11 (12.79%) 14 (16.09%)
t2 – 17 (19.54%)

Classified less risky n (%) t1 24 (27.91%) 26 (29.89%)
t2 – 12 (13.79%)
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classification reported here suggests that these situational factors
do not determine the drivers' gaze behavior exclusively. Hence,
there seems to be a personal and to some degree stable factor. This
seems interesting because a driver classification is useful only to
the degree to which it is stable over time. As none of the
demographic characteristics like age, mileage or experience with
driver assistance systems varied among driver groups, the question
arises, what those personal factors are that influence gaze
behavior. For instance, driving experience was shown in several
studies to have an effect on gaze behavior (Crundall and
Underwood, 1998; Konstantopoulos et al., 2010; Underwood
et al., 2003), whereas groups showing differences in gaze behavior
did not differ in driving experience in the present study. The reason
for this might be simple: None of the drivers had any experience
with highly automated driving systems.

More interesting than driving experience might be an assess-
ment of the driver’s personality type and driving style. Such
measures were not available in the present study, but this aspect
should be addressed in future research. Also, given that the
simulated drive took only 26 min with data sampling at 3 occasions
the data do not allow deriving conclusions about possible long-
term effects. This, too, must be done in future studies.

4.3. Influence of gaze behavior on driver take-over

4.3.1. Take-over action

Consistent with the original hypothesis, it has been found that
drivers with maladaptive monitoring behavior reacted more
slowly and more often incorrectly in sudden emergency take-
over situations. The data showed that high-risk drivers started
with a braking intervention later than both medium and low-risk
drivers. They also showed more collisions with the surrounding
traffic than low-risk drivers. These findings are in good agreement
with studies on non-automated driving that found a strong
correlation between the off-road glance duration and the crash risk
(Horrey and Wickens, 2007; Klauer et al., 2006). These results thus
indicate that gaze behavior during automated driving cannot only
be used as an indicator of visual distraction, but also as a predictor
for the readiness to take over the vehicle. Given that even a
distracted driver must be able to take over the vehicle after a
certain time in an automated driving situation, the possibility of
assessing the driver’s readiness to take over can be of extreme
value. However, it must be assumed that there are many possible
factors influencing the take-over time and performance (e.g.
fatigue, experience, personality, the complexity of the situation).
Thus far, we do not know the magnitude of influence of these
factors and possible interactions between them.

It should be noted that in the present study the overall the
number of collisions was higher and take-over times much shorter
compared to studies by Damböck et al. (2012), Petermann-Stock
et al. (2013) and Gold et al. (2013). This is most plausibly due to the
fact that the take-over situation in the present study was
intentionally designed as a difficult emergency situation that
required very fast reactions and deliberately provoked collisions. It
should not be seen as an exact model of everyday take-over
situations. Moreover, it should be noted that the drivers had
initially experienced two uncritical take-over situations with a
sufficient time budget before they experienced this critical
situation. Therefore, it is possible that practice effects lead to
decreased reaction times. Further, the fact that the drivers were
used to a sufficient time budget in the first two take-over situations
and suddenly found themselves in a time critical situation might
have interfered with their mental model of take-over situations,
thereby causing more accidents.

4.3.2. Motor readiness

It was assumed that the early motor processes of driver take-
over (i.e., hand and foot movements) are mostly reflexive following
the acoustic warning signal. These processes thus should not be
influenced by the gaze behavior. In line with this assumption, there
was no relation between the driver group and the time needed for
the first contact with the steering wheel after the take-over
request. The same was true for the first gaze at the roadway after
the take-over request. Thus, there seems to be no influence of
visual driver distraction on the time at which the driver establishes
motor readiness to take over the vehicle. However, it can be
assumed that secondary tasks involving manual load (e.g.
involving handheld devices like mobile phones or tablets) will
delay the motor readiness of the driver. This was not subject of the
current study and should be addressed in future research.

Given that there was a clear effect of driver distraction on the
total take-over time, it can be assumed that driver distraction
mainly affects the attentional shift and the visual and cognitive
processing of the situation. These results provide first insights into
how the different processes of a driver take-over are influenced by
the driver’s mental state. Based on that, a basic model of the driver
take-over can be specified.

4.4. Take-over model

The take-over model introduced in this article seems compati-
ble with the data reported here. After a take-over request, visually
distracted drivers initially avert their gaze from the secondary task
to the roadway and simultaneously establish motor readiness to
intervene in the vehicle guidance. This process is mostly reflexive
and is not, or only marginally, influenced by the driver’s level of
visual distractedness. The visual and cognitive processing of the
situation, however, seems to be affected by the driver’s state. It is
assumed that one of the main contributing factors for this is the
adequacy of the driver’s mental model of the surrounding traffic
situation. Drivers who distribute their visual attention appropri-
ately between the driving and the secondary task and regularly
monitor the roadway should be able to acquire and maintain high
situation awareness. This allows rapid reorientation and quick
reactions in an unexpected take-over situation. In contrast, a driver
who is more focused on the secondary task will have a less
complete and presumably less adequate mental model of the
driving situation and thus will take more–sometimes too much–
time to update the model before reactions can be generated.

Obviously, a single data set such as the one presented here
cannot provide a complete test of the take-over model. More
validations by independent data sets are clearly needed. However,
even at this stage the basic model assumptions seem to be in a
reasonable agreement with the data. It seems sensible to expect
that a model-based approach to the processes involved in the take-
over process will help solving practical problems such as the
definition of an appropriate take-over time and the design of a
suitable take-over request so that a safe driver take-over is likely.

5. Conclusions

The data presented here offer new insights into the driver’s gaze
behavior during highly automated driving and they fit well with a
basic model of the driver take-over process in a take-over situation.
Previous findings showing that the gaze behavior reflects the
diver’s level of visual distractedness were replicated. Moreover, it
was shown that specific gaze parameters are suitable to assess the
adequacy of the driver’s monitoring strategy.

On the basis of these findings further research is needed on
what is an appropriate strategy of allocating of visual attention
during highly automated driving. At this stage, the data presented
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here can only be interpreted within the specific experimental
setting in which it was collected. For instance, it is not currently
known whether the fact that the study was conducted in a driving
simulator affected the data (e.g., this may or may not have inflated
the degree to which the drivers trusted the automated driving
system). Also, for a more complete picture of the dynamics of take-
over behavior in highly automated driving situations it will be
necessary to systematically manipulate variables such as the
complexity of the driving environment, the difficulty of the
secondary task, or the system reliability. Furthermore, driver
related factors like demographic variables, experience, or driving
style should be taken into account. At this stage, however, it seems
clear that cognitive and not motor processes determine take-over
performance, and this insight is expected to have design
consequences for real-world automated driving systems.
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a b s t r a c t

Currently, development of conditionally automated driving systems which control both lateral and lon-

gitudinal vehicle guidance is attracting a great deal of attention. The driver no longer needs to constantly

monitor the roadway, but must still be able to resume vehicle control if necessary. The relaxed atten-

tion requirement might encourage engagement in non-driving related secondary tasks, and the resulting

effect on driver take-over is unclear.

The aim of this study was to examine how engagement in three different naturalistic secondary tasks

(writing an email, reading a news text, watching a video clip) impacted take-over performance. A driving

simulator study was conducted and data from a total of 79 participants (mean age 40 years, 35 females)

were used to examine response times and take-over quality. Drivers had to resume vehicle control in

four different non-critical scenarios while engaging in secondary tasks. A control group did not perform

any secondary tasks.

There was no influence of the drivers’ engagement in secondary tasks on the time required to return

their hands to the steering wheel, and there seemed to be only little if any influence on the time the drivers

needed to intervene in vehicle control. Take-over quality, however, deteriorated for distracted drivers,

with drivers reading a news text and drivers watching a video deviating on average approximately 8–9 cm

more from the lane center. These findings seem to indicate that establishing motor readiness may be

carried out almost reflexively, but cognitive processing of the situation is impaired by driver distraction.

This, in turn, appears to determine take-over quality. The present findings emphasize the importance to

consider both response times and take-over quality for a comprehensive understanding of factors that

influence driver take-over.

Furthermore, a training effect in response times was found to be moderated by the drivers’ prior expe-

rience with driver assistance systems. This shows that besides driver distraction, driver-related factors

influencing take-over performance exist.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Driver assistance systems are widely used today. Although the

first systems were mainly safety systems (e.g., electronic stabiliza-

tion program, antilock braking system), more advanced systems

now not only improve road safety, but also aim to increase driver

comfort by taking over (parts of) the driving task. Specifically,

increasing effort is put in developing conditionally automated driv-

ing systems which take over both longitudinal and lateral vehicle

control. According to the definition of conditionally automated sys-
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tems as given by SAE International (2014), the driver no longer has

to constantly monitor the driving environment and is consequently

enabled to engage in non-driving related tasks. However, the driver

must still be able to take back vehicle control if necessary. It is this

aspect that has stimulated research on driver take-over in the last

few years.

1.1. Driver take-over

A conditionally automated driving system must be able to detect

system boundaries (e.g., missing lane markings, construction sites,

heavy weather conditions). If such a system boundary is detected, a

take-over request is prompted and the driver has to take over vehi-

cle control within a sufficient (to be defined) time budget. Several

perceptual, information processing, and action-based processes

during driver take-over have been identified (Gold and Bengler,

http://dx.doi.org/10.1016/j.aap.2016.04.002

0001-4575/© 2016 Elsevier Ltd. All rights reserved.
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2014; Zlocki and Eckstein, 2014) which appear to proceed partly

sequentially and partly in parallel (Zeeb et al., 2015). In the follow-

ing, these aspects of driver take-over are described for a visually

distracted driver.

Subsequent to a take-over request, drivers redirect their gaze

from the secondary task to the roadway. If necessary, they will also

return their hands to the steering wheel and their feet to the ped-

als. By doing so, drivers establish motor readiness, allowing them

to intervene in vehicle control (Zeeb et al., 2015). Previous stud-

ies report reaction times of about 0.7–1 s for the first road fixation,

and 1.2–1.8 s for the first contact with the steering wheel (Gold

et al., 2013; Zeeb et al., 2015). In case drivers are visually distracted

and not looking at the roadway when a take-over request is initi-

ated, the cognitive processing of the take-over situation may start

as soon as they shift their visual focus back to the street (Gold and

Bengler, 2014; Zeeb et al., 2015). This includes perceiving the situa-

tion and updating the current mental model by integrating relevant

elements into a coherent model of the situation (Endsley, 1995).

Based on the mental model, an action can be selected and executed,

resulting in an actual driver intervention in longitudinal or lateral

vehicle control by steering, braking or accelerating.

1.2. Factors influencing driver take-over

Take-over time and quality were shown to be influenced by

several factors such as involvement in a secondary task (Merat

et al., 2012), the complexity and criticality of the driving situa-

tion (Merat et al., 2012; Radlmayr et al., 2014), or modality and

intensity of the take-over request (Naujoks et al., 2014). Gold et al.

(2013) further report that take-over time depended on the given

time budget. Drivers showed longer response times when they

were given a time budget of 7 s instead of 5 s. While most research

conducted to date focused on external factors, there is also evidence

for driver-related factors affecting take-over time and quality. The

driver’s strategy of monitoring the roadway was found to influence

take-over performance (Zeeb et al., 2015). Gold and Bengler (2014)

report faster and better driver reactions when encountering a take-

over situation for the second time compared to the first time. While

a behavioral adaptation after the first take-over situation can be

expected, it remains unclear how learning effects play out for more

than two take-over situations. Furthermore Larsson et al. (2014)

found an influence of driver experience with ACC on response

times to an unexpected driving event during automated driving.

ACC-experienced drivers started braking faster than drivers inex-

perienced with ACC. However, the authors considered only one

situation and point out the necessity to further examine how long

it takes inexperienced drivers to adapt their response times. Hence,

while there is some evidence for the impact of driver-related fac-

tors on the ability to resume vehicle control, some aspects remain

unclear and require further research.

It should be assumed that such factors do not necessarily affect

all aspects of driver take-over, but might have a selective effect

on the single processing steps described above. Zeeb et al. (2015)

found that the driver’s individual monitoring strategy affects the

time before the driver intervenes in vehicle control, but not the time

the driver needs for the first glance at the road and for the first con-

tact with the steering wheel. These authors thus assumed that early

motor processes of driver take-over (i.e. hand and foot movements,

redirecting the gaze at the roadway) might be mostly reflexive with

little influence of the driver’s mental state. In contrast, the time the

driver needs for an intervention in vehicle control appeared to be

affected by the driver’s cognitive processing and his mental state.

This goes hand in hand with results reported by Ruscio et al. (2015)

which show that expecting an event influences the time needed for

perceiving and mentally processing a warning stimulus. However,

expectation does not seem to affect the preparation and execution

of a motor reaction in manual driving.

These findings suggest that motor processes and cognitive pro-

cessing proceed partially in parallel, which is in line with Wickens’

(1984) multiple resource theory. According to this theory, tasks can

be processed concurrently as long as they do not require the same

processing resources. Further examination of these assumptions

is needed, with a special focus on non-driving related tasks. As

the drivers’ willingness to engage in secondary tasks was found

to increase with higher levels of automation (Carsten et al., 2012;

De Winter et al., 2014; Llaneras et al., 2013), it is vital to gain under-

standing of their impact on driver take-over. If the driver’s mental

state generally has little effect on the execution speed of motor

processes, the same should hold for driver distraction.

1.3. Non-driving related tasks while automated driving

Studies on manual driving clearly show the vast impact of the

performance of secondary tasks on road safety (e.g., Dingus et al.,

2006; Engström et al., 2005; Greenberg et al., 2003; Horrey and

Wickens, 2007). However, it remains unclear whether these find-

ings can easily be transferred into the domain of automated driving.

Engagement in visually demanding secondary tasks during

manual driving may cause cognitive overload (Gugerty et al., 2004;

Ma and Kaber, 2005; Neubauer et al., 2012). However, as automa-

tion decreases mental workload (Ma and Kaber, 2005; Stanton

et al., 2001), it remains uncertain how the reduced load level

interacts with the execution of secondary tasks. In fact, Young

and Stanton (2002a) warn that cognitive underload caused by

automation “is at least as serious an issue as overload” (p. 179).

In the Malleable Attentional Resources Theory, they propose that

the capacity of attentional resources is to some extent adaptive

to the task demands, and automation thus leads to a temporary

reduction of the accessible attentional resources. When faced with

an automation failure, the operator’s limited maximum capacity

may not allow the situation to be dealt with appropriately, lead-

ing to performance degradation (Young and Stanton, 2002a,b).

In line with that, Neubauer et al. (2012) report that the use of

a cell phone leads to a decrease in response times during auto-

mated driving. They conclude that secondary tasks counteract the

mental underload caused by automation and maintain the driver’s

alertness. Participants drove either manually or in an automated

mode, and either with or without secondary tasks on urban and

cross-country roads. It was found that secondary tasks delayed

braking response times to an emergency event during manual driv-

ing. For automated driving, however, drivers with a secondary task

reacted faster compared to drivers without a secondary task. Conse-

quently, it remains unclear how different levels of mental workload

generated by secondary tasks affect driver take-over following con-

ditionally automated driving. Especially the relationship between

perceived mental workload and take-over performance requires

further examination.

Additionally, more attention should probably be paid to the

type of secondary task. Most studies on automated driving use

artificial or standardized tasks (e.g., the Surrogate Reference Task,

Gold et al., 2013; Radlmayr et al., 2014; or quiz-like games,

Merat et al., 2012). It is not clear whether these tasks induce

a demand that is comparable to what drivers might actually be

doing while driving automated vehicles in the future. The choice

between standardized and naturalistic secondary tasks is mostly

a trade-off between experimental control and ecological validity.

Standardized tasks usually allow better control of task demands by

specifically inducing different levels of cognitive, visual, or auditory

load. Unfortunately, naturalistic secondary tasks do not necessarily

have the same effects on manual driving as artificial tasks (Shinar

et al., 2005; Young et al., 2003). For instance, Shinar and colleagues



232 K. Zeeb et al. / Accident Analysis and Prevention 92 (2016) 230–239

Fig. 1. Left: Mercedes-Benz driving simulator. Middle: Example of the inside of the simulator cell with a C-Class. Right: Vehicle interior with the touch screen used for

secondary tasks (a) and the system status display (b).

compared two types of phone tasks while driving manually, having

an emotionally involving conversation, and solving math opera-

tions, which has been often used in previous research to simulate a

phone conversation. The authors found that compared to the math

task, conversations led to much smaller disruptive effects on driv-

ing performance. Hence, naturalistic secondary tasks need to be

considered in addition to standardized tasks in order to examine

the distractive potential of these tasks.

1.4. Purpose of this study

The aim of this study was to examine the influence of engage-

ment in naturalistic secondary tasks on take-over time and quality.

The tasks were writing an email, reading the news, and watching a

video, all of which can be expected to exert a relatively high level

of visual and cognitive demand and to be attractive for the driver.

A further aim was to test the model proposed by Zeeb et al. (2015),

implying that the engagement in secondary tasks affects the visual

and cognitive processing of the situation, but not the time needed

to achieve motor readiness. Specifically, the time it takes to grasp

the steering wheel was hypothesized to be unaffected by whether

or not a secondary task was being performed. However, due to

the impaired cognitive processing of the situation, driver interven-

tion in vehicle control was expected to be delayed and take-over

quality to be worse for drivers with a secondary task. Lastly, driver-

related factors such as prior experience with ACC and learning

effects should be examined in order to gain better understanding

of how these affect the process of driver take-over.

2. Method

2.1. Participants

A total of 85 participants were recruited from a Daimler AG vol-

unteer database. They were required to have a valid driver’s license

and normal or corrected-to-normal vision. Six participants had to

be excluded due to technical problems or incomplete recordings. As

a result, datasets from 79 participants were included in the analysis.

Main demographic features of the sample are presented in Table 1.

About 40% of the drivers stated that they never or rarely engaged

in non-driving related tasks during manual driving, while 30%

claimed to do that frequently or very often. The most frequent

secondary tasks were hands-free phoning (47% frequently or very

often), eating or drinking (18% frequently or very often), and using

external devices (e.g., mobile phones; 15% frequently or very often).

Participants were randomly assigned to either the control group

without secondary tasks (n = 11) or one of the seven groups with

secondary tasks (n = 68; further explained in Section 2.6, Table 3).

The groups did not differ in their demographic characteristics

(Table 1). Participants received monetary compensation for their

participation and were free to terminate the experiment at any time

without penalty. Data was collected confidentially.

2.2. Driving simulator

The study was conducted in the Mercedes-Benz driving sim-

ulator in Sindelfingen, Germany. This dynamic simulator consists

of a hexapod cell, in which an actual car is placed, surrounded by

a 360◦ projection screen (Fig. 1). The cell is mounted on six move-

able legs on a 12 m long rail. The participants drove an E-Class sedan

(W212). Three cameras attached inside the car cabin recorded the

driver actions on the touch screen used for secondary tasks, the

pedal system, and the steering wheel.

2.3. Conditionally automated driving system

During the test drive a conditionally automated driving sys-

tem controlled the longitudinal as well as lateral guidance on the

highway and could be activated and deactivated by the driver by a

Table 1

Demographic features distributed across the different groups (see the main text for details). Absolute or relative numbers of participants are given for gender, mileage in the

past year and prior experience with assistance systems. Means and standard deviations (in parentheses) are given for age and years of holding a valid driver’s license. The

variables were tested for differences among the groups using ANOVAs (age and possession of driver’s license), Kruskal-Wallis test for ordinal data (mileage), and �2 tests for

categorical data (gender and experience with assistance systems).

Group Gender

(nfemale/nmale)

Age (years) Driver’s license

held (years)

Mileage (1.000 km/year) Drivers having used assistance systems before (%)

<5 (%) 5–10 (%) 10–20 (%) >20 (%) cruise control adaptive cruise

control

active lane

keeping

1 4/6 45.8 (6.1) 26.9 (7.5) 0 20 50 30 80 70 50

2 6/5 38.4 (13.1) 20.7 (12.8) 9 36 46 9 100 64 46

3 5/7 40.4 (12.1) 20.8 (10.8) 0 42 33 25 83 42 33

4 3/8 37.6 (8.6) 19.4 (8.0) 9 18 46 27 91 27 27

5 7/5 35.3 (10.8) 16.8 (10.8) 0 17 58 25 92 58 42

6 6/6 36.6 (7.9) 18.6 (8.2) 0 17 58 25 92 73 64

7 4/7 43.4 (9.8) 25.6 (9.5) 0 36 37 27 91 55 64

Total 35/44 39.5 (10.3) 21.1 (10.1) 2 27 47 24 90 56 47

p-value .78 .18 .19 .69 .81 .32 .51
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button on the steering wheel. The system drove with a preset veloc-

ity of 120 km/h (75 mph) and adjusted the speed automatically in

case of a slower leading vehicle. The system did not execute auto-

matic lane changes. When the system was activated and detected

a situation it could not handle, a take-over request was prompted

by the system and the driver had to take over within a few sec-

onds. Such a situation could be, for instance, a construction site

ahead, the ending of the ego-lane, or missing lane markings. The

driver could deactivate the system by steering or braking or by

pressing the button on the steering wheel. The system used an abso-

lute steering wheel angle velocity larger than 0.075◦/s and absolute

steering wheel angle acceleration larger than 5◦/s2 to detect a steer-

ing intervention. A braking intervention was recognized when the

standardized brake pedal travel was greater than 10%. The auto-

mated system had four different states (not available, available,

activated, take-over request), which were displayed in a separate

display on the left side of the steering wheel (Fig. 1, right). The

system states are described in Table 2. The take-over request con-

sisted of an acoustic warning and a red steering wheel icon which

appeared in both the system status display and on the touch screen

used for the secondary tasks (Fig. 1, right).

2.4. Instructions

Participants signed consent forms and completed a demo-

graphic questionnaire including basic demographic information

and experience with advanced driving assistance systems before

they received instructions on the test drive. The latter included

the information that the system would automatically control steer-

ing, braking/accelerating and the distance to a leading vehicle, but

would not perform lane changes. The participants further received

a description of the different system states as well as how to activate

and deactivate the system. They were also provided with informa-

tion on situations the system cannot handle, such as undetectable

lane markings, or ending of the ego-lane. They were informed that

in this case an auditory and visual take-over request would be emit-

ted and the driver would have a few seconds to take over vehicle

control. Subsequently, the system would deactivate itself automat-

ically. The drivers were instructed to engage in secondary tasks

while the system was activated (described in detail in Section 2.6),

but were reminded that they were still responsible for the vehi-

cle in the event of a take-over request. They were further asked to

perform four training tasks on a laptop to get used to the custom-

designed multimedia system in which the secondary tasks were

integrated. This part was left out for the control group who did

not conduct any secondary tasks during the drive. Finally, each

individual driver was seated in the car.

2.5. Test drive and take-over scenarios

The entire test drive was 60 km (about 37 miles) long and took

about 30 min. There were four take-over situations during the trip

(Fig. 2). In the second and fourth take-over situation a driver inter-

vention was necessary to avoid an accident. Based on these two

situations the main analyses on take-over time and behavior were

Table 2

States of the conditionally automated system.

System State Description System Status Display

Not available Requirements for longitudinal or

lateral control are not fulfilled

Available Requirements for longitudinal and

lateral control are fulfilled. System

is not yet active, but can be

activated by the driver

Activated System is active and controls

longitudinal and lateral vehicle

guidance

Take-over request Activated system has detected a

system limit and requires the

driver to take over. System is

deactivated either by a driver

intervention or automatically after

a certain time budget elapses

conducted. In the first and third take-over situation, no accident

could occur even without a driver intervention. The entire drive

took place on a highway. There was moderate traffic on the high-

way in both directions, apart from the first 1:30 min of the training

phase, which contained no surrounding vehicles. Occasionally the

driver was overtaken by faster vehicles, but there were no slower

vehicles on the driver’s lane forcing the system to slow down. The

test started with a 4:30 min training drive to acquaint participants

with the driving simulator and the automated system. At the end

of the training drive the vehicle reached a segment with faded

lane markings that were not detectable by the system and the first

take-over request was prompted (Fig. 2, no. 1). This situation was

non-critical and mainly intended to give the drivers the possibil-

ity to get used to the take-over and was not included in the main

analysis.

When the automated system was available again, drivers were

asked to reactivate the system and to continue with the secondary

tasks. After a further 23 km (approximately 11:30 min) of auto-

mated driving the system again issued a take-over request due to

faded lane markings. This time, however, the take-over was trig-

gered in a curve in the road (Fig. 2, no. 2). The driver had a time

budget of 4 s to take over vehicle control before the system was

deactivated automatically. As soon as the system was deactivated

(either by a driver intervention or because the time budget had

elapsed), a wind gust from the right hand side was triggered for 10 s

with a velocity of 10 m/s, forcing the driver to react with a steering

intervention to prevent a drift towards the left. After reactivating

the system and further 3:30 min of automated driving, the roadway

was expanded by a third lane on the right of the ego-lane (Fig. 2,

no. 3). According to German law, the driver is required to drive on

the rightmost lane except when overtaking. Thus, the driver had

to take over the vehicle and conduct a lane change to the right.

After about another 11 min the ego-lane ended due to construction

Fig. 2. The four take-over situations during the simulated drive: faded lane markings on a straight (1), faded lane markings in a curve with wind gust (2), additional lane (3)

and blocking of the ego-lane (4).
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work and the driver had to change to the middle lane (Fig. 2, no. 4).

Accordingly, the speed limit was reduced about 1 km ahead of the

take-over request to 80 km/h (about 50 mph). The system accord-

ingly adjusted the vehicle’s velocity to 80 km/h. Subsequently, a

take-over request was triggered about 200 m before the end of the

ego-lane. A relatively short time budget of 2.5 s before the system

deactivated itself was used to ensure that, despite the low speed,

criticality of the scenario was comparable to that of situation 2.

At the end of the drive, the driver was asked to stop on the shoul-

der. At this point the experiment was concluded and the participant

was dismissed.

2.6. Non-driving related tasks

Non-driving related tasks were selected based on a previously

conducted internal survey. A total of 96 participants were asked

how often they would conduct certain non-driving related tasks,

if their car was driving autonomously. As the aim of the present

study was to examine visual-cognitive load, the most frequently

mentioned tasks which required the driver to look away from the

roadway were chosen. These were writing an email, reading a news

text and watching a video. Other frequent responses were: talk-

ing to the passenger, relaxing, browsing the internet, eating and

drinking, working on a laptop, social media use, or talking on the

phone.

The tasks were provided in a fixed order during the period of

automated driving so that in each take-over situation a group of

drivers engaged in either an email, news, or video task. These tasks

were integrated into a custom-designed multimedia system menu

(Fig. 3) and presented on a 15′ ′ touch screen mounted on the center

console (Fig. 1, right). The tasks were described in the task menu.

The email task consisted of reading and replying to an invitation

to a meeting. The email the drivers had to reply to was about 100

words long. In the video and news tasks, the participants were asked

to select the appropriate menu and watch a video clip or read a

news text, respectively. The news text was a general business arti-

cle that did not require any specific knowledge about the topic.

The video clip was an excerpt from a scientific television show.

News text and video were long enough so that the drivers could

not finish them before the take-over occurred (about 1200 words

and 9 min, respectively). There was no time limit for finishing the

tasks to ensure uninfluenced individual processing times. Type and

order of the tasks were counterbalanced across the participants.

Every participant was given every task type at least once during

the ride. Two additional tasks were added to the longer automated

drive of 11 min before take-over situations 2 and 4. These consisted

of listening to music, watching video clips, or reading news texts

Fig. 3. Main menu of the multimedia system providing the secondary tasks.

(the email task was omitted as the time the drivers spent on it

was too variable) and were chosen so that the drivers started about

2:30 min before the take-over with the actual experimental task. It

was ensured that the drivers never conducted the same task type

twice in a row throughout the whole drive, which resulted in six

groups of task orders (Table 3).

Because there were four take-over situations but only three task

types, one type of task was performed twice. Given that the main

analyses were based on situations 2 and 4, the specific tasks in these

situations were the same for each task type (e.g. drivers working

on a news task read the same text). Additionally, a control group

did not perform any secondary task at all. 12–13 participants were

assigned to each group.

In addition to drop-outs due to technical problems, there were

exclusions in each take-over situation for drivers who were not

working on the designated task. The number of remaining partici-

pants in each situation is given in Table 3.

3. Results

3.1. Data analysis

To assess the time until motor readiness was achieved, response

times were measured from the take-over request until the first gaze

at the road (time to eyes on) and until the driver’s hands first touched

the steering wheel (time to hands on). Both variables were collected

via video labeling by two different raters based on the recordings of

the three interior cameras. Time to eyes on could not be assessed for

the control group, because most of the drivers without a secondary

task were looking at the roadway most of the time. Further, time

until deactivation of the automated system was recorded (time to

system deactivation). Deactivation could be due to either a steering

or braking intervention according to the criteria described above

(Section 2.3), or due to an automatic deactivation after the expiry of

the given time budget. The deviation from the center of the lane as

Table 3

Order of secondary tasks as well as the number of initially assigned and remaining participants after excluding the drop-outs due to technical reasons. Tasks during take-over

are printed in bold. The last line gives the final number of participants after excluding those not performing the correct task.
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well as the lateral acceleration over a certain period of time after the

driver took over were evaluated as measures for take-over quality

and vehicle stabilization.

Firstly, the impact of distraction on driver take-over was ana-

lyzed (Section 3.2). For this purpose, take-over situations 2 and 4,

which required a driver intervention in order to prevent an acci-

dent, were analyzed separately. For situation 2, a contrast analysis

was used to compare response times and take-over quality of the

three driver groups with secondary tasks to the control group with-

out secondary task.

In situation 4, 10% of all drivers intervened before a take-over

request was prompted, presumably due to the deceleration before

the end of the ego-lane and the expectation of a take-over request.

For these drivers it did not seem reasonable to analyze response

times referring to the take-over request. Hence, in this situation,

only the number of drivers taking over before and after the request

was analyzed, as well as the distance to the end of the ego-lane

upon taking over.

For statistically significant differences, Cohen’s d and f are

reported as measures of the sample effect sizes. A sensitivity anal-

ysis (Faul et al., 2007) showed that for comparisons across tasks

(email, news, video) given alpha = beta = .05 and N = 60 effects of size

f = 0.52 can be detected; this effect size is somewhat larger than

what is conventionally regarded as a “large” effect (f = 0.40 in this

case, cf. Cohen, 1988).

Secondly, the influence of driver-related factors on driver take-

over was examined (Section 3.3), including the individual stability

of response times, time effects, and drivers’ experience with ACC.

Take-over situations 1 and 3 were included in these analyses to

cover a longer time period.

3.2. Influence of distraction on driver take-over

3.2.1. Take-over situation 2: faded lane markings with wind gust

There were no differences in time to hands on (F(3, 63) = 1.57,

p = .21) and time to system deactivation (F(3, 67) = 2.53, p = .06)

among the four driver groups. In total, 36.6% of the drivers let

the time budget elapse before taking over (control group: 36.4%,

email: 27.3%, news: 31.8%, video: 56.3%). Comparing only those

drivers who intervened within the given time budget, there was

a significant difference among the driver groups (F(3, 43) = 4.39,

p = .009, f = 0.55). Contrast tests revealed that drivers watching a

video (M = 3.02, SD = 0.73) deactivated the system significantly later

than the control group (M = 1.86, SD = 0.59; p = .004; d = 1.72), while

there was no difference between drivers working on an email or

news task compared to the control group. The three different sec-

ondary tasks did not differ in time to eyes on, which was not recorded

for the control group (F(2, 50) = 0.13, p = .88). All response times are

displayed in Fig. 4.
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Fig. 4. Response times in take-over situation 2 for the four driver groups. Means

with standard deviations as error bars. * p ≤ .05 ** p ≤ .01.

Regarding take-over quality, differences were found among the

four driver groups in the average deviation from lane center (F(3,

67) = 3.94, p = .01, f = 0.42), as well as in the average lateral accel-

eration (F(3, 67) = 2.90, p = .04, f = 0.36) in the 10 s after taking

over, during which the wind gust was active. Both drivers with a

news (M = 0.28 m, SD = 0.10) and a video task (M = 0.29 m, SD = 0.11)

showed a larger deviation from the lane center than drivers

without secondary task (M = 0.20 m, SD = 0.07; pnews-control = .02;

dnews-control = 0.88; pvideo-control = .01; dvideo-control = 0.94). Drivers

engaging in a news task (M = 0.25 m/s2, SD = 0.05) were found to

have larger lateral acceleration than drivers of the control group

(M = 0.20 m/s2, SD = 0.03; p = .01; d = 1.12). Measures of take-over

quality are depicted in Fig. 5.

In order to assess whether take-over quality was influenced by

differences in road characteristics due to variations in the onset

of the wind gust, road curvature and the ego-vehicle’s distance to

the surrounding traffic on the left lane were calculated and exam-

ined. There was no relationship between time to system deactivation

and the distance to the surrounding traffic at wind onset (r = −.07,

p = .55). Road curvature at wind onset, on the other hand, was found

to be correlated with time to system deactivation (r = −.44, p ≤ .01).

However, there was neither a relationship between road curva-

ture and deviation from lane center (r = .04, p = .74), nor between

road curvature and lateral acceleration (r = .04, p = .72). Hence, no

evidence could be found that take-over quality was influenced by

differences in road characteristics.

3.2.2. Subjective ratings of distraction

After completing the drive, participants were asked to rate how

distracting they perceived the three different task types while auto-

mated driving on a scale from 0 (very little) to 20 (very much).

Listening to music was included as a reference task, which the par-

ticipants conducted twice during the automated drive, though not

Fig. 5. Left: average deviation from lane center of the four driver groups over the 10s after the take-over request (TOR), during which the wind gust was active. Right: average

deviation from lane center and average lateral acceleration of the four driver groups over the time period of 10 s after the take-over request. * p ≤ .05 ** p ≤ .01.
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Table 4

Mean take-over performance (standard deviations in parentheses) for driver groups with low (n = 18), medium (n = 21), and high (n = 21) levels of subjective distraction; test

statistics of the group comparisons.

rating of

distraction

eyes on (s) hands on (s) system

deactivation (s)

deviation from

lane center (m)

lateral acceleration

(m/s2)

level of subjective

distraction

low 6.83 (3.59) 0.77 (0.30) 1.51 (0.59) 3.16 (0.99) 0.28 (0.11) 0.21 (0.05)

medium 14.71 (1.32) 0.98 (0.25) 1.52 (0.64) 3.03 (1.08) 0.28 (0.08) 0.23 (0.05)

high 18.57 (1.02) 0.99 (0.33) 1.41 (0.35) 2.42 (1.13) 0.26 (0.10) 0.24 (0.07)

test statistics df – 2, 50 2, 53 2, 57 2, 57 2, 57

F – 2.62 0.23 2.22 2.72 1.45

p – .08 .79 .08 .18 .24
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Fig. 6. Subjective rating of how distracting the different task types were perceived

during the automated drive from 0 (very little) to 20 (very much).

in a take-over situation. Among the three task types conducted dur-

ing driver take-over, email (M = 15.76, SD = 4.35) was rated the most

distracting and video the least (M = 10.07, SD = 5.32; Fig. 6). In order

to examine the relationship of subjective ratings and take-over

performance independent from the task type, participants with sec-

ondary tasks were categorized according to their rating in situation

2 into three groups. This was done so that the resulting groups con-

tained about the same number of drivers. There were no differences

between drivers with a low, medium, and high subjective level of

distraction in response times or take-over quality (Table 4).

3.2.3. Take-over situation 4: end of ego-lane

Due to the deceleration about 1.1 km before the end of the ego-

lane, 10% of all drivers intervened before a take-over request was

prompted. This happened more frequently among drivers without

a secondary task (36%) than among distracted drivers (email: 11%,

news: 0%, video: 5%; �2(3) = 11.87, p = .008). Accordingly, the driver

group had an influence on the distance to the end of the ego-lane

when deactivating the system (F(3, 68) = 8.60; p ≤ .001, f = 0.62),

with non-distracted drivers (M = 413.86 m, SD = 368.74) deactivat-

ing the system significantly longer before the end of the ego-lane

than drivers reading a news text (M = 153.96 m, SD = 5.95; p = .042;

d = −1.19) and drivers watching a video (M = 162.28 m, SD = 41.33;

p = .047; d = −1.22); difference to drivers writing an email just

missed the preset level of statistical significance (M = 177.38 m,

SD = 94.85; p = .06; d = 0.99).

3.3. Influence of driver-related factors on driver take-over

In order to consider driver-related factors affecting driver take-

over, the individual stability of take-over as a function of time,

learning effects, and the drivers’ prior experience with driving

assistance systems were examined.

3.3.1. Individual stability of driver take-over

To evaluate the stability of the drivers’ take-over behavior over

time, time to eyes on (distracted drivers only) and time to hands on

(distracted and non-distracted drivers) of all four take-over situa-

tions were correlated with the corresponding time of the previous

situation (Fig. 7).

For both variables, all of these pairwise correlations were sig-

nificantly different from zero (Table 5). For time to hands on there

was an increase in the strength of the correlation coefficient over

time. Situations 3 and 4 revealed a stronger relationship than both

situations 2 and 3 (z = 1.77, p ≤ .05) and situations 1 and 2 (z = 2.13,

p ≤ .05).

3.3.2. Time effects

In order to examine time effects, mean response times of all

drivers were compared between the four take-over situations using

repeated measures ANOVAs with Greenhouse-Geisser correction

(Fig. 8). There were differences between the situations found in time

to eyes on (F(1.48, 41.33) = 7.84; p = .003; �p
2 = 0.22), time to hands

on (F(2.44, 151.11) = 7.65; p ≤ .001; �p
2 = 0.11), as well as in time

to system deactivation (F(1.61, 109.68) = 23.47; p ≤ .001; �p
2 = 0.26).

Pairwise comparisons revealed that time to eyes on was longer in

situation 1 (M = 1.17, SD = 0.48) compared to situation 4 (M = 0.89,

SD = 0.25; p = .01; d = 0.72), while differences between the other sit-

uations failed to reach statistical significance. Time to hands on was

longer in situation 1 (M = 1.74, SD = 0.52) compared to both sit-

uations 3 (M = 1.45, SD = 0.32; p ≤ .001; d = 0.67) and 4 (M = 1.54,

SD = 0.39; p = .03; d = 0.44). Regarding time to system deactivation

all pairwise comparisons were found to reach statistical signifi-

cance (p ≤ .001 for all comparisons), with the exception of situation

1 compared to situation 4. This, however, does not appear to be a

learning effect.

3.3.3. Experience with driving assistance systems

It was assessed how often drivers used adaptive cruise con-

trol (ACC) in their everyday driving (from 1never until 5 - several

times per week). The relationship between experience with ACC and

time to eyes on (distracted drivers only) as well as time to hands on

(distracted and non-distracted drivers) was examined in all four

take-over situations.

Whereas significant correlations indicating shorter response

times with increasing experience between time to eyes on and

ACC experience were found for the first two take-over situations

(r1 = −.38, p = .004; r2 = -.32, p = .01), this relationship disappeared

over time (r3 = −.04, p = .79 and r4 = −.17, p = .28). There was no sig-

nificant correlation between time to hands on and ACC experience

(p ≥ .10 for all situations).

To further examine this change over time, time to eyes on and

time to hands on were analyzed for differences between situation 1

Table 5

Pearson’s correlation coefficients of time to eyes on and time to hands on for each

take-over situation (s1, 2, 3, 4; listwise exclusion of missing values, neyeson = 29,

nhandson = 63). * p ≤ .05. ** p ≤ .01.

time to eyes on time to hands on

situation s2 s3 s4 s2 s3 s4

s1 r = .53** r = .37* r = .36 r = .35** r = .38** r = .30*

s2 – r = .67** r = .66** – r = .44** r = .53**

s3 – – r = .69** – – r = .62**
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Fig. 7. Correlation of time to eyes on (top) and time to hands on (bottom) for each take-over situation (s1, 2, 3, 4) with the previous situation.
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deviations as error bars. * p ≤ .05 ** p ≤ .01.

and 4 separately for ACC novices who had never used ACC before

(n = 35), drivers who had used ACC a few times (n = 31), and drivers

who use ACC at least a few times per month (n = 12). t-tests showed

a significant decrease from situation 1 to situation 4 for ACC novices

in time to eyes on (t(45) = 2.70; p = .01; d = 0.79; Fig. 9, left) and

time to hands on (t(51.85) = 2.04; p = .05; d = 0.51; Fig. 9, right).

Drivers who had used ACC a few times likewise had longer time

to eyes on in situation 1 than in situation 4 (t(38) = 2.47; p = .02;

d = 0.84), even though no difference was found in time to hands on

(t(57) = 0.53; p = .60). Regular ACC users had equally long time to

eyes on (t(11) = −0.10; p = .93) and time to hands on (t(18) = 0.92;

p = .37) in both situations.

4. Discussion

The main objective of this study was to examine the impact of

the drivers’ engagement in three different naturalistic non-driving

related tasks (writing an email, reading the news and watching a video

clip) on take-over time and quality in non-time critical situations.

Moreover, driver-related influencing factors were examined.

4.1. Influence of distraction on driver take-over

According to the model proposed by Zeeb et al. (2015), the estab-

lishment of motor readiness (time to hands on) was expected to be

unaffected by driver distraction. However, distracted drivers were

hypothesized to need more time for the cognitive processing of the

situation, resulting in a delayed intervention in vehicle control and

regular 
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Fig. 9. Time to eyes on (left) and time to hands on (right) in take-over situations 1

and 4 for drivers who had never used ACC before, used it a few times, or used it

regularly. Means with standard deviations as error bars. * p ≤ .05 ** p ≤ .01.

a deteriorated take-over quality. The results of take-over situation

2 only partly confirmed these assumptions.

In line with the hypotheses, no difference in the time until the

drivers’ hands touched the steering wheel was found among the

four driver groups, supporting the assumption that the driver’s

mental state has little influence on the preparation and execution

of these apparently reflexive motor actions. Even though this find-

ing is in accordance with those reported by Ruscio et al. (2015) and

by Zeeb et al. (2015), a direct measurement of the drivers’ mental

processing time would be necessary in order to actually verify this

assumption.

Contrary to our expectations, there was no difference among

groups in the time to system deactivation, even though differences

just missed the level of statistical significance. One possible reason

for this could be that the take-over situations were not time-critical

and did not require an immediate driver intervention. Thus, many

drivers allowed the whole time budget to elapse after the take-over

request and intervened only after the system was automatically

deactivated. This interpretation is supported by the fact that an

influence of driver distraction was found when considering only

drivers who intervened within the given time budget of 4 s. Drivers

watching a video deactivated the system later than drivers with-

out a secondary task. Hence, a potential effect of driver distraction

might have been masked by an overly long time budget before an

action was necessary. Note, however, that the sample sizes under-

lying these comparisons, especially for drivers reacting within the

time budget, were relatively small, such that only large effects
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could be detected with reasonable error probabilities. These results

should be replicated with more reliable sample sizes.

Even though there was little if any effect on response times,

driver distraction was found to impact take-over quality. Drivers

engaging in the news and video task were found to have a larger

deviation from lane center compared to the control group. Further,

drivers with a news task showed a larger lateral acceleration. As

there were no differences in time to hands on among the driver

groups, this suggests that the quality of the take-over is determined

by the driver’s cognitive processing of the situation, but remains

largely independent of the execution speed of motor actions. It fur-

thermore emphasizes the necessity to consider take-over quality

in addition to response times when examining driver take-over.

In sum, even though the engagement in non-driving related

tasks did not seem to tremendously deteriorate take-over perfor-

mance (e.g., no accident occurred), no positive effects of secondary

task use could be found. This is in contrast to the results of Neubauer

et al. (2012), who suggested that secondary task usage enhances

alertness and thereby decreases response times. However, non-

time critical situations were examined in the present study and

the comparability to studies with more critical scenarios might

be limited. Further research on the divergence of these findings

and studies reporting negative effects of secondary task engage-

ment (e.g., Merat et al., 2012) is thus needed, especially with focus

on the task type (cognitive vs. visual-cognitive demands), and the

take-over scenario (criticality, time budget, longitudinal vs. lateral

driver intervention, etc.). Furthermore, long-term usage of automa-

tion should be taken into account, because stimulating effects of

non-driving related tasks might become more important for longer

automated drives.

4.2. Subjective ratings of distraction

An unexpected result in both situations was that for one of the

tasks, namely writing an email, there was no significant difference

to the control group with regard to any of the variables. It could

be assumed that the email task was simply less demanding than

the other two tasks. The subjective rating of distraction, however,

suggests exactly the opposite. Email was rated the most distracting

and video the least. In fact, no differences in objective measures of

take-over performance could be found between drivers with low,

medium, and high subjective ratings of distraction, even though

differences in time to eyes on and time to system deactivation were

just slightly above statistical significance. One possible reason for

this could be that drivers had difficulties rating their workload. This

interpretation gains plausibility from a number of previous studies

reporting a dissociation of subjective and objective measures of sec-

ondary task demands while manual driving (e.g., Horrey et al., 2009;

Lesch and Hancock, 2004; Patel et al., 2008). Horrey and colleagues

not only found a divergence between objective driving perfor-

mance and perceived secondary task demands, but also between

driving performance and subjective estimates of performance. The

authors hence assume that drivers are not aware of performance

decrements due to driver distraction, and as a consequence mis-

judge secondary task demands. Another possibility could be that

drivers may not necessarily misjudge task demands, but that these

task demands affect take-over performance differently compared

to manual driving. For instance, following Young and Stanton’s

(2002a) Malleable Attentional Resources Theory (see Section 1) the

deteriorated take-over performance of drivers watching a video

could be explained by assuming that watching a video turns the

driver into a more or less passive recipient with a reduced level

of alertness. In contrast, when writing an email the driver is cog-

nitively and physically more engaged and may be more alert.

Additionally, watching a video might be a more continuously dis-

tracting task whereas writing an email or reading a text is more

segmented by the pauses between sentences or paragraphs during

which drivers could be alerted more quickly. This theory, however,

does not explain why drivers without a secondary task and hence

presumably with the lowest level of alertness still showed the best

take-over performance.

4.3. Driver-related influencing factors

Further driver-related factors were found to influence take-over

performance. Time to eyes on and time to hands on decreased over

time. This most likely reflects the drivers’ behavioral adaptation.

The only statistically significant differences were found between

situation 1 and 4 (time to eyes on, time to hands on), and between

situation 1 and 3 (time to hands on). It hence appears that on aver-

age, drivers adapted rather quickly to the take-over situations, with

negligible changes due to learning after the first take-over. A more

differentiated picture of these time effects is obtained by addition-

ally taking the drivers’ prior experience with ACC into account.

Drivers who had never used ACC before showed the largest dif-

ferences between the first and last take-over situation with an

average decrease of about 0.3 s in time to eyes on and 0.2 s in time to

hands on. On the other hand, no difference between both situations

could be found for drivers who regularly used ACC. Learning effects

thus seem to be moderated by the drivers’ ACC experience. This

shows that drivers inexperienced with driver assistance systems

need some time to get used to automated systems. However, the

number of drivers with considerable experience with ACC was rel-

atively small and the presented findings should be replicated with

a larger sample size before drawing firm conclusions.

The differences in time to system deactivation among the four sit-

uations were unsystematic and did not appear to be learning effects.

System deactivation in situation 2 happened noticeably later com-

pared to the other situations, which seems to reflect the longer time

budget of 4 s in this situation. Moreover, the fact that the situations

were not critical and did not require an immediate driver inter-

vention might have affected the drivers’ reactions. This is in line

with previous findings showing that the given time budget affects

the time of driver intervention. The more time given, the longer

it takes the driver to intervene (Gold et al., 2013). This fact may

emphasize the importance of driver-related factors even more. If

drivers try to make full use of the given time budget, they need

to estimate the remaining time. Thereby individual factors like the

driver’s sensitivity to the remaining time budget, or the perceived

criticality and urgency of the situation might come into play.

Despite the influence of time and ACC experience on driver take-

over, there was still considerable individual stability over time for

the achievement of motor readiness, which increased as a func-

tion of driving time. This strengthens the assumption that drivers

need some time to adapt to automated systems. Even though

the current data show no larger changes in the time until motor

readiness was established after situation 1, it is not known how

long-term use of automation might affect driver take-over. Pos-

sible effects of vigilance or fatigue on driver take-over are as yet

unknown, and there could be behavioral adaptations of drivers due

to long-term or regular use of automation. Furthermore, it is not

clear how trust in automation, which is assumed to affect reaction

times (Parasuraman et al., 1993), is influenced by the long-term

use of automated driving systems and the frequency of take-over

requests. In the present study, the first take-over situation occurred

rather early (within the first 5 min of conditionally automated driv-

ing) and take-over request 2 and 3 were issued within a short period

of 5 min, which might have degraded the drivers’ automation trust,

preventing an overreliance on the automated system. Hence, for

future research a systematic variation of these factors is needed.
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4.4. Limitations of the present study

The present study has several limitations. The order of take-

over scenarios was not counterbalanced and learning effects over

time could be found, especially for drivers having little prior experi-

ence with advanced driver assistance systems. Even though drivers

generally appeared to behaviorally adapt rather quickly to the take-

over situations, some residual learning can still be assumed to limit

the comparability of the different scenarios. Furthermore, the sam-

ple size in the present study was small, particularly that of the

control group. The present results should therefore be interpreted

with caution and with the fact in mind that only quite large effects

could be detected with conventional alpha and beta error probabili-

ties. Given the divergence of take-over performance and subjective

ratings of distraction, a closer and more systematic examination

of subjective task demands might have been insightful, especially

with regard to existing theories and approaches. Future research

should also include a measure of secondary task performance, as

the drivers’ interest and internal motivation might vary.

5. Conclusions

The data reported here has several implications. Even though

there were little if any effects of driver distraction on response

times, take-over quality was found to be impaired for drivers

watching a video and drivers reading a news article. This find-

ing may be interpreted to support the assumption that the motor

processes are carried out almost reflexively with little influence

of the driver’s mental state. However, a closer examination of the

drivers’ cognitive processing time would be needed in order to test

this assumption more thoroughly. The present findings also sug-

gest that take-over quality is largely independent of the execution

speed of motor actions, but rather would appear to be determined

by the drivers’ cognitive processing of the situation. This shows

that for a comprehensive understanding of driver take-over, both

response times and take-over quality must be considered. The fact

that no relationship between subjective and objective secondary

task demands was found reveals the need to further examine the

influence of secondary tasks on driver take-over, with better dif-

ferentiation of concepts like alertness or workload. The reported

influence of driver-related factors moreover emphasizes the need

to take sample composition and demographic factors into greater

account in future research.

It must be borne in mind that these findings refer to non-time

critical “normal” take-over situations. They have no direct impli-

cations for safety-critical take-over situations which will hopefully

remain an exception in future conditionally automated driving.
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Abstract 

With the ongoing trend towards conditional automation in the automotive industry, it is vital to ensure 

that drivers are able to resume vehicle control within the given time budget  even when engaging in 

non-driving related tasks. A driving simulator study was conducted to examine the impact of non-driving 

related tasks on ility to take over vehicle control. The task consisted of reading or 

proofreading a text (low vs. high visual-cognitive task load) on a tablet which was either handheld or 

mounted in the vehicle (low vs. high manual task load). Data from 95 participants (mean age 38 years, 

47 females) were used to examine reaction times and take-over quality in time-critical steering and 

braking maneuvers.  

Manual task load was found to prolong reaction times and to deteriorate take-over quality. Surprisingly, 

drivers needed even longer for the first gaze at the roadway when holding the tablet in their hands. As 

expected, these effects were stronger in the steering compared to the braking maneuver. However, even 

with high manual task load take-over times were on average only slightly longer than 3 s. Effects of 

cognitive task load were found to be dependent on the type of driver intervention. While reaction times 

and take-over quality deteriorated with increasing cognitive load in the steering maneuver, hardly any 

effects were found in the braking maneuver. A possible explanation for this surprising finding could be 

that especially drivers who are intensively engaging in non-driving related tasks spontaneously react 

with braking to defuse the situation and gain more time.  

It is thus argued that cognitively demanding non-driving related tasks during automated driving do not 

necessarily lead to deteriorated take-over performance. Depending on situational characteristics like the 

required reaction or the perceptual complexity of the situation, these might have different effects on the 
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1. Introduction 

In recent years autonomous driving has received a great amount of attention. Currently available driver 

assistance systems include, for example, Adaptive Cruise Control (ACC) and Lane Keeping Assist, 

which control either longitudinal or lateral guidance. The next generation of automated systems will 

fundamentally change the requirements of the driver and the driving task (Flemisch et al. 2012).  So-

called conditionally automated driving systems provide both longitudinal and lateral vehicle control 

(SAE International, 2014). While the system is activated, the driver does not have to monitor the system 

permanently and can be engaged in non-driving related tasks. The willingness to conduct non-driving 

related tasks was found to increase with higher levels of automation (Carsten et al., 2012; De Winter et 

al., 2014; Llaneras et al., 2013). In case a system limit is reached, the driver nevertheless serves as a 

fallback level. A take-over request is issued and the system provides a sufficient (to be defined) time 

budget within which the driver has to be able to resume control of the vehicle. In order to ensure a safe 

transition from conditionally automated to manual driving, it is thus vital to examine the impact of non-

driving related tasks on driver take-over. 

 

1.1 From concurrent to sequential multitasking 

Research has demonstrated the huge impact of driver distraction on road safety during manual driving 

(e.g., Dingus et al., 2006; Engström et al., 2005; Greenberg et al., 2003; Horrey and Wickens, 2007). It 

can be assumed that simultaneously executing both the primary driving task and the secondary task leads 

being exceeded (Wickens, 1984). This results in performance 

decrements in both the driving and the secondary task. In contrast to manual driving, conditional 

automation relieves the driver entirely of the driving task while the system is activated. The critical 

aspect is thus no longer the simultaneous execution of multiple tasks, but rather the transition between 

tasks. This change from a dual to a sequential task paradigm will be elaborated further in the following. 

In concurrent multitasking, switches between tasks typically occur every few seconds or even more 

frequently, whereas minutes to hours can lie between a task switch during sequential multitasking 

(Salvucci et al., 2009). Switching tasks is associated with a so-called switch cost; reactions are often 

more error-prone and extended after a task switch (Monsell, 2003). This resumption lag (Trafton et al., 



2003) is assumed to be caused by the reconfiguration of cognitive processing modules in order to resume 

the other task. This may include shifting attention, retrieving task-specific goals and rules, or inhibiting 

and clearing out a prior task set (Monsell, 2013; Salvucci et al., 2009). Many studies on multitasking 

use rather simple tasks (e.g., classifying a digit as odd/even, high/low, or a letter as a consonant/vowel; 

Monsell et al., 2003; Rogers and Monsell, 1995). Resuming control from an automated system is of 

course a far more complex process, as will be described in the subsequent section. 

 

1.2 Driver take-over 

Switching from a non-driving related task to the driving task during automated driving takes varying 

amounts of time depending on the physical processes (e.g., preparation and execution of the motor 

processes) and cognitive processes (e.g., perception and mental processing of the situation, action 

selection; see Zeeb et al., 2015 for a more detailed description) involved. While the latencies due to the 

cognitive processes are difficult to measure, time to eyes on road and time to hands on steering wheel 

can be assessed quite readily. Reaction times of about 0.7 to 1 s for the first road fixation, and of about 

1.2 to 1.8 s for the first manual contact with the steering wheel have been reported (Gold et al., 2013; 

Zeeb et al., 2015; Zeeb et al., 2016). Previous research has also highlighted the importance to consider 

take-over quality when examining driver take-over, as reaction times alone do not provide a 

comprehensive view (Gold and Bengler, 2014; Zeeb et al., 2016). 

Take-over performance was found to be influenced by several factors, such as the given time budget 

(Gold et al., 2013; Zeeb et al., 2016), the modality of the take-over request (Naujoks et al., 2014), the 

complexity of the driving situation (Radlmayr et al., 2014), the drivers  strategy of monitoring the 

roadway (Zeeb et al., 2015), or whether a take-over request is expected (Merat et al., 2014). One of the 

most important factors when switching from a non-driving related task to the driving task is presumably 

the non-driving related task itself. There are, however, mixed findings on the effects of non-driving 

 

 

1.3 Previous research on non-driving related tasks during automated driving 



Some authors found deteriorated take-over performance, especially take-over quality, due to the 

engagement in non-driving tasks. Merat et al. (2012) reported that drivers engaging in a quiz game 

adapted their speed in a critical incident less effectively than drivers without a non-driving related task, 

even though no differences in response time could be found. Similarly, Zeeb et al. (2016) found 

deteriorated take-over quality but little impact on reaction times due to the engagement in visual-

cognitive non-driving related tasks. Contrary to these findings, however, positive effects of non-driving 

related tasks were reported in other studies. Neubauer et al. (2012) found shorter braking reaction times 

after automated driving for drivers using a cell phone as compared to drivers without additional task. 

The authors assume that an additional task during automated driving can counteract fatigue. Results by 

Schömig et al. (2015), who used eye lid closure as a measure of driver drowsiness during automated 

driving, are consistent with that. They found a decreased drowsiness level if drivers engaged in an 

additional quiz task, assuming that a motivating non-driving related task may enhance alertness.  

Thus, findings so far on the impact of -driving related tasks on the resumption 

of vehicle control do not give a uniform picture. In addition, it seems that the influence of manual task 

load has not yet received much attention. With the ongoing trend towards smartphones, tablets and other 

nomadic devices, a closer examination of the effects of manual task load appears essential. Here, 

examining both a lateral and longitudinal driver intervention seems necessary given that the manual 

engagement in a non-driving related task might impair the switch to a steering maneuver more (i.e. using 

arms and hands) than the switch to a braking maneuver (i.e. using legs and feet). Previous research 

suggests that cognitive-visual task load might affect braking and steering differently as well. Louw et 

al. (2015) report that drivers with additional task reacted more often with steering and braking and less 

often with steering only compared to drivers without additional task during automated driving. Gold et 

al. (2013) compared the reaction type of drivers with 5 versus 7 s time budget before reaching a system 

limit while automated driving. It was found that drivers with a short time budget reacted more often with 

braking and less often with steering only compared to drivers with a longer time budget. The authors 

suggest that braking is used if drivers need more time for decision making. If this were the case, then it 

could be assumed that non-driving related task engagement might affect take-over performance in lateral 

and longitudinal driver interventions differently. Hence, for a closer examination of the impact of non-



driving related task engagement on driver take-over, a systematic variation of task load and driver 

intervention is required. 

 

1.4 Objectives of the present study 

The aim of the present study was to examine the impact of non-driving related tasks on take-over 

performance in time-critical situations. In particular, the goal was to measure the effects of low vs. high 

manual and cognitive task load on take-over time and quality. It was expected that a high cognitive 

demand extends the time it takes for the driver to make an intervention in vehicle control and also 

deteriorates take-over quality. The first glance at the road and the first contact with the steering wheel, 

however, seem to be more reflexive actions (Zeeb et al., 2015; Zeeb et al., 2016) and should thus not be 

l task demand, on the other hand, was assumed to 

prolong the first contact with the steering wheel. This is expected to result in a delayed driver 

intervention and deteriorated vehicle stabilization after taking over. Further, the possible interaction of 

task demands and the required driver action (lateral vs. longitudinal intervention) was of interest. 

Specifically, high manual load was expected to affect steering more than braking. For cognitive load, 

however, no interaction with the type of scenario was assumed.  

 

2. Method 

2.1 Participants 

The sample consisted of 112 participants who were selected from a Daimler AG database of volunteers. 

Requirements were normal or corrected-to- . Data from 17 

participants had to be excluded from statistical analysis due to technical problems (n = 10), participants 

not appearing for the test (n = 3), participants not following the instructions (n = 3), or motion sickness 

(n = 1). Consequently, data from 95 participants (54 internal employees, 41 external) were available for 

analysis. The main demographic features of the sample are presented in Table 1. Of the participants, 

17% were at or below secondary school level, 29% held a German diploma qualifying for university 

admission, and 54% had a university degree. Participants were matched for age and gender when 

assigned to one of the ten experimental groups (further explained in Table 2). No statistically significant 



differences were found among the groups with respect to demographic features. Participants received 

study at any time without penalty. Data were 

collected anonymously. 

Table 1. Demographic features distributed across the different experimental groups (see the main text for details). 
Absolute or relative numbers of participants are given for gender, mileage in the past year and prior experience 
with assistance systems. Means and standard deviations (in round brackets) as well as 95% confidence intervals 
(CI; in square brackets) are given for age and years of holding a valid 
for differences among the groups using ANOVAs (age and possession -Wallis test for 

2 tests for categorical data (gender and experience with assistance systems). 

Group 
Gender 
(nfemale / 

nmale) 
Age (years) license held 

(years) 

Mileage (1.000 km/year) 
Drivers having used 

assistance systems before (%) 

< 5 
(%) 

5-10 
(%) 

10-20 
(%) 

> 20 
(%) 

cruise 
control 

adaptive 
cruise 
control 

active 
lane 

keeping 

1 5/4 
38.6 (10.5) 
[31.7, 45.4] 

23.1 (13.0) 
[14.6, 31.7] 

0 22 22 56 100 56 56 

2 3/7 
44.1 (10.1) 
[37.8, 50.4] 

26 (9.7) 
[20.0, 32.0] 

0 10 60 30 90 30 40 

3 6/4 
31.9 (10.8) 
[25.2, 38.6] 

13.6 (9.5) 
[7.7, 19.5] 

0 10 40 50 90 40 40 

4 5/5 
34.3 (8.6) 

[28.9, 39.7] 
17.1 (8.9) 

[11.6, 22.6] 
0 10 70 20 70 70 60 

5 4/7 
44.2 (10.3) 
[38.1, 50.3] 

25.4 (9.8) 
[19.6, 31.2] 

0 0 55 45 82 27 27 

6 4/5 
36.3 (11.1) 
[29.1, 43.6] 

19.0 (11.0) 
[11.8, 26.2] 

0 45 33 22 89 33 33 

7 6/5 
39.9 (11.7) 
[33.0, 46.8] 

22.3 (12.4) 
[14.9, 29.6] 

9 18 27 46 91 45 27 

8 6/3 
42.6 (9.2) 

[36.6, 48.5] 
22.2 (9.4) 

[16.1, 28.3] 
0 11 67 22 89 33 44 

9 4/4 
32.6 (9.2) 

[26.3, 39.0] 
14.9 (9.2) 
[8.5, 21.3] 

0 12 63 25 100 75 75 

10 4/4 
36.3 (11.8) 
[28.1, 44.5] 

17.9 (11.1) 
[10.2, 25.5] 

0 37 50 13 100 50 50 

Total 47/48 38.3 (10.8) 20.3 (10.8) 1 17 48 34 89 46 44 
p-value .90 .07 .12 .46 .95 .63 .68 

 

2.2 Driving simulator 

The experiment was conducted in the dynamic Mercedes-Benz driving simulator in Sindelfingen, 

Germany. The simulator consists of a dome in which an E-Class sedan (W212) was placed. Eight LCOS 

projectors are used for the 360° screen surrounding the vehicle. The dome rests on a moveable hexapod, 

which is mounted on a 12 m long rail (Figure 1). P vior was recorded through three 

cameras attached inside of the vehicle.  

 





2.4 Instructions 

Upon arrival, participants signed consent forms and completed a demographic questionnaire. 

Subsequently, they received information about the automated system, the non-driving related tasks and 

the test drive. This included information on how to activate and deactivate the system, and that the 

system would control braking and steering, as well as overtake slower vehicles. Participants were 

informed that there are situations the system cannot handle such as ending lane markings, in which case 

a visual and auditory take-over request would be prompted and they would have a few seconds to regain 

vehicle control. They were further instructed to engage in non-driving related tasks presented on a tablet 

while the conditionally automated system was active. Four training tasks were performed on a tablet to 

become familiar with the custom-designed multimedia system into which the tasks were integrated. This 

part was left out for the drivers of the control group, who did not perform any non-driving related tasks 

during the drive. Finally, individual participants were seated in the car. 

 

2.5 Test drive 

The whole test drive took place on a three-lane highway with a total duration of about 30 min (about 

65 km/40 miles). There was moderate surrounding traffic throughout the whole drive. The drive started 

with a 13 min training drive to acquaint drivers with the driving simulator, the automated system, and 

the take-over request. This included about 5:30 min of manual driving, followed by 2:30 min of 

automated driving without non-driving related task and 5 min of automated driving with a non-driving 

related task. Subsequently, the vehicle reached a segment with faded lane markings and the system 

issued a take-over request. This situation was designed so that even without a driver intervention, no 

accident could occur. It was implemented so that the drivers became accustomed to the take-over request 

and it was not included in any analysis. Subsequently, drivers were instructed to reactivate the system, 

continue with the next task, and the actual test drive started. The order of the following two take-over 

situations was balanced, with half of the drivers experiencing the steering, and the other half 

experiencing the braking maneuver first.  







With about 2.500 words each the texts were so long that the 

participants could not finish them within the given time interval. In order to prevent drivers from losing 

interest in the reading task, there was an additional music or video task included before the reading tasks. 

In both take-over situations drivers had been working on the reading task for about 4 to 5 min by the 

time the take-over request was triggered. 

 

2.6.1 Variation of cognitive task difficulty 

The cognitive difficulty of the two reading tasks was varied. The easy task was to read the text without 

any further instructions. The difficult task was to read the text and find inserted spelling errors. Previous 

research found increased cognitive processing during proofreading compared to reading for 

comprehension. This was indicated by longer gaze durations and total fixation times, as well as more 

corrective saccades (Daneman et al., 1995; Kaakinen & Hyönä, 2010). Reading versus proofreading 

seems thus a valid operationalization of different levels of cognitive task difficulty. Participants were 

instructed to read out loud the mistakes they found, so that the experimenter could check whether the 

task was executed correctly. In order to consider different levels of literacy skills, there were mistakes 

included which were easy (e.g., + , letter transpositions: 

 more difficult to find (e.g.,  Additionally, an 

influence of educational level on subjective task demands was tested (see Section 3.2). There was on 

average about one mistake per 25 words. The order of the easy and difficult task was counterbalanced, 

so that one half of the drivers was working on the easy task during the time preceding the lateral 

maneuver and on the difficult task during the time preceding the longitudinal maneuver, and vice versa 

for the other half.  

 

2.7 Experimental design  

In addition to the manipulation of the tablet position (mounted vs. handheld), scenario (lateral vs. 

longitudinal), and cognitive task difficulty (easy vs. difficult), a control group of drivers not engaging 

in non-driving related tasks was included in order to further examine the influence of each of these 



factors compared to a baseline group. Taking into account the counterbalancing, there were thus ten 

different experimental groups. An overview is provided in Table 2. 

Table 2. Overview of the different experimental groups with the number of initially assigned and remaining 
participants after drop-outs were excluded. Groups 9 and 10 contain the drivers of the control group, who did not 
conduct any non-driving related tasks. 

Group 
Tablet 

position 
Take-over situation 2 Take-over situation 3 n 

(actual / planned) Scenario Task difficulty Scenario Task difficulty 
1 mounted lateral easy longitudinal difficult  9 / 12 
2 mounted lateral difficult longitudinal easy 10 / 11 
3 mounted longitudinal easy lateral difficult 10 / 11 
4 mounted longitudinal difficult lateral easy 10 / 12 
5 handheld lateral easy longitudinal difficult 11 / 12 
6 handheld lateral difficult longitudinal easy  9 / 11 
7 handheld longitudinal easy lateral difficult 11 / 11 
8 handheld longitudinal difficult lateral easy  9 / 12 
9 - lateral - longitudinal -  8 / 10 

10 - longitudinal - lateral -  8 / 10 
All      95 / 112 

 

Scenario order was not included as an additional factor in the design, as this would have reduced the 

sample sizes too much for a sensitive statistical analysis. Possible sequence effects were, however, 

examined in Section 3.3. Thus, the central design of the study was a 2x2 factorial design with tablet 

position (mounted vs. handheld) and cognitive task difficulty (easy vs. difficult) as between-subjects 

factors, complemented by a control group. This design was applied to both take-over situations (lateral 

and longitudinal maneuver). Table 3 contains the number of participants for each cell in the design. 

Based on these figures, a sensitivity analysis showed that given alpha = beta = .05 effects of size f = 0.41 

could be detected for between subjects comparisons such as mounted vs. handheld tablet position (Faul 

et al., 2007). Whenever not all data points were available for analysis, the sensitivities were 

correspondingly lower.  

Table 3. Number of participants included in the analysis of both scenarios for the factors tablet and task 
difficulty, and the additional control group.  

Scenario  Lateral Longitudinal 
Tablet 

position 
 Control group Mounted Handheld Control group Mounted Handheld 

Task 
difficulty 

None 16   16   
Easy  21 20  20 19 

Difficult  19 19  20 20 

 



2.7.1 Dependent variables 

An overview of the dependent variables recorded in the take-over situations is provided in Table 4. The 

following reaction times after the take-over request were recorded and analyzed: (1) the time the driver 

needed for the first gaze at the road (time to eyes on), (2) the time for the first contact with the steering 

wheel (time to hands on), and (3) the time it takes the driver to start a steering or braking intervention. 

The latter depended on the scenario (first steering in the lateral maneuver, first braking in the 

longitudinal maneuver). Time to eyes on and time to hands on were labeled two times by two different 

raters using the interior cameras. Inter-rater reliabilities were considered sufficiently high (lateral 

maneuver: reyes on = .93, peyes on  .001; rhands on = .99, phands on  .001; longitudinal maneuver: reyes on = .82, 

peyes on  .001; rhands on = .98, phands on  .001). The average of both ratings was used for the analysis. Time 

to eyes on could not be collected for the control group, as most of the drivers without non-driving related 

task were looking at the roadway even before the take-over request.  

Scenario-specific measures of take-over quality had to be defined. In the lateral maneuver, the 7 s time 

period after the take-over request during which the wind gust was active was analyzed. The variables in 

the longitudinal maneuver refer to the 6 s after the take-over request during which the leading vehicle 

was decelerating. In both situations, the drivers  according to whether the 

drivers reacted with steering only, braking only, or steering and braking.  

Table 4. Dependent variables recorded in the take-over situations. 
Reaction times Description 

Time to eyes on (s) First gaze at road (video labeling) 
Time to hands on (s) First contact with steering wheel (video labeling) 

Time to driver intervention (s)  
S  
Braking  

Take-over quality  
Reaction type Steering only, braking only, steering and braking 

Lateral maneuver  

Max. deviation from lane center (m) 
Max. deviation of the ego-vehicle from the center of the ego-lane 
in 7s after take-over request 

Min. tlc (s) 
Min. time to lane crossing (as measured by half of the ego-vehicle 
crossing the lane marking) in 7s after take-over request 

Longitudinal maneuver  
Min. distance (m) Min. distance to leading vehicle in 6 s after take-over request 
Min. time gap (s) Min. time gap to leading vehicle in 6 s after take-over request 

 



3. Results 

3.1 Data analysis 

First, some general analyses were conducted. These included a manipulation check by examining 

subjective ratings of task difficulty (Section 3.2), and an examination of possible sequence effects 

(Section 3.3). For the main analysis of manual and cognitive task difficulty, univariate ANOVAs with 

Bonferroni-Holm correction of the pairwise comparisons (cf. Holm, 1979) were carried out for tablet 

position and cognitive task difficulty (Sections 3.4 and 3.5). 

of homogeneity of variances. In case this assumption was violated, the Games Howell post hoc test was 

used. This was done separately for the two take-over scenarios (lateral and longitudinal maneuver). Eta-

squared ( 2) d are reported as measures of the sample effect size. According to Cohen 

(1988), effect sizes will be interpreted as small for 2 01 and d 2 06 and 

d 2 14 and d  

In the longitudinal scenario, 10 drivers conducted a lane change to overtake the vehicle cutting in. These 

drivers were excluded from the analysis of the longitudinal maneuver, as their behavior was not 

take-over quality could not be applied). 

 

3.2 Subjective ratings of driving and non-driving related task demands 

There was a significant influence of cognitive task difficulty on the subjective rating of mental task load, 

which was assessed immediately after each take-over situation (F(2, 182) = 87.81; p  .001; 2 = .49). 

Drivers without a non-driving related task rated mental load the lowest (M = 1.45, SD = 0.62, 95% CI 

[1.22, 1.68]), followed by drivers with the easy task (M = 3.56, SD = 1.28, 95% CI [3.27, 3.85]), and 

the drivers with the difficult task (M = 4.52, SD = 1.02, 95% CI [4.29, 4.75]). All pairwise comparisons 

reached statistical significance (p  .001 for all post-hoc tests; dno task-easy = 1.86, dno task-difficult = 3.32, deasy-

difficult = 0.83).  (below secondary school level vs. 

qualified for university admission vs. university degree; Section 2.1) on mental task load ratings, neither 

for the easy task (F(2, 74) = 0.78; p = .46; 2 = .02), nor for the difficult task (F(2, 74) = 1.10; p = .34; 

2 = .03).  





3.4 Influence of manual task load on driver take-over performance 

3.4.1 Lateral driver intervention 

A one-way ANOVA revealed a significant influence of tablet position (i.e., manual load) on time to eyes 

on (F(1, 68) = 5.60; p = .02; ² = .08), time to hands on (F(2, 92) = 18.33; p  .001; ² = .29), and time 

to first steering (F(2, 92) = 15.86; p  .001; ² = .26). Pairwise comparisons showed that all reaction 

time variables were significantly longer for drivers of the handheld group compared to drivers of both 

the mounted and the control group. Additionally, drivers of the mounted group needed longer for a 

steering intervention than drivers of the control group (Table 5; Figure 7, left).  

Table 5. Pairwise comparisons on the influence of manual task load on reaction time variables and measures of 
take-over quality in the lateral and longitudinal maneuver, means with standard deviations (in round brackets) 
and 95% CIs (in square brackets).  

  Group means p-value | d 
 

Variable 
Control 
group 

Mounted Handheld 
Control vs. 
mounted 

Control vs. 
handheld 

Mounted vs. 
handheld 

Lateral 

Eyes on (s) - 
0.95 (0.33) 
[0.84, 1.07] 

1.32 (0.86) 
[1.03, 1.62] 

- - .02 | 0.57 

Hands on (s) 
1.17 (0.48) 
[0.92, 1.43] 

1.48 (0.37) 
[1.36, 1.60] 

2.19 (0.90) 
[1.90, 2.48] 

.08 | 0.77  .001 | 1.27  .001 | 1.04 

First steering (s) 
1.98 (0.36) 
[1.79, 2.17] 

2.25 (0.44) 
[2.11, 2.39] 

2.80 (0.71) 
[2.57, 3.03] 

.03 | 0.64  .001 | 1.30  .001 | 0.93 

Max. lane deviation (m)
0.83 (0.20) 
[0.72, 0.93] 

0.97 (0.30) 
[0.87, 1.06] 

1.37 (0.54) 
[1.19, 1.54] 

.13 | 0.51  .001 | 1.15  .001 | 0.92 

Min. tlc (s) 
2.15 (0.35) 
[1.96, 2.33] 

1.90 (0.45) 
[1.76, 2.05] 

1.31 (0.64) 
[1.10, 1.51] 

.09 | 0.59  .001 | 1.47  .001 | 1.07 

Longi-
tudinal 

Eyes on (s) - 
0.88 (0.32) 
[0.76, 1.00] 

1.14 (0.38) 
[1.00, 1.29] 

- - .005 | 0.74 

Hands on (s) 
1.55 (0.54) 
[1.23, 1.88] 

1.58 (0.46) 
[1.42, 1.74] 

2.20 (0.55) 
[2.01, 2.39] 

.87 | 0.06  .001 | 1.19  .001 | 1.22 

First braking (s) 
2.83 (0.39) 
[2.61, 3.04] 

2.91 (0.41) 
[2.77, 3.05] 

3.13 (0.52) 
[2.96, 3.31] 

1.00 | 0.20 .10 | 0.62 .12 | 0.47

Min. distance (m) 
11.08 (4.14) 
[8.79, 13.37] 

10.95 (4.19) 
[9.51, 12.39] 

8.47 (4.58) 
[6.89, 10.04] 

.92 | 0.03 .13 | 0.59 .06 | 0.57 

Min. time gap (s) 
0.44 (0.14) 
[0.36, 0.52] 

0.43 (0.14) 
[0.39, 0.48] 

0.34 (0.17) 
[0.37, 0.43] 

.83 | 0.07 .10 | 0.62 .05 | 0.58 

 

Regarding take-over quality, there were differences among the driver groups in max. lane deviation 

(F(2, 92) = 14.44; p  .001; ² = .24) and min. tlc (F(2, 92) = 19.76; p  .001; ² = .30). The handheld 

group was found to have a larger lane deviation and shorter tlc than the other driver groups. The driver 

groups furthermore differed in reaction type ( 2(2) = 9.04; p = .01; V = .31). Drivers of the 

control group reacted more often with steering only (94%) and less often with steering and braking (6%), 

than drivers of the mounted (87% steering only; 13% steering and braking) and handheld condition (64% 

steering only; 36% steering and braking; see Figure 6, top left). 







Table 6. Reaction times and measure of take-over quality in the lateral and longitudinal maneuver for drivers of 
the handheld condition.  

 
Variable 

Tablet aside then 
take-over 

Table aside while 
taking over 

Take-over then tablet 
aside 

 n (%) 12 (31%) 23 (59%) 4 (10%) 

Lateral 

Eyes on (s) 2.04 (1.15) 0.92 (0.22) 1.22 (0.40) 
Hands on (s) 3.03 (1.07) 1.85 (0.47) 1.64 (0.52) 
First steering (s) 3.43 (0.81) 2.54 (0.44) 2.38 (0.37) 
Max. lane deviation (m) 1.83 (0.68) 1.16 (0.29) 1.21 (0.39) 
Min. tlc (s) 0.75 (0.65) 1.51 (0.45) 1.84 (0.48) 

 n (%) 11 (31%) 20 (57%) 4 (12%) 

Longi-
tudinal 

Eyes on (s) 1.37 (0.47) 0.99 (0.24) 1.12 (0.28) 
Hands on (s) 2.60 (0.51) 2.03 (0.49) 1.95 (0.44) 
First braking (s) 3.55 (0.35) 2.91 (0.50) 3.14 (0.32) 
Min. distance (m) 5.77 (3.84) 10.34 (4.53) 6.52 (1.84) 
Min. time gap (s) 0.24 (0.15) 0.41 (0.16) 0.28 (0.08) 

 

3.5 Influence of cognitive task load on driver take-over performance 

3.5.1 Lateral driver intervention  

In the lateral maneuver, a significant influence of cognitive task load could be found on time to hands 

on (F(2, 92) = 8.30; p  .001; ² = .15) and time to first steering (F(2, 92) = 7.37; p  .001; ² = .13), 

but not on time to eyes on (F(1, 68) = 0.93; p = .34; ² = .01). Pairwise comparisons showed that drivers 

with an easy and a difficult non-driving related task needed more time for the first contact with the 

steering wheel and for the first steering intervention than drivers of the control group (Table 7; Figure 

8, left). No differences were found between drivers with an easy and a difficult task.  

There was also an effect of cognitive task load on max. lane deviation (F(2, 92) = 6.42; p = .002; 

² = .12) and min. tlc (F(2, 92) = 7.92; p  .001; ² = .14). Again, drivers with an easy and a difficult 

task showed a larger lane deviation and shorter tlc compared to drivers of the control group. Reaction 

type was not influenced significantly by task load ( 2(2) = 5.03; p = .08). Driver groups reacted in about 

equal shares with steering only (control group: 94%; easy task: 83%; difficult task: 68%), and steering 

and braking (Figure 6, bottom left). 



Table 7. Pairwise comparisons on the influence of cognitive task load on reaction times and measures of take-
over quality in the lateral and longitudinal maneuver, means with standard deviations (in round brackets) and 
95% CIs (in square brackets) n.s.  indicates a non-significant F-test, in which case no post-hoc tests were 
performed. 

  Group means p-value d 
 

Variable 
Control 
group 

Easy task Difficult task 
Control vs. 

easy 
Control vs. 

difficult  
Easy vs. 
difficult 

Lateral 

Eyes on (s) - 
1.06 (0.59) 
[0.85, 1.27] 

1.21 (0.75) 
[0.96, 1.46] 

- - n.s. 

Hands on (s) 
1.17 (0.48) 
[0.92, 1.43] 

1.65 (0.53) 
[1.49, 1.83] 

2.02 (0.93) 
[1.71, 2.31] 

.007 | 0.93  .001 | 1.03 .09 | 0.49 

First steering (s) 
1.98 (0.36) 
[1.79, 2.17] 

2.39 (0.49) 
[2.24, 2.55] 

2.66 (0.76) 
[2.40, 2.89] 

.004 | 0.90  .001 | 1.01 .16 | 0.42 

Max. lane deviation (m) 
0.83 (0.20) 
[0.72, 0.93] 

1.06 (0.37) 
[0.94, 1.18] 

1.28 (0.56) 
[1.09, 1.45] 

.01 | 0.69  .001 | 0.93 .11 | 0.47 

Min. tlc (s) 
2.15 (0.35) 
[1.96, 2.33] 

1.74 (0.51) 
[1.57, 1.90] 

1.47 (0.71) 
[1.25, 1.71] 

.004 | 0.87  .001 | 1.08 .13 | 0.44 

Longi-
tudinal 

Eyes on (s) - 
1.03 (0.34) 
[0.90, 1.17] 

0.99 (0.40) 
[0.85, 1.13] 

- - n.s.

Hands on (s) 
1.55 (0.54) 
[1.23, 1.88] 

2.00 (0.64) 
[178, 2.23] 

1.78 (0.53) 
[1.60, 1.96] 

.09 | 0.74 .20 | 0.43 .22 | 0.38 

First braking (s) 
2.83 (0.39) 
[2.61, 3.04] 

3.06 (0.52) 
[2.88, 3.25] 

2.98 (0.43) 
[2.83, 3.13] 

n.s. n.s. n.s.

Min. distance (m) 
11.08 (4.14) 
[8.79, 13.37] 

9.17 (5.00) 
[7.43, 10.91] 

10.21 (4.05) 
[8.84, 11.58] 

n.s. n.s. n.s.

Min. time gap (s) 
0.44 (0.14) 
[0.36, 0.52] 

0.37 (0.18) 
[0.31, 0.43] 

0.41 (0.14) 
[0.37, 0.43] 

n.s. n.s. n.s.

 

3.5.2 Longitudinal driver intervention  

The only significant influence of cognitive task difficulty found in the longitudinal maneuver was on 

time to hands on (F(2, 80) = 3.17; p = .05; ² = .11). However, none of the pairwise comparisons 

reached significance (Table 7; Figure 8, right). Neither time to eyes on (F(1, 59) = 0.20; p = .66; 

² < .01), nor time to first braking (F(2, 82) = 1.37; p = .26; ² = .03) were influenced by the cognitive 

task load. There was also no effect on min. distance (F(2, 82) = 1.06; p = .35; ² = .03), min. time gap 

(F(2, 82) = 1.45; p = .24; ² = .04), or reaction type ( 2(2) = 5.25; p = .07). Drivers reacted about equally 

often with braking only (control group: 40%; easy task: 38%; difficult task: 64%), or braking and 

steering (Figure 6, bottom right). 





high manual task load needed on average 2.8 s for the first steering intervention, which was about 0.8 s 

longer compared to drivers without non-driving related task. Confidence intervals of both driver groups 

did not overlap. Take-over quality also suffered from high manual task load, as reflected by a larger 

deviation from the center of the lane in the steering maneuver (large effect, d = 0.9) and a shorter time 

gap to the leading vehicle in the braking maneuver (medium effect, d = 0.6). However, even with high 

manual task load, drivers on average still had a minimum time to lane change of more than 1 s in reserve 

and a distance to the leading vehicle of more than 8 m in reserve. 

In summary, impairing effects of high manual task load on reaction times and take-over quality were 

found in both scenarios, but were more pronounced in the steering scenario. This is in accordance with 

the expectation that manual task load should impact a steering maneuver more than a braking maneuver. 

However, it was unexpected that even the time until the first gaze at the street was longer in the handheld 

than in the mounted condition. The reason for this was found when categorizing the drivers according 

to how they dealt with the tablet in the take-over situation. About a third of the drivers of the handheld 

condition put the tablet aside first and took over subsequently. In comparison to drivers putting the tablet 

aside and taking over in parallel, these drivers needed much longer for the first contact with the steering 

wheel and for the first gaze at the road. 

 

4.2 Influence of cognitive task load on take-over performance 

Unlike manual load, cognitive task load had no general effect on take-over performance, but affected 

the lateral and longitudinal maneuver differently.  

 

4.2.1 Lateral driver intervention 

In the steering maneuver, there was an effect of cognitive load on all reaction times (apart from the first 

road fixation) as well as on take-over quality. As compared to the control group, drivers engaging in the 

reading task needed on average 0.5 s longer for the first contact with the steering wheel and 0.4 s longer 

for the steering intervention. Both of these effects can be interpreted as large (d = 0.9) and robust, with 

no overlap of confidence intervals. Furthermore, drivers with a reading task drifted on average about 

0.2 m further off the lane center (medium effect) and had a shorter minimum tlc (large effect) than 



drivers of the control group. Compared to the reading task, the additional cognitive load induced by the 

proofreading task did not seem to further deteriorate take-over performance in a significant way. The 

differences in reaction times and measures of take-over quality between drivers with a reading and 

proofreading task were small (d < 0.5) and statistically not significant, with partly large overlaps of 

confidence intervals. 

These findings are in accordance with previous research by Merat et al. (2012) and Zeeb et al. (2016) 

who reported that the ability to regain vehicle control deteriorated due to the engagement in non-driving 

related tasks. In contrast to those studies, the present results show that reaction times may suffer in 

addition to take-over quality. The prolonged first contact with the steering wheel was particularly 

unexpected given that this was assumed to be a primarily reflexive action not influenced by cognitive 

task load. This effect might be explained by the fact that time-critical scenarios requiring immediate 

driver intervention were examined in the present study. This is different from the earlier studies cited 

above (Merat et al., 2012; Zeeb et al., 2016), in which the scenarios were not nearly as time-critical as 

they were in the present study. This could imply that, when given sufficient time, drivers engaging in a 

non-driving related task do not necessarily take more time to react as drivers without additional task. 

This is most likely due to the fact that drivers do not intervene in vehicle control immediately when they 

are given more time than required. This is indicated by previous research which found that a longer time 

budget or a decreased urgency of the situation led to longer reaction times (Gold et al., 2013; Walch et 

al., 2015). Negative effects of non-driving related tasks on reaction times might thus only become visible 

when the situation requires a fast driver intervention.  

 

4.2.2 Longitudinal driver intervention 

A different picture was found in the longitudinal scenario. Here, only the time needed to put the hands 

on the steering wheel was influenced by cognitive task difficulty, whereas no impact was found on the 

remaining variables, including take-over quality. However, differences among groups in time to hands 

on just reached statistical significance (p = .05) and confidence intervals of all three groups overlapped. 

Given the increased likelihood for Type I errors due to multiple comparisons, this effect has most likely 

no practical significance.  



One possible explanation of why engagement in a difficult task compared to an easy task led to 

impairments in steering but not in braking maneuvers might be found when taking a closer look at the 

reaction type. Drivers with a difficult task seemed to react more often with additional braking (lateral 

maneuver, p = .08), or with braking only (longitudinal maneuver, p = .07), compared to drivers with an 

easy task or without a task, even though these differences just missed the level of statistical significance. 

This finding could imply that drivers who are intensively engaged in another task are particularly likely 

to use braking in an attempt to defuse the situation and to gain more time to act. These 

braking reactions might have led to shorter braking reaction times when intervening in longitudinal 

vehicle control, but might have prolonged the steering intervention in the lateral maneuver. Support for 

this assumption can be found in previous research. Louw et al. (2015) report that drivers with a non-

driving related task reacted more often with an additional braking intervention compared to drivers 

without another task. Gold et al. (2013) similarly found that the less time drivers were given to react, 

the more often they reacted with a braking intervention. It could thus be assumed that drivers who find 

themselves in a challenging situation  because they are engaging in a non-driving related task or 

because the time budget is small  spontaneously react with braking to de-escalate the situation.  

Another important influencing factor could be the type of stimulus to which the drivers reacted in both 

scenarios. In the longitudinal scenario, drivers had to react to another vehicle suddenly cutting in ahead 

of the driver. 

Another reason for the absence of an effect of cognitive task load in the braking scenario could be the 

type of stimulus to which the drivers reacted. In this scenario, drivers had to react to another vehicle 

suddenly cutting in ahead of the driver. This is presumably a highly valent stimulus whose interpretation 

does not require intense cognitive processing

influenced by their cognitive state as it might be if a situation requires profound understanding. Support 

for the assumption that drivers reacted more reflexively in the braking compared to the steering 

maneuver can also be found in the learning effects reported in Section 3.3. While all reaction times 

showed clear learning effects in the lateral maneuver (large effect, 2 = .19), drivers started braking 

equally fast in the longitudinal maneuver, independently of whether it was the second or the third take-

over they experienced. This might support the notion that braking is a well-trained, internalized action 



that can be carried out reflexively  even by a driver who is very engaged in a non-driving related task. 

These assumptions would suggest that high cognitive workload does not necessarily deteriorate the 

requiring deeper cognitive processing, however, the high use of mental resources might lead to an 

increase in switch costs if these resources are required, but not immediately accessible by the driving 

task. This is in line with previous research, which found a relationship between task difficulty and switch 

costs (Iqbal & Bailey, 2006; Salvucci et al., 2009). 

 

4.3 Limitations of the present study and future research 

The suggestions outlined above might be helpful to explain the present results and divergent findings of 

previous research on the impact of the -driving related tasks during 

automated driving. However, some limitations of the present study require closer investigation in future 

studies. It is argued that the influence of cognitive task load might be moderated by the reaction type 

(steering vs. braking) and the perceptual difficulty of the take-over situation (reflexive reaction to an 

easily processed stimulus vs. stimulus requiring deeper cognitive processing). In the present study, both 

factors are not independent of each other, which limits their interpretation. It is not clear, whether 

cognitive task difficulty had little to no effect in the braking maneuver, because braking itself is a more 

intuitive reaction or because this reaction was triggered by an easily processed stimulus. Further studies 

should systematically vary both factors in order to derive clear assumptions about their influence. 

Another factor that might limit the generalizability of the present findings is the relatively short duration 

of the automated drive. Engaging in a cognitively demanding task for a longer period of time might 

cause fatigue. In the present study, however, participants drove in automated mode for only about 8 min 

before each of the take-over scenarios, so that drivers might not yet have experienced fatigue. As fatigue 

might be a decisive influencing factor on , this should be subject 

to further examinations in future research. 

 



5. Conclusions 

Several implications can be derived from the data presented here. Engaging in a handheld tablet 

compared to a tablet mounted in the vehicle lead to later driver responses and impaired take-over quality 

when resuming vehicle control after automated driving in time-critical scenarios. Surprisingly, not only 

manual reactions were affected, but also the first gaze at the road. These effects were found both in the 

braking and steering maneuver, but were more pronounced in the latter. These results point to the 

potential danger of using handheld devices such as smartphones or tablets during automated driving. 

Handheld phoning is already considered a risk for road safety during manual driving. Given the 

potentially increasing willingness to engage in non-driving related tasks during automated driving, it is 

predictable that manual task load may have important influences on road safety in the future.  

The impact of cognitive task load was not as uniform as the impact of manual task load. Whereas 

reaction times and take-over quality deteriorated with increasing cognitive load in the steering scenario, 

hardly any influence of task difficulty was found in the braking scenario. One possible explanation for 

this unexpected finding could be that especially drivers who are intensively engaged in a non-driving 

related task instinctively react with a braking intervention in order to gain more time. This interpretation 

might also shed some light on previous research which reported both an improving and deteriorating 

take-over performance due to non-driving related task engagement. However, the results presented here 

can only provide a first explanatory approach which should be further examined in future studies.  
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