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We live in an era where automation is taking over many tasks (e.g., Dekker & 
Woods 2002; Hancock et al., 2013; Janssen, Donker, Brumby, & Kun, 2019). An 
example of this trend of automation can be seen in the automotive domain (e.g., 
Ayoub, Zhou, Bao & Yang, 2019; Janssen, Donker, Chuang, & Ju, 2019; Kun, 2018). 
More and more driving tasks can be, and are, performed by the car. Examples of 
systems that are already commercially available are: (adaptive) cruise control, auto 
steer, lane departure warning, and automatic parking. Such driving assistance 
systems can support, and partially take over, driving tasks. When several of these 
systems are combined, the car is able to drive without manual control of the human 
driver under specific (ideal) road conditions. Examples of such systems are Tesla’s 
Autopilot, Cadillac’s Super Cruise, and Nissan’s Pro Pilot. 

Despite these technological innovations, currently there is no system that is 
capable of operating fully without human supervision. In effect, current systems 
require human monitoring of the driving task and interaction between the human 
and the automated system. One of the main aspects of the human-automation 
interaction is communication between the system and the human driver, to share the 
system state and warn whenever intervention is needed (e.g., Walch, Lange, 
Baumann, & Weber, 2015; Janssen, Boyle, Kun, Ju, & Chuang, 2019). As sound is 
omnidirectional and can be heard irrespective of where a person’s current visual focus 
is, it is broadly used in cars to communicate a system’s state (Nees & Walker, 2011). 
On the road towards fully automated driving, where human interaction is minimal, 
there are currently already many driver assisting systems, such as lane departure 
warning systems, that use auditory signals to warn the human driver for a required 
intervention. This implies that the impact of such auditory signals on the person in 
the driver’s seat is crucial.  

In relation to such impact, throughout this thesis I use the term 
“susceptibility”. In my studies “susceptibility” is operationalized using a specific 
Event-Related Potential in the electroencephalogram (explained in more detail later). 
I use the term susceptibility to refer to the extent to which an observer or process 
controller is in a mode which allows for detection of external signals to such a degree 
that an adequate behavioral response can be based on the detection. In effect, given 
the wide use of auditory signals in cars and other automated devices, being 
susceptible to, and acting on, warnings from the system is an essential prerequisite 
for a safe ride. This requirement comes on top of that of the susceptibility to 
unexpected but potentially relevant auditory ànd visual signals that is crucial for safe 
driving in the traditional sense (i.e., for manual driving). However, its special 
meaning in the context of automation can be illustrated by the following hypothetical 
situation. 
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1.1 A glimpse into the future 

As an example of what could happen in the future, I would like to introduce 
you to Bob, who lives in an era where automated driving is becoming mainstream. 
Bob is the proud owner of the latest electric car that has advanced automated features, 
which are advertised to be able to do most of the driving for him and is rated as SAE 
level 3: Conditional Automation (SAE j3016). In this level of automation, the car is 
able to drive itself on specific roads, and thereby reduces the amount of monitoring of 
the driving task that Bob needs to do. However, the car might occasionally reach a 
limit in its capability to handle a scenario (e.g., a road without markings) and require 
Bob to intervene or assist. In such situations there is a “transition of control” of (part 
of) the driving task from the car to Bob. Given the success of auditory warnings for 
other car purposes (e.g., lane departure), Bob’s car uses an auditory warning to signal 
a transition of control. When Bob fails to make an appropriate response to this signal, 
it might lead, at a minimum, to a stressful situation and at worst to a crash. 

One day, when driving back from a family visit, the car suddenly runs into a fog 
bank. The visibility decreases and the system is unable to read the lane markings. At 
this moment the system alerts Bob with a sudden auditory signal that the control of 
the vehicle will be transferred to him. However, how susceptible is Bob's brain to such 
unexpected auditory signals? Does the signal trigger detection to such an extent, that 
an adequate response can be based on it? This question needs an answer. 

The aforementioned scenario does not describe what Bob was doing while the 
car was performing the driving task. Bob believes to be able to occasionally engage in 
other tasks while the car has control. For example, occasionally he has a serious 
telephone conversation, he browses his email, uses social media, or plays a game on 
his phone. Now what if the auditory alert that triggered the transition of control 
occurred while Bob was engaged in such a task? How susceptible would he be then to 
this alert? Given that the types of tasks that Bob engages in vary from one situation to 
the next, it would be useful to have a more general understanding of how tasks that 
are not related to the driving task influence susceptibility to auditory alerts in 
particular. 
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1.2 Auditory alerts and cognitive load 

Although Bob’s scenario is presented as one of the future, the core elements of 
this example are already relevant today. Auditory alerts are already commonplace in 
current cars, and are frequently considered as mechanisms to signal transitions of 
control (see meta-analysis by Zhang, De Winter, Varotto, Happee, & Martens, 2019). 
Moreover, humans do also occasionally distract themselves in non-automated 
vehicles with a variety of non-driving tasks (Dingus et al., 2016; Klauer et al., 2014). 
This tendency increases when cars drive at higher levels of automation (De Winter, 
Happee, Martens, Stanton, 2014). At the highest levels of (full) automation, people 
will want to engage in an even wider variety of activities, including sleeping, similar 
to activities they do on trains or airplanes (Pfleging, Rang, & Broy, 2016).  

One key concept in this context is “cognitive load”. Cognitive load refers to the 
amount of cognitive resources that are absorbed by engagement in a task. The 
underlying assumption is that there is such a thing as cognitive resources that are 
limited in the extent to which they can be shared between two or more tasks (Wickens, 
1981), such as driving and telephone activity. This prompts the question whether 
inducing cognitive load by some secondary task affects susceptibility to signals that 
are relevant for driving. Different non-driving related tasks (e.g., a serious telephone 
conversation or social media browsing on a smartphone) are hypothesized to make 
use of cognitive resources. Therefore, if one manipulated cognitive load 
experimentally, the results should be generalizable to different tasks and activities.  

1.3 Measuring susceptibility 

How can we validly and feasibly assess susceptibility in a variety of conditions, 
ranging from driving in a car to a controlled lab setting? One consideration is 
unobtrusiveness: The assessment should not go at the cost of an additional task 
requirement on part of the observer/ process controller. In this thesis I have opted for 
exposing participants to dedicated unexpected, and also unique (i.e., non-repeated) 
signals, or so-called “novels”, without the requirement of a behavioral response. To 
assess susceptibility within this setting, I looked at the response to such novels of the 
brain, more specifically, the human cortex, in the form of event-related potentials 
(ERPs) derived from the EEG (electroencephalogram). 

How do ERPs reflect susceptibility to these novels? There are at least two clues 
in this respect. First, the novels are usually presented as infrequent “oddballs”, 
interspersed within a sequence of frequent identical tones, so-called “standards”. To 
isolate the novelty aspect of the ERP, the ERP elicited by the standard can be 
subtracted from the ERP elicited by the novel, so that at least it can be excluded that 
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the response to any sound would be qualified as susceptibility. Second, within the 
resulting difference ERP, the most prominent feature is a positive peak over frontal 
regions, around 300 ms after auditory-stimulus onset (Allison & Polich, 2008; 
Squires, Squires, & Hillyard, 1975; Ullsperger, Freude, & Erdmann, 2001). This 
novelty P3 or frontal P3 (fP3) has been argued to have a rather precise relation to 
behavioral performance, and can perhaps best be described as reflecting a global 
cortical reset: “Drop anything you were doing, here’s a new situation that needs other 
actions” (Friedman, Cycowicz, & Gaeta, 2001; Polich, 2007; Kenemans, 2015; Wessel 
& Aron, 2013). 

The frontal P3 has been used to index susceptibility in a variety of conditions 
and tasks, including driving (Wester, Böcker, Volkerts, Verster, & Kenemans, 2008; 
Wester, 2009), mental fatigue during driving (Massar, Wester, Volkerts, & Kenemans, 
2010) manual tracking (e.g., Scheer, Bülthoff, & Chuang, 2016, 2018), games (e.g., 
Allison & Polich, 2008; Miller, Rietschel, McDonald, & Hatfield, 2011), and arithmetic 
(e.g., Ullsperger et al., 2001). The consistent finding of these studies is that auditory 
susceptibility, as indexed by the frontal P3, is reduced when people engage in visual-
manual tasks, compared to, for example, a passive condition. This also includes 
manual driving. However, how might this change under automated driving 
conditions, when the driver is not using their hands to drive? And how susceptible are 
people to auditory signals during cognitive tasks that are not based on visual stimuli 
or manual interaction?1 

1.4 Aims and generalizability 

One aim of this thesis is to assess auditory susceptibility unobtrusively under 
conditions of (semi-) automated driving conditions and varying amounts of cognitive 
load (akin to a concurrent telephone conversation). This is what Part I (Chapters 2-
4; measuring susceptibility) of this thesis is about. The second aim applies to 
explicit behavioral responses to auditory alerts or visual in-car warnings: How can we 
support auditory susceptibility to enhance control transition, and how adequate are 
current state-of-the-art visual in-car warnings for upcoming road situations? In Part 
II (Chapters 5-6; testing interventions) I attempt to answer these questions. The 
next section provides a more detailed outline of these chapters. Before that I present 
some notes on generalizability. 

 
1In all my experiments frontal P3 (fP3) refers to the difference in positivity in the peak area around 350 

ms post-stimulus at electrode location FCz, as derived from the subtraction of the standard ERP from 
the novel ERP. 
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Although the focus of this research is on the domain of semi-automated 
vehicles, the general principles apply to a broader domain of human-automation 
interaction, in particular safety-critical systems and other systems with requirement 
of a time-sensitive response. This type of systems is found in many settings (Janssen, 
Donker, Brumby, & Kun, 2019), including: 

• Various transportation modes (e.g., airplanes, trains, boats, trams), where an 
'auto-pilot' is in control with human back-up (e.g., Stanton & Salmon, 2011). 

• Factory assembly lines, where machines and humans build a product, and 
humans handle emergencies (e.g., Boothroyd, 2005). 

• Medical settings, where humans monitor automated procedures such as 
automated cardiopulmonary resuscitation (e.g., Wik et al., 2014). 

• Process monitoring, where humans monitor factories, oil platforms, and power 
plants to prevent errors (e.g., Parasuraman, 1987). 

1.5 Chapter outline 

Table 1.1. summarizes the main research questions and their motivation for 
each chapter in this thesis. These are elaborated on more below. In Part I (Chapters 
2-4; measuring susceptibility) I investigate how susceptible humans are to auditory 
stimuli. I therefore make use of electroencephalography (EEG) recordings to measure 
auditory susceptibility in different driving modes and levels of distraction. 

More specifically, in Chapter 2 (Van der Heiden et al., 2018) we investigate 
whether auditory susceptibility of the brain is reduced during automated driving 
compared to manual driving and a stationary car. Previous research, including the 
Utrecht PhD thesis of Wester (2009), has shown that susceptibility is reduced under 
manual driving compared to stationary conditions (Wester, 2009; Wester et al., 
2008). Similarly, other research has shown that susceptibility is reduced under 
performance of visual-manual tasks (e.g., Scheer, Bülthoff, & Chuang, 2016, 2018; 
Ullsperger, Freude & Erdmann, 2001). But what happens under automated driving? 

In a driving simulator we measured auditory susceptibility using an auditory 
oddball paradigm (Squires, Squires, & Hillyard, 1975) by measuring the oddball probe 
induced response in the brain. Beforehand, it was difficult to predict the outcome of 
this measurement: On the one hand, automated driving is like standing still, or being 
stationary, since no active manual vehicle control by the human is needed. On the 
other hand, automated driving is like driving, since there is dynamic visual 
information. A better insight into auditory susceptibility under automated driving 
can also contribute to important practical questions as current automated driving 
systems highly rely on last-minute auditory alerts (Zhang et al., 2019). 
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In the study from Chapter 2 (Van der Heiden et al., 2018), the driver is 
performing no other concurrent tasks. This contrasts with observations in the 
literature, which predict that people will perform a wide variety of tasks while 
automation has main control over the driving task (De Winter et al., 2014; Janssen, 
Iqbal, Kun, & Donker, 2019; Pfleging et al., 2016). Given the wide variety of tasks, 
there is a need to understand general mechanisms that might be involved. We focus 
on cognitive load.  

Before investigating the effects of the cognitive load inducing tasks combined 
with automated driving on auditory susceptibility, we first look into the effect of 
cognitive load itself on auditory susceptibility in Chapter 3. The first question that we 
address is whether cognitive load without visual or manual components reduces 
auditory susceptibility. Previous work suggests that cognitive load reduces auditory 
susceptibility (e.g., Allison & Polich, 2008; Miller, Rietschel, McDonald, & Hatfield, 
2011; Ullsperger et al., 2001). However, these studies all either have a task where 
manual interaction is needed, or they present visual stimuli. In our study, we use an 
auditory task which is known to induce cognitive load (the verb generation task; 
Abdullaev & Posner, 1998; Snyder, Abdullaev, Posner, & Raichle, 1995). This allows 
us to measure cognitive load where concurrent manual interaction and visual stimuli 
are absent. As a third step, we perform a study in which both automated driving and 
a cognitive load inducing task (somewhat like a telephone conversation) are 
combined. We investigate how these two factors combined influence auditory 
susceptibility in Chapter 4. 

In sum, Part I (Chapters 2-4; measuring susceptibility) investigates to what 
extent auditory susceptibility is affected not only by driving (Chapter 2), but also by 
automated driving (Chapter 2, 4) and when combined with separate distracting, 
cognitive load inducing tasks (Chapters 3, 4).  

In Part II (Chapters 5 and 6; testing interventions) we turn to more applied 
scenarios and human behavior. What are ways to further support more accurate 
human behavior?  

Chapter 5 (Van der Heiden, Iqbal, Janssen, 2017) proposes the use of auditory 
early warnings, which we call pre-alerts, to warn the driver of upcoming transitions 
of control. These pre-alerts start 20 seconds before the actual alert where the human 
driver has to act on. Such pre-alerts provide a way for mediated, negotiated, or 
scheduled interruptions (McFarlane, 2002; McFarlane & Latorella, 2002). The pre-
alerts buy extra time and should accommodate a more relaxed transition of control in 
contrast to a more sudden switch of tasks (or “immediate interruption”, McFarlane, 
2002; McFarlane & Latorella, 2002). To test whether pre-alerts indeed result in better 
transitions of control, we performed a driving simulator study where drivers 
transitioned between automated and manual driving, and in which an auditory 
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warning of a transition was preceded by a pre-alert. We also compared how 
performance changed under distracted conditions (performing a visual-manual task 
on a smartphone). 

In Chapter 6 (Van der Heiden, Janssen, Donker, & Merkx, 2019) we tested 
visual (instead of auditory) in-car warnings in a driving simulator study. Specifically, 
this work was motivated by a practical scenario. Crash rates are higher at roadwork 
sites, compared to the same roads without roadworks (Khattak, Khattak, & Council, 
2002). Moreover, in the Netherlands, failure to miss roadworks has resulted in various 
accidents (Van Gent, 2007). In line with current technological developments (IEEE, 
2010), a Dutch-German-Austrian initiative (Cooperative ITS Corridor) is investigating 
the option for beacons at roadwork sites that can trigger in-car visual warnings, for 
example, to warn of an upcoming lane-closure. It is, however, unknown whether 
these signals allow for a timely response by the driver. 

In our driving simulator, drivers had to respond to a visual warning indicating 
a closed lane, by changing lanes. We tested how fast drivers responded, including how 
well they responded under additional cognitive load in a task similar to the one 
described in Chapters 3 and 4 (verb generation). Our performance metric investigates 
both how distraction affects the initial response time of the driver (i.e., making the 
first steering movement) as well as the time needed to make the lane change. Is the 
reaction time sufficiently short for such a practical scenario? 

In sum, Part II (Chapters 5 and 6; testing interventions) provides insight in 
more practical applications. Both chapters demonstrate the need for (Chapter 6) and 
ability to (Chapter 5) use timely alerts to warn drivers of (automated) vehicles of 
upcoming events. 
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2 Does automated driving reduce 
auditory susceptibility? 

For safe operation of semi-
automated vehicles, the 
human driver has to respond 
to a request for intervention 
(“transition of control”). But 
we don’t know how 
susceptible human drivers 
are to auditory information in 
general. 

3 Does cognitive load reduce 
auditory susceptibility? 

Since drivers tend to engage 
in a variety of non-driving 
tasks, it is valuable to study 
the effect of cognitive load on 
auditory susceptibility in 
general. 

4 Does cognitive load during 
automated driving reduce 
auditory susceptibility? 

Since it is likely that drivers 
in semi-automated vehicles 
engage in non-driving related 
tasks, we study the 
interaction of automated 
driving and concurrent 
cognitive load on auditory 
susceptibility. 
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5 Can pre-alerts improve the 
transfer of control in semi-
automated vehicles? 

As drivers might miss 
auditory signals, we test a 
potential solution (“pre-
alerts”) that allows drivers 
more time to switch between 
tasks. 

6 Do last-minute visual in-car 
warnings accommodate a 
timely lane change? 

In current technological 
developments, beacons 
along the road can trigger in-
car visual warnings. It is, 
however, unknown whether 
these signals allow for a 
timely response by the 
driver. 

Table 1.1. Research questions and relevance to the thesis for each chapter. 
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Abstract 

We investigate how susceptible human drivers are to auditory signals in three 
situations: when stationary, when driving, or when being driven by an autonomous 
vehicle. Previous research has shown that human susceptibility is reduced when 
driving compared to when being stationary. However, it is not known how susceptible 
humans are under autonomous driving conditions. At the same time, good 
susceptibility is crucial under autonomous driving conditions, as such systems might 
use auditory signals to communicate a transition of control from the automated 
vehicle to the human driver. We measured susceptibility using a three-stimulus 
auditory oddball paradigm while participants experienced three driving conditions: 
stationary, autonomous, or driving. We studied susceptibility through the frontal P3 
(fP3) Electroencephalography Event-Related Potential response (EEG ERP response). 
Results show that the fP3 component is reduced in autonomous compared to 
stationary conditions, but not as strongly as when participants drove themselves. In 
addition, the fP3 component is further reduced when the oddball task does not require 
a response (i.e., in a passive condition, versus active). The implication is that, even in 
a relatively simple autonomous driving scenario, people’s susceptibility of auditory 
signals is not as high as would be beneficial for responding to auditory stimuli. 
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2.1 Introduction 

Human driving involves various tasks, ranging from control (or operational) 
tasks such as basic vehicle control, to maneuvering (or tactical) tasks such as a lane 
change, to strategic tasks such as navigation Michon (1985). With the advent of semi-
autonomous cars and other automated vehicles, the role of the human driver changes. 
Some tasks might be automated partially, or even fully, and left to the system to 
control, whereas other tasks might still remain with the driver. As automation 
increases, the role of the human changes more from an active driver to that of a system 
monitor (e.g., Parasuraman, Sheridan, & Wickens, 2000). What the human driver 
needs to monitor or act on, depends on the degree of automation, or autonomy, of the 
vehicle. To classify the role division between human and system, the Society of 
Automotive Engineering (SAE International, 2014) has distinguished six levels of 
automation. These range from level 0, indicating no driving automation, to full 
automation at level 5. In between these extremes are four levels of division of control 
between human and system. Cars at level 1 and 2 are currently being sold 
commercially, and require, by SAE definition (SAE International, 2014), the human 
driver to monitor the driving environment. In the next levels, level 3 and 4, the car 
monitors the driving environment, and the human can be requested to respond to 
intervene in the driving (also referred to as a transition of control). In level 3 such 
human intervention is required, whereas in level 4 this is optional and the car needs 
to have a fallback strategy in case the human does not intervene. At the final level, 
level 5, human assistance is not needed, but even then the car might occasionally ask 
for human input (for example, what route to take if there are multiple options). Stated 
differently, at the upcoming levels of automation (SAE levels 3, 4, and 5), human 
drivers can be signaled to provide input to the vehicle. 

Although there is no specification or standard for how a vehicle might signal 
that a human’s input is requested, a likely candidate are audio signals. One advantage 
of audio signals is their near omnidirectional character (i.e., perception of auditory 
stimuli is "gaze-free") which yields a higher chance of being perceived compared to 
visual signals. Moreover, auditory signals are already widely used in vehicles for 
notifications (often supported by visual signals), for example to alert that the vehicle 
is running out of petrol, as a seatbelt warning, or as proximity indication for parking 
sensors. Therefore, investigating susceptibility to auditory signals for (semi-) 
autonomous vehicles is timely, given the pace of development of automated vehicles, 
in which there is shared control between the human driver and the vehicle. 

A potential complication is that the extent of auditory detection and processing 
may depend on the extent of engagement in an ongoing task, such as driving (for a 
recent review see (Murphy, Spence, & Dalton, 2017). This makes sense from a 
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perceptual-load perspective (Lavie, 1995, 2005), which holds that increasing 
perceptual demands within an ongoing task reduces the extent of processing of 
stimuli that are task-irrelevant or that are only of secondary relevance. In such 
perceptual load experiments, performance indices of load-dependent processing 
reductions are typically based on interference from the irrelevant stimuli with 
processing of task-relevant stimuli, or additional task elements such as a posteriori 
subjective report (see reviews in (Lavie 2005; Murphy, Spence, & Dalton, 2017)). 
Cognitive load can also be measured by exposing participants to a stimulus without 
requiring a behavioral response (Wester 2009; Wester, Böcker, Volkerts, Verster & 
Kenemans, 2008; Wester, Verster, Volkerts, Böcker, & Kenemans, 2010). By not 
requiring a behavioral response, the approach is unobtrusive. Instead, measures of 
human electrocortical activity as available in the electroencephalogram (EEG) can be 
used. EEG reflects the waxing and waning of postsynaptic potentials that necessarily 
precede possible action potentials, when this is synchronized across ten thousands of 
cortical neurons. The common interpretation is that both spontaneous EEG and the 
change in EEG in response to discrete events can reveal the involvement of specific 
cognitive processes (for a broader introduction see Luck (2014)). 

The unobtrusiveness of EEG (i.e., its applicability without additional task 
demands on part the participant) makes the approach suitable for use in an 
automotive setting. Note that numerous studies have utilized measures of 
spontaneous EEG to monitor vigilance in driving or driving-like conditions (e.g., De 
Waard & Brookhuis, 1991; Khushaba, Kodagoda, & Lal, 2011; Schmidt, Schrauf, 
Simon, Fritzsche, Buchner, & Kincses, 2009; Wertheim, 1978). Within the present 
approach, however, susceptibility to a discrete auditory stimulus, is assessed by 
deriving from the EEG discrete electrocortical responses (or event-related potentials, 
ERPs) to these very auditory signals. One fruitful implementation of this principle has 
been demonstrated by Wester and colleagues (Wester, 2009; Wester et al., 2008; 
Wester et al., 2010) in a variety of driving(-related) conditions, involving the 
recording of the frontal P3 or fP3. 

The fP3 (also known as P3a or novelty P3) is preferably recorded in response to 
task-irrelevant unique, relatively unexpected, environmental sounds (“novels”; e.g., 
Dien, Spencer, & Donchin, 2003; Friedman, Cycowicz, & Gaeta, 2001; Heitland, 
Kenemans, Oosting, Baas, & Böcker, 2013; Kiehl, Laurens, Duty, Forster, & Liddle, 
2001; Massar, Wester, Volkerts, & Kenemans, 2010; Schröger & Wolff, 1998). A 
dominant current view is that the frontal P3 provides relatively widespread inhibition 
throughout the brain or a neural signal that instigates such widespread inhibition (cf. 
Friedman et al., 2001; Kenemans, 2015; Polich, 2007; Wessel & Aron, 2017) As a 
generic mechanism, it is thought to free sufficient neurocognitive and behavioral 
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resources to meet whatever demands a sudden change in the environment (e.g., an 
unexpected sudden honk of a truck) might impose (Kenemans, 2015, p. 122). 

The fP3 to novels is commonly recorded when driving is combined with an 
auditory “three-stimulus-oddball” novelty/ setup. In a three-stimulus-oddball set-up, 
a participant hears a series of sounds. The large majority of these sounds are constant 
tones (also referred to as standard), a small subset are deviant tones of a slightly higher 
frequency, and a third set contain novel sounds (irrelevant unique, relatively 
unexpected, environmental sounds) (see also Methods for more details on our 
implementation). 

Within a driving context, Wester and colleagues (Wester, 2009; Wester et al., 
2008; Wester et al., 2010) demonstrated that the fP3 component is significantly 
reduced during driving compared to a stationary control condition. This has also 
recently been replicated by Scheer, Bülthoff, and Chuang (2016). The interpretation 
of these results is that the brain is less inclined to meet the demands that a sudden 
change in the environment might impose when a person is driving compared to when 
the car is stationary. 

A further finding in the Wester et al. studies is that directing attention to 
auditory information in general restores the driving-reduced fP3 to a considerable 
extent. In the typical “three-stimulus-oddball” novelty/ fP3 setup, novel stimuli are 
interspersed (on 10% of the trials) in a sequence of ‘standard’ tones (e.g., 1000 Hz, 
80% of all stimuli) and ‘deviant’ tones (e.g., 1100 Hz, also on 10% of the trials). It has 
turned out that, relative to a driving-only condition in which the oddball stimuli are 
completely irrelevant, instructing participants to manually respond to the deviant 
tone enhances the fP3 to the novels (Wester, 2009; Wester et al., 2008; Wester et al., 
2010). This is important because it suggests that susceptibility for rare but salient and 
potentially relevant audio signals (e.g., alerts to signal a transition of control) can be 
augmented by having human controllers engage in a second auditory task. 

What might these results predict for autonomous driving? One could argue that 
autonomous driving is comparable to non-autonomous driving given the aspects of 
moving through space and being exposed to changing visual input that is safety-
critical. Alternatively, the autonomous condition may be more comparable to being 
stationary, in the sense that, unlike manual driving, there is no need to control a 
vehicle. How does an automated setting then influence a human’s susceptibility to 
auditory signals? We foresee three possible outcomes. The susceptibility in 
automated driving can be (1) reduced, similar to the observed reduction in non-
autonomous driving, (2) unabated with respect to a non-driving situation, similar to 
stationary, or (3) lie somewhere in between these extremes. 

To investigate how autonomous driving affects human susceptibility to auditory 
alerts, we conducted an experiment in a driving simulator where participants 
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experience three conditions in a within-subjects manipulation: (1) watching a 
stationary screenshot of the driving simulator, i.e., a non-driving situation, (2) driving 
manually in a simulator, and (3) being driven by a simulated autonomous car. 
Meanwhile, oddball stimuli were presented at a regular pace to allow for 
measurement of the fP3. In addition, we compared whether there is a difference 
between a condition where an active response to auditory stimuli is required and a 
passive condition in which no such response is needed. 

2.2 Methods 

2.2.1 Participants 

To determine the number of participants, we conducted a power test. Starting 
point was the effect size that was measured in previous research (Wester et al., 2008) 
on the same metric of interest as we use here (fP3 amplitude, see section on 
measurement and data analysis). Wester et al. found an effect size (d) of 1.8 for the 
difference between stationary and regular driving, which we took as input for our 
power test. We also set our intended level of significance (alpha) at .05, and intended 
power (one-tailed) at 0.8. If this information is entered into G*Power 3.1.9.2, it yields 
a required sample of n = 4 participants. Because in the present study the autonomous 
condition was included (i.e., we have a third driving condition; not just stationary and 
regular driving as in Wester et al.), and a comparison between the passive and the 
active conditions was envisaged, we anticipated that more participants were needed 
to detect effects between these 3 x 2 conditions (see section on Design for details on 
the experimental design). We decided to include at least four times as many 
participants (i.e., at least 16). 

Eventually eighteen participants (7 M; 11 F) were recruited from a student 
population using opportunity sampling (ages 20 to 25 years old, M = 22.06 years, SD = 
1.39 years). All participants were native Dutch speakers and reported to have normal 
or corrected-to-normal vision and normal hearing. This study also required the 
possession of a driver’s license (possession varied from 2 weeks to 6 years, M = 3.56 
years, SD = 1.55 years). One participant (participant 8) did not adhere to task 
instructions, and showed reckless driving during the experiment. We therefore 
recruited another participant (19) to replace this participant. The above statistics of 
participant set are of the final set of eighteen participants (participants 1–7 and 9–19). 
The experiment was approved by the ethics committee of the Faculty of Social and 
Behavioral Sciences of Utrecht University (approval number FETC16-042). All 
participants gave written informed consent prior to the experiment. Figure 2.1 
contains a picture of an individual in the set-up (not a participant). This individual has 



CH2 | Susceptibility to audio signals during autonomous driving 

  29 

given written informed consent (as outlined in PLOS consent form) to publish this 
figure. 

2.2.2 Material 

Driving simulator 

We used a low-fidelity desktop-based driving simulator. Participants were 
seated in an adjustable chair at about 120 cm from the simulator screen. A 29-inch 
screen showed a road from the driver’s perspective. Three mirrors and analogue speed 
and rpm indicators were presented on the screen. A Logitech G27 steering wheel and 
pedals were used to perform the driving task. The simulated car was set to automatic 
transmission. The set-up is shown in Figure 2.1A and a screen-shot of the driver’s 
perspective on the road is shown in Figure 2.1B. 

 
Figure 2.1. Set-up of the driving study. (Top-left: 2.1A) Picture of the driving simulator setup with an 
individual (not a participant) wearing an EEG cap and 64 electrodes attached. The individual has 
given written informed consent (as outlined in PLOS consent form) to publish these case details (i.e., 
to publish this picture). (Top-right: 2.1B) Screenshot of the driver’s perspective on the simulated road. 
(Bottom: 2.1C) A schematic view of the course with starting point indicated and single lane road on 
the bottom and 2 lane highway on the top. 
 

For the software, we used a modified version of the MotorwayTask in Open 
Driving Simulator (OpenDS) version 4.0 (Math, Mahr, Moniri, & Müller, 2012). This 
scenario consisted of a loop, as illustrated in Figure 2.1C, which participants had to 
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drive twice. Participants started on a single-lane road, with a maximum posted speed 
limit of 70 km/h. Then they entered a two-lane highway via a right-sided ramp. This 
highway had a maximum posted speed limit of 100 km/h. After driving on the 
highway for 1000 meters, they had to exit the ramp on the right, to enter the single 
lane road again. After 1000 meters they were at the start of the scenario again. To 
increase the impression of driving on a highway, other cars were also present on the 
road. Each driving trial lasted approximately 5 minutes. 

2.2.3 Auditory novelty oddball paradigm 

Participants were presented with three types of sounds: a standard tone, a 
deviant tone, and novel stimuli. The standard tone was a 1000 Hz tone, presented for 
400 ms. The deviant tone was 1100 Hz tone, presented for 400 ms. The novel stimuli 
consisted of 100 different environmental sounds retrieved from a database (Fabiani 
& Friedman, 1995), such as animal sounds (e.g., dog barking, bird chirping), human 
sounds (e.g., coughs, laughs, sneezes), or other sounds (e.g., hammering, water 
running). Novel sounds varied in duration between 159 ms and 399 ms. In each block, 
130 oddball stimuli were presented. Of these oddball stimuli, 80% were standard 
tones, 10% were deviant target tones, and 10% were novel sounds (cf. Wester et al., 
2008). The interval between two stimuli was 2.34 s (measured between onsets of the 
two sounds). All sounds were played binaurally using Presentation software 
(Neurobehavioural Systems) at 75 dB through Earlink earphones. 

2.2.4 Design 

Autonomous driving was compared to manual driving and stationary/non-
driving using a 2 (oddball response requirement) x 3 (driving mode) mixed factorial 
design. Between subjects we manipulated the oddball response requirement. That is, 
half of the participants was instructed to press a button on the top left side of the 
steering wheel as quickly as possible whenever they heard a deviant tone (active 
condition), the other half of the participants had no button press requirement at all 
(passive condition). 

Within-subjects, the driving modes consisted of three levels: stationary, 
driving, and autonomous. In the stationary condition, participants were asked to look 
at a still frame, which showed a screenshot of the simulated road. In the driving 
condition, participants were asked to drive on a track in a driving simulator (see 
Figure 2.1C). In the autonomous condition, participants were given the impression of 
being driven by a semi-autonomous car by showing them a pre-recorded screen 
capture video of the track as used in the driving condition (i.e., a pre-recorded screen-
recording of one of the experiment leaders driving). To provide the illusion that the 
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autonomous driving condition was indeed a driving condition, the recording also 
included the startup screens of the simulator, identical to the driving condition. This 
made it visually indistinguishable from running the actual simulator software. As the 
driving simulator did not require a driving response from the user, it is ambiguous 
how to map the autonomous condition directly to a specific level of the SAE 
framework (SAE International, 2014). Given that the car drives itself (including lane 
change), the simulation can be considered SAE level 3 or higher. 

Each participant performed each driving mode condition four times, creating a 
total of 12 blocks. The order of blocks (and therefore, conditions) was semi-
randomized. Per set of three blocks, all three driving modes (Stationary, Autonomous, 
Driving) were experienced in the same order (e.g., S-A-D—S-A-D—S-A-D—S-A-D). 
Each ordering was experienced by both a participant in the active condition, and one 
in the passive condition. Since the total permutations was 6, each unique ordering 
was experienced by at least one participant in the active condition and one participant 
in the passive condition, and three orderings were experienced by two participants 
per active and passive level. 

2.2.5 Procedure 

After receiving general instructions and walking through the consent 
procedure, participants started by practicing the driving task. After instructions and 
adjustment of the simulator seat, participants either were driven autonomously, or 
drove themselves for one block (order was balanced between participants). The 
driving practice was followed by an oddball practice. For the oddball practice trials, 
the oddball task was shortened from 130 to 42 stimuli but the proportion of novel and 
deviant tones was kept in accordance with the experimental trials (i.e., 80-10-10%). 
After the practice trials, we checked verbally whether no complaints due to motion 
sickness occurred. None occurred during the experiment. 

After the practice trials, the EEG cap with electrodes was applied. Participants 
then completed the twelve experimental blocks (see section on design). Between 
blocks was a small break (roughly 1 minute), and after six blocks a slightly longer 
break (i.e., about 5 minutes). The aim of the break was to not overstrain the 
participant. They were asked to stay in their seat and relax. No specific instructions 
were given on what to do during the break. 

For purposes of internship training, after the last block of each driving 
condition (blocks 10, 11, and 12), we asked participants to fill out a NASA raw-TLX 
questionnaire (Hart & Staveland, 1988). The results of this questionnaire are not 
reported here. 
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After the experimental trials, the EEG cap and electrodes were removed. 
Participants were then requested to complete a questionnaire that collected 
demographic data and their subjective experience of the experiment. For purposes of 
internship training, a questionnaire on impulsivity was also administered. The results 
of this questionnaire are not reported here. The total procedure took between 120 and 
150 minutes, mostly depending on the length of breaks and time needed to fill-out the 
questionnaire. 

2.2.6 Instructions to participants 

Participants received various explicit instructions verbally, and later also on 
the screen of the simulator. For the oddball task, participants in the active response 
condition were instructed to respond as fast as possible to the deviant tone and that 
no response was needed to other auditory stimuli. Participants in the passive 
condition were instructed to respond to none of the auditory stimuli. 

With respect to the driving task, participants were told to follow the road and 
complete the motorway task as described in the materials section. Furthermore, 
participants were asked to adhere to normal traffic regulations and to drive safely. For 
the autonomous and stationary conditions, participants were told to stay focused on 
the screen. In all conditions, participants were instructed to keep their hands on the 
steering wheel. 

2.2.7 Measurement and data analysis 

ERP recording and analysis 

To be able to measure the susceptibility of the brain to auditory stimuli, event-
related potentials (ERP) in response to the oddball stimuli were measured using 
electroencephalogram (EEG) recordings. EEG was recorded by a BioSemi ActiveTwo 
system at 2048 Hz. 64 active Ag-AgCl electrodes were positioned according to the 
international 10/10 system (Sharbrough, Chatrian, Lesser, Luders, Nuwer, Picton, 
1991). Electrodes were also placed on left and right mastoids for purposes of offline 
re-referencing. To be able to compensate for eye-activity related noise, we recorded 
horizontal and vertical eye movements and eye blinks, for which electro-oculography 
(EOG) electrodes were placed on both outer canthi of the eyes as well as above and 
below the right eye in line with the pupil. 

After the experiment, ERPs were analyzed using Brain Vision Analyzer 2 
software (Brain Products GmbH, München, Germany). Next to a 50 Hz notch filter to 
compensate for noise from the mains, 0.16 Hz high-pass filter with a slope of 24 
dB/oct and a 30Hz low-pass filter with a slope of 24 dB/oct were applied to the EEG 
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data. Data were referenced to the average of left and right mastoid signal. Trials 
containing false alarms (i.e., button-press responses to the standard or novel stimuli), 
misses (i.e., failed responses to the deviant target tone), and invalid responses (i.e., 
responses outside the 100–950 ms interval, after correction for a delay—see below) 
were removed. 

After these initial steps, the data were binned per condition (stationary, 
autonomous, and driving) and per oddball stimulus (standard, deviant, and novel), 
resulting in 9 bins. To control for eye movements and blinks, an ocular correction was 
applied to every segment using the Gratton, Coles and Donchin method (Gratton, 
Coles, & Donchin, 1983). The data were baseline corrected over the 100 ms interval 
preceding the stimulus onset. Subsequently, artifacts were automatically rejected 
(when at least one of the following conditions was met within the epoch: maximum 
voltage step > 120 μv/ms; maximum difference > 100 μv; minimum activity < 0.5 μv). 
Average ERP waveforms over all participants were calculated per stimulus type 
(standard, deviant, and novel) per condition (driving, stationary, and autonomous). 

Difference waves were calculated by subtracting the average ERP for the 
standard tones from the average ERPs for the novels for each driving condition. Based 
on Wester et al., (2008), we analyzed the mean of the difference wave at electrode FCz 
in the interval 325–375 ms after stimulus onset. During the analysis of the 
experiment, we became aware, and cross-tested, that the audio presentation was 
systematically delayed by 50 ms compared to the logged time. We therefore corrected 
the reported time log, such that the ERP response wave is relative to actual time 
presentation, not the logged time (i.e., 50 ms later than logged). In our analysis of the 
invalid responses (discussed above) we therefore also use an adjusted interval of 100 
to 950 ms (compared to 150 to 1000 ms in Wester et al., (2008)). 

2.2.8 Reaction time (active response condition) 

For the active condition only, we could measure how quickly participants 
responded to a deviant tone. Specifically, we analyzed the time interval between the 
onset of the deviant tone, and the onset of the button press on the steering wheel as a 
measure of reaction time. Button presses were registered by the simulator computer 
and transferred to the BioSemi as marker codes directly. Reaction times were also 
corrected by subtracting 50 ms to account for the delayed stimulus presentation. 

2.2.9 General questionnaire 

The questionnaire data was used to check for inconsistencies (e.g., whether 
participants had not understood instructions). One participant was removed based on 
this description (see participants section). No other obvious inconsistencies were 
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found, therefore not providing grounds to a priori remove participants from the 
analysis. 

2.2.10 Statistical analysis 

Statistical analyses were conducted in SPSS 24. We used a 2 x 3 mixed 
multivariate-contrast ANOVA, with Oddball response requirement as a between-
subjects factor (two levels: passive and active) and Driving mode as within-subjects 
factor (three levels: stationary, autonomous, and driving, transformed to linear and 
quadratic contrasts). Throughout all analyses, a significance level of α = .05 was used. 
For significant effects, the d effect size was calculated as the square root of the F-value 
divided by the square root of the sample size. 

Given omnibus effects of driving mode, we used pairwise contrast tests for 
differences between the three driving conditions. In the introduction, we anticipated 
three possible outcomes. If the fP3 component is reduced in a similar fashion in the 
autonomous condition as it is during driving, this would be reflected in differences 
between autonomous and driving on the one hand, and stationary on the other. If the 
fP3 component is unabated in the autonomous relative to the stationary condition, 
there would be significant differences with the driving condition only. If the 
magnitude of the fP3 in the autonomous condition lies somewhere in between the 
stationary and the regular driving condition, this would manifest in a significant 
difference between these latter two condition, with smaller differences between 
either of these conditions and the autonomous condition. 

2.3 Results 

2.3.1 Susceptibility to novel sounds (fP3) 

Driving mode had a significant main effect on fP3 amplitude, F(2, 15) = 
12.4, p < .005. The difference waves of the three driving conditions are shown in 
Figure 2.2 for the active condition (left panel) and passive condition (right panel). The 
fP3 was strongest in stationary (M = 10.3 μV, SD = 3.5 μV), followed by autonomous 
(M = 7.8 μV, SD = 3.4 μV), followed by driving (M = 6.2 μV, SD = 2.9 μV). Hence, the 
reduction in fP3 in autonomous conditions was in between that observed in 
stationary and regular driving (i.e., as in option 3 from the introduction). Pairwise 
comparisons yielded significant differences between stationary and driving (p < .001, 
d = 1.21), between autonomous and driving (p = .048, d = 0.51), and between 
autonomous and stationary (p = .008, d = 0.71). Hence, the effect size for stationary 
versus driving was somewhat smaller than in the Wester et al. (2008) study (d = 1.8), 
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but still in the large range. The effects sizes for the comparisons involving the 
autonomous condition, although significant, were clearly smaller (than 1), 
confirming the pattern specified in option 3. 

Figure 2.2. Grand-average difference ERPs (novel minus standard) (microvolts) in different driving 
modes (lines), relative to onset of auditory stimulus (0 s) for the active condition (left panel) and the 
passive condition (right panel). The shaded area indicates the epoch of frontal P3. Both autonomous 
(solid line) and driving (dashed line) show a reduced frontal P3 peak compared to stationary (dotted 
line). 

There was also a main effect of oddball response requirement on fP3 
amplitude. The active response requirement group had a significantly larger fP3 (M = 
9.6 μV, SD = 3.6 μV) compared to the passive group (M = 6.6 μV, SD = 3.2 μV), F(1, 16) 
= 8.00, p = .01, d = 0.67. There was no significant interaction between the driving 
mode and Oddball response requirement, p > .1. Figure 2.3 shows a bar plot of the 
average fP3 response in the active and passive condition for each of the three driving 
conditions. The figure illustrates the main effect of response requirement (that active 
conditions generated higher fP3 amplitude compared to the passive conditions) and 
the main effect of driving condition (i.e., that fP3 amplitudes are highest in the 
stationary condition, followed by the autonomous condition, followed by the driving 
condition). 
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Figure 2.3. Bar plot of average fP3 response per oddball response category and per driving condition. 
The data show a main effect of oddball response category, and a main effect of driving conditions. 
 

To gain further insight in the wider cortical response to the novel stimuli, 
Figure 2.4 plots a heatmap of the distribution of amplitude (μV) across the scalp (i.e., 
all 64 electrodes). Amplitudes concern the difference wave between the novel and 
standard ERP (i.e., similar to Figure 2.2). The data were based on measurements at all 
64 electrodes and binned in bins of 50 ms, starting at 25 ms after stimulus onset. 
Values were capped at 0 μV and 12 μV (i.e., values outside this range are given the 
color of the boundary). Dots show the locations of the 64 electrodes in their default 
reference position. The FCz electrode is the fourth electrode from the nose down. The 
top three rows are data from the active response condition for stationary, 
autonomous, and driving. The bottom three rows are the data from the corresponding 
driving condition in the passive response condition. 
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Figure 2.4. Scalp distribution of difference in EEG activity in response to the novel relative to the 
standard. fP3 activity is strongest around the FCz electrode (4th from the nose down) in the 325-375 
ms interval. 
 

Figure 2.4 again highlights that the fP3 activity is strongest in the 325–375 ms 
interval (7th scalp picture from the left; surrounded by a grey border for emphasis). 
The figure also illustrates that the amplitude is the highest surrounding the FCz 
electrode. Moreover, the figure also illustrates that fP3 activity is reduced in the 
passive response condition compared to the active response condition, and that the 
fP3 activity is reduced in autonomous compared to stationary, and in driving 
compared to autonomous. 

2.3.2 Oddball response time (RT) 

In the active condition, we measured the response time between the moment a 
deviant sound was presented and the moment a button was pressed. The MANOVA 
revealed no significant effect of driving condition (p = .127). Looking at the means, 
reaction time was highest in the driving condition (M = 594 ms, SD = 107 ms), 
followed by the autonomous condition (M = 551 ms, SD = 108 ms), followed by the 
stationary condition (M = 545 ms, SD = 98 ms). 

We also analyzed response time variability, through analysis of the standard 
deviation of reaction time in response requirement. The MANOVA again revealed no 
significant effect of driving condition (p = .122). Looking at the means, standard 
deviation was highest in the driving condition (M = 140 ms, SD = 25 ms), followed by 
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the stationary condition (M = 127 ms, SD = 32 ms), and the autonomous condition 
(M = 116 ms, SD = 24 ms). 

In previous studies, different patterns were found for both measures: one study 
found that response time to the deviant tones were more variable (but not longer) 
during simulated driving (Wester et al., 2008), whereas another found that mean 
reaction times were longer (but not more variable) during on-the-road driving 
(Wester, 2009). It should be noted that our reaction time analysis was based on only 
the 9 subjects in the active condition. Observed power to detect any reaction time 
differences (for mean reaction time) between driving conditions as reported by SPSS 
was only 0.384. This may be contrasted to the observed power to detect driving-
condition effects on fP3 across the two groups, which was 0.985. To attain more 
information on the likelihood of not rejecting H0 while H1 was actually true, an 
additional Bayesian analysis was conducted using JASP (JASP Team, 2018). For the 
analysis of mean reaction times, the analysis revealed a Bayes factor of 2.6, 
implicating that the alternative hypothesis (i.e., that driving condition has an effect 
on mean reaction time) is 2.6 times more likely compared to the H0 hypothesis (i.e., 
that driving condition has no effect on response time). A Bayes Factor between 1 and 
3 is seen as anecdotal evidence (Jeffreys (1961), see also Chapter 7 in Lee & 
Wagenmakers (2013)). A subsequent Bayesian post-hoc test revealed Bayes factors of 
2.3 for stationary versus driving, 1.4 for autonomous versus driving, and 0.4 for 
autonomous versus stationary. Note that Bayes factors smaller than 2 indicate very 
low likelihood of rejecting the H0 even with substantial increase in power. Hence, the 
current analysis suggests that with higher power, a significant omnibus effect of 
driving condition on reaction time may still be observed, but that this would be 
entirely due to the difference between stationary and driving; apparently, differences 
between autonomous and the other conditions are not sufficiently robust across 
participants (and for the difference between autonomous and stationary it is 1 / 0.4 = 
2.2 times more likely that the null hypothesis is true). 

When we performed a similar Bayesian analysis for response time variability, we 
found a Bayes factor of 0.949, suggesting that our data provides no conclusive 
evidence of whether driving condition has an effect on response time variability (i.e., 
the H1 and the H0 have a comparable likelihood based on the current data). 
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2.4 Discussion 

We investigated susceptibility to auditory signals during autonomous driving, 
compared to regular driving and being stationary. We recorded the frontal P3 (fP3) 
ERP (Event-Related Potential) component as a metric of susceptibility (Kenemans, 
2015; Wester 2009; Wester et al., 2008; Wester et al., 2010). Consistent with this 
earlier work, we found that fP3 was reduced when participants were driving 
compared to when they were stationary, suggesting that susceptibility to novel 
stimuli is reduced when driving (Kenemans, 2015). The novel finding is that under 
autonomous driving conditions the fP3 is also reduced compared to stationary (cf. 
Wester et al., 2008). 

In our introduction, we mentioned three potential outcomes of our study: The 
susceptibility in automated driving can be (1) reduced, similar to the observed 
reduction in non-autonomous driving, (2) unabated with respect to a non-driving 
situation, similar to stationary, or (3) lie somewhere in between these extremes as 
autonomous driving has characteristics of both driving and non-driving. Taken 
together, our results rule out alternative 2 and lend most support for alternative 3: 
there was a significant difference between stationary and autonomous condition, but 
the effect size of this effect was smaller compared to the difference between regular 
driving and stationary. 

The results of our study also suggest that susceptibility to auditory stimuli is in 
general better (i.e., frontal P3 components with a larger amplitude) in cases where 
participants are required to actively respond to some of the task (active condition) 
compared to when they do not need to respond to such a signal. This improvement 
was measured as a main effect, and therefore holds for being stationary, when being 
driving autonomously, and when driving oneself. 

The reduced susceptibility during both regular driving and autonomous 
driving is consistent with the perceptual-load perspective (Lavie, 1995, 2005; Murphy 
et al., 2017), implying that being sufficiently engaged in an on-going task (i.e., driving 
yourself, or being driven) reduces the extent of processing of task-irrelevant stimuli. 
As in the Wester studies (Wester 2009; Wester et al., 2008; Wester et al., 2010), we 
also found that fP3-indexed susceptibility was enhanced again by making auditory 
information relevant to a task as well (specifically, fP3 to novels was enhanced by 
having subjects actively indicating the detection of non-novel target deviants). This is 
potentially important, as it suggests that susceptibility for very infrequent alerting 
signals can be enhanced by adding (in a real driving situation) a more or less 
continuous auditory task. As reported in (Wester 2009; Wester et al., 2008; Wester et 
al., 2010), introduction of the (active) oddball task has no effect on aspects of basic 
vehicle control (weaving and speed). Future research must reveal whether this also 
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holds for the tactical and strategical aspects of driving, which become more important 
in cases where a (semi-) autonomous vehicle takes over mostly the basic vehicle 
control (e.g., adaptive cruise control and maintaining lateral position in SAE level-2 
automation). 

The difference between our active and passive conditions may also be 
compared to that between SAE level 3 of automation in which a response is required 
(comparable to our active condition), and SAE level 4 in which a response to an alert 
is optional (comparable to our passive condition). Our results suggest that 
susceptibility to SAE level 4 alerts may be reduced (cf. our results in the passive 
condition). Therefore, even though auditory alerts might be provided in a SAE level 4 
automated vehicle, their passive nature might make them not that effective. Further 
empirical research is needed to test this prediction. 

It is an empirical question what underlies the better susceptibility in the active 
condition compared to the passive condition. Possibly, performing a task with respect 
to a specific auditory event (the deviant target) yields a higher prioritization for 
auditory information in general (including the novels). In turn, this results in 
allocation of apparently still free processing capacity (manifest in fP3), without 
interfering with basic vehicle control. A further possibility is that engaging in an 
additional task reduces underload (Young & Stanton, 2002). More data and theory are 
needed to disentangle these hypotheses. 

In the active condition, reaction times to the deviant target were shortest in the 
stationary condition, followed by autonomous, followed by regular driving. However, 
our MANOVA revealed no main effect, and a Bayesian analysis revealed that although 
the trend is that there might be a significant effect of driving condition on reaction 
time, the evidence is not enough to draw solid conclusions. We also did not find a 
significant effect of driving condition on response time variability. 

These results differ slightly from the findings by Wester and colleagues. In 
their studies, manual response time to the deviant tones were more variable (but not 
longer) during simulated driving (Wester et al., 2008) and longer (but not more 
variable) during on-the-road driving (Wester, 2009). 

Pulling it all together, it appears that adding a more or less continuous auditory 
task increases fP3, while fP3 is still smaller during autonomous driving than during 
stationary. At the same time, within that task, participants show no appreciable 
decline performance from the stationary to the autonomous conditions. This can be 
viewed as a dissociation between on the one hand, the ability to detect potentially 
relevant auditory information (the novels), and on the other, the ability to react to 
unambiguously relevant auditory information (the deviant targets). Consistently, 
based on target-elicited ERP results, Wester (Wester, 2009, p. 133) concluded that 
there may have been “an increased investment of effort to compensate for the 
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increased task-load imposed on the oddball task during driving compared to non-
driving.” 

2.4.1 Implications for practice 

Regarding the implications for practice, our results provide four reasons for 
some caution in the use of auditory alerts in semi-autonomous vehicles as a cue for 
handover (also referred to as a transition of control). First, the susceptibility in the 
autonomous condition was significantly lower compared to the stationary condition, 
thereby suggesting that people’s susceptibility to audio signals is reduced. The 
implication is that there may be a need for more research and development with 
respect to the design of alerts. For example, in our own work, we have demonstrated 
how early warnings can be beneficial to allow for a smooth handover between vehicle 
and driver in level 3 automation (Van der Heiden, Iqbal, & Janssen, 2017). 

Second, adding an auditory task seems to enhance susceptibility to some audio 
signals, but might negatively affect reaction speed (i.e., if the trend that our Bayesian 
analysis detected persists in future studies). This dissociation needs to be resolved 
before the current results can be applied in real-life contexts. 

Third, our study took place in a controlled setting, where there was only the 
driving task and the oddball task. However, in their own vehicles, people might do 
other tasks than driving. More specifically, drivers distract themselves with various 
non-driving related tasks while driving (Dingus et al., 2016; Klauer et al., 2014), as 
they do in other non-driving settings (Janssen, Gould, Li, Brumby, & Cox, 2015). 
Moreover, a recent literature review suggests that as automation of the vehicle 
increases, people perform non-driving tasks even more frequently, which results in 
less awareness of the driving environment, and slower response times (De Winter, 
Happee, Martens, & Stanton, 2014). It is an empirical question whether the 
susceptibility to audio signals is reduced under conditions of distraction while 
driving. We plan to study the impact of multitasking on susceptibility. 

Fourth, and finally, as argued above, our results suggest that susceptibility to 
SAE level 4 auditory alerts may be reduced. Therefore, designers might reconsider 
whether such an alert is effective at all. Not using (auditory) alerts seems a too bold 
conclusion based on our data. However, at the least, our data suggests that careful 
testing of these alerts is necessary before they are used in actual cars. 

  



 

 42 

2.4.2 Limitations and future work 

Our study was conducted in a driving simulator and therefore suffers from the 
known limitations of such simulators such as that participants perhaps take more 
risks compared to when they drive in everyday traffic outside. Nonetheless, previous 
work by Wester (2009), Chapter 6, has demonstrated that at least in conventional 
driving, reductions in fP3 that are observed in the simulator setting were also present 
when measured on the road. 

We have studied susceptibility to auditory alerts in a setting without additional 
distractions. However, given the prevalence of in-car distractions (Dingus et al., 2016; 
Klauer et al., 2014), including in more automated systems (De Winter et al., 2014), we 
plan to also study how susceptibility changes when the driver can be distracted. These 
issues add to other important aspects of driver safety and experience (e.g., Kun, 2018; 
Kun, Boll, & Schmidt, 2016) including how to avoid confusion about responsibilities 
in vehicle automation (e.g., Janssen, Boyle, Kun, Ju, & Chuang, 2018), and how to 
drive efficient and sustainable (e.g., Hu, Wang, & Tang, 2017).With the new gained 
basic understanding of auditory alert processing, other work can also investigate how 
the exact type of audio signal impacts susceptibility, which is a large effort given the 
variety of auditory alerts for in-car settings (for a review of alert types see Nees & 
Walker (2011)). Moreover, future work can look at alerts in other modalities such as 
visual (e.g., see Van der Heiden, Janssen, Donker, & Merkx (2018) for an example of 
last-minute visual alerts) and of multimodal signals (e.g., Politis, Brewster, & Pollick, 
2014). Finally, the general limitations of signal processing can be investigated, 
including the impact of competing tones and of false alarms on susceptibility and 
reaction time (e.g., Bliss & Acton, 2003; Parasuraman & Riley, 2016; Sorkin, 
Kantowitz, & Kantowitz, 2016). In the end, providing a signal is not a guarantee that 
the human acts on it. 

2.4.3 Conclusion 

Human susceptibility to auditory signals, as measured by the fP3 (frontal P3), 
is reduced when driving, but also when being driven autonomously, as compared to a 
stationary situation. As all levels of autonomous driving, except full autonomy, have 
some level of shared control between the human and the system, where (auditory) 
signals might play a role, it is important to consider the limitations of the human brain 
in terms of susceptibility to auditory alerts. One possible venue to enhancing 
susceptibility to infrequent auditory events (e.g., handover alerts) lies in the 
implementation of a suitable additional auditory task in the driving situation. 
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Abstract 

In this study we evaluate how cognitive load affects susceptibility to auditory 
signals. Previous research has used the frontal P3 (fP3) event related potential 
response to auditory novel stimuli as an index for susceptibility to auditory signals. 
This work demonstrated that tasks that induce cognitive load such as visual and 
manual tasks, reduced susceptibility. It is however unknown whether cognitive load 
without visual or manual components also reduces susceptibility. To investigate this, 
we induced cognitive load by means of the verb generation task, in which participants 
need to think about a verb that matches a noun. The susceptibility to auditory signals 
was measured by recording the event related potential in response to a successively 
presented oddball probe stimulus at 3 different inter-stimulus intervals, 0 ms, 200 ms 
or 400 ms after the offset of the noun from the verb generation task. An additional 
control baseline condition, in which oddball response was probed without a verb 
generation task, was also included. Results show that the cognitive load associated 
with the verb task reduces fP3 response (and associated auditory signal susceptibility) 
compared to baseline, independent of presentation interval. This suggests that not 
only visual and motor processing, but also cognitive load without visual or manual 
components, can reduce susceptibility to auditory signals and alerts.  
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3.1 Introduction 

Cognitive load induced by a task can have a negative impact on performance of 
other tasks. For example, in everyday life, the cognitive load induced by contributing 
to a phone conversation can degrade driving performance (e.g., Brookhuis, De Vries, 
& De Waard,1991; Horrey & Wickens 2006). Cognitive load has therefore been 
studied in detail in the cognitive (neuro-) science literature. Perhaps the best-known 
task is the psychological refractory period task (e.g., Anderson, Taatgen, & Byrne, 
2005; Howes, Lewis, & Vera, 2009; Meyer & Kieras, 1997; Pashler, 1994; Schumacher 
et al., 1999). The consistent finding in these studies is that processing one task (e.g., a 
visual-manual task) can impact the processing time of another task (e.g., auditory-
vocal task), and that the impact depends on how far apart the presentation of stimuli 
is.  

Another characteristic of the psychological refractory period task, and many 
other dual-task experiments, is that it requires a participant to process and respond to 
two tasks. Although fruitful, the exact response pattern and the nature of cognitive 
load is then dependent on the characteristics of both tasks. For example, whether both 
tasks are presented in the same or different modalities (e.g., Wickens, 2002, 2008), 
what difficulty level each of the tasks has (e.g., Lavie, 1995, 2005), and how practiced 
one is at the task (e.g., Engström, Markkula, Victor, & Merat, 2017). Given the 
complex interactions of these factors and the need to understand the context of 
testing, dual-task experiments are limited in their generalizability to measure the 
cognitive load of a single task.  

As an alternative, the load of one task might also be measured through a more 
passive probe, for which no physical response is required. A promising approach is 
the use of an auditory novelty oddball paradigm, which has previously been 
successfully used to measure workload (e.g., Allison & Polich, 2008; Miller, Rietschel, 
McDonald, & Hatfield, 2011; Ullsperger, Freude, & Erdmann, 2001). In the novelty 
oddball probe technique, participants are presented with frequent stimuli, called 
standards, which are interspersed with rare stimuli, or novels (Friedman, Cycowicz, & 
Gaeta, 2001; Polich, 2007). For example, a common auditory version of the oddball 
task which we also use in our study plays 1000 Hz tones to the participant as 
standards, and occasionally intersperses these with unique environmental sounds 
such as coughs, sneezes, and bark sounds (Fabiani & Friedman, 1995). The consistent 
finding in the literature is that presentation of a novel stimulus creates a positive peak 
in electrical activity at the frontal central region of the brain, which peaks around 300 
ms after stimulus/probe onset. This resulting peak is also known as the frontal P3 or 
fP3.  
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The common interpretation in the literature is that the fP3 peak is related to 
susceptibility towards new information, and to a process of orienting to novel stimuli 
(Friedman et al., 2001; Polich, 2007; for a review see: Kenemans, 2015). Moreover, 
previous research found that the fP3 peak is reduced when people perform visual-
manual tasks, such as driving or manual tracking (e.g., Scheer, Bülthoff, & Chuang, 
2016, 2018; Van der Heiden et al., 2018; Wester, Böcker, Volkerts, Verster, & 
Kenemans, 2008), which is interpreted as reflecting a reduction in susceptibility for 
unexpected but potentially relevant information (cf. Friedman et al., 2001; 
Kenemans, 2015; Polich, 2007). 

The aforementioned studies demonstrated the effect of a concurrent task on 
susceptibility to novel auditory stimuli. However, these studies involved tasks that 
had visual stimuli or that required manual action (Scheer et al., 2016, 2018; Van der 
Heiden et al., 2018; Wester et al., 2008). Moreover, even previous oddball (fP3) studies 
that manipulated cognitive load all required visual stimuli and/or manual action (e.g., 
Allison & Polich, 2008; Miller et al., 2011; Ullsperger, Freude & Erdmann, 2001). It is 
therefore unclear whether the observed lower susceptibility to novel stimuli only 
occurs when visual or manual processing is involved. Would this same reduction in 
novelty processing also be present when the task does not involve manual or visual 
interaction? We address this question in the current study. 

Since many tasks that people perform in daily life can create cognitive load, 
being able to measure the effect of cognitive load in the absence of visual and manual 
input/tasks on performance allows for a better general understanding of mental 
processing induced performance degradation. In particular, it is relevant to 
understand how such load affects susceptibility to sounds. For example, while driving 
to the supermarket, one might be thinking about what ingredients are needed to cook 
a meal (i.e., inducing cognitive load), which in turn might influence the ability to 
notice an unexpected signal, such as a car horn or blind spot warning, and to then 
react appropriately. Understanding correct perception of and reaction to unexpected 
signals is even more urgent today, given the rise of automated systems in which 
humans and (semi-automated) machines perform tasks together (Janssen, Donker, 
Brumby, & Kun, 2019), and in which humans form a crucial backup to respond to 
system alerts (Janssen, Iqbal, Kun, & Donker, 2019). 

To investigate whether cognitive load in the absence of visual and manual 
input/tasks also reduces susceptibility to novel processing, we will induce cognitive 
load using the verb generation task (Abdullaev & Posner, 1998; Bijl, De Bruin, Böcker, 
Kenemans, & Verbaten, 2007; Snyder, Abdullaev, Posner, & Raichle, 1995). In this 
task, participants hear or see a noun, and in response either need to generate an 
appropriate verb for that word (e.g., apple-bite), or repeat the noun (e.g., apple-apple). 
Generating verbs in response to a noun (compared to repeating nouns) has been 
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associated with higher cognitive load (Abdullaev & Posner, 1998; Snyder et al., 1995), 
with increased frontal activity in the cortex (Abdullaev & Posner, 1998; Bijl et al., 
2007), and with increased dual-task interference (e.g., Iqbal, Ju, & Horvitz, 2010; 
Kunar, Carter, Cohen, & Horowitz, 2008; Strayer & Johnston, 2001; Van der Heiden 
et al., 2018). The common interpretation in the literature is therefore that the 
generate condition of the verb task induces relatively high cognitive load. We will 
therefore use the auditory presented generate version of the task to induce cognitive 
load. 

To assess the induced cognitive load while one devises a verb in the verb task, 
we present an oddball stimulus as a probe and record the subsequent brain activity 
with an electroencephalogram (EEG). By averaging multiple response measurements 
to an event related potential (ERP), a high signal to noise ratio can be achieved (e.g., 
Glatz, Krupenia, Bülthoff & Chuang 2018; Squires, Squires & Hillyard, 1975; Van der 
Heiden et al., 2018; Wester et al., 2008). Within the verbal response time epoch, a 
verbal task goes through different stages of mental processing (Abdullaev & Posner, 
1998; Bijl et al., 2007; Snyder et al., 1995).To be able to make communication more 
effective, for example to find the most effective moment to play an auditory warning, 
it is important to understand the cognitive load over time. To assess this, we 
manipulated the timing between presentation of the noun and presentation of the 
probe, akin to manipulations in psychological refractory period task studies (e.g., 
Anderson, Taatgen, & Byrne, 2005; Howes, Lewis, & Vera, 2009; Meyer & Kieras, 
1997; Pashler, 1994; Schumacher et al., 1999). 

To summarize, previous research has observed a reduced susceptibility to 
auditory novel stimuli, which has been interpreted as reduced ability to allocate 
mental resources to novel stimuli in the environment (Kenemans, 2015). Our 
research question is whether cognitive load in the absence of visual stimulation 
and/or required manual action, as created through the verb generation task 
(Abdullaev & Posner, 1998), also reduces susceptibility towards auditory stimuli. We 
test this by recording the novel- elicited response following a verb generation task 
stimulus. As verb generation is a mental process that goes through different stages 
(Abdullaev & Posner, 1998, Bijl et al., 2007) with already early activity around 
electrode Fz (Abdullaev & Posner, 1998), we test susceptibility at various inter-
stimulus intervals: 0, 200, and 400 ms after noun offset. We compare this to a baseline 
condition with no noun present. If cognitive load in the absence of visual stimulation 
and/or required manual action also reduces susceptibility, then we expect to find a 
fP3 response in the verb generation condition which is reduced compared to the 
baseline. In line with the psychological refractory period literature, we would also 
expect to find a higher interference at briefer inter-stimulus intervals. 
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3.2 Method 

3.2.1 Participants 

13 participants (8 M; 5 F) were recruited through social media using 
opportunity sampling (age 19 to 28 years of age, M = 23, SD = 2.6 years of age). All 
speakers were fluent in Dutch, 12 were native speakers, the one non-native 
participant spoke Dutch for 16 years. All participants reported normal hearing. The 
experiment was approved by the ethics committee of the Faculty of Social and 
Behavioral Sciences of Utrecht University (approval number FETC16-042). All 
participants gave written informed consent prior to the experiment. Participants were 
compensated €12 for their time. 

3.2.2 Materials 

Presentation of auditory stimuli 

We used two types of auditory stimuli: an oddball probe and a verb generation 
task. All auditory stimuli were presented using Presentation (Neurobehavioural 
Systems) to participants through Earlink earphones at a constant level of 75 dB. 
Oddball stimuli were presented binaurally, word stimuli for the verb generation task 
only monaural through the earphone in the right ear.  

Oddball probe 

We used a 2-stimulus novelty oddball probe (Polich, 2007) in which 80% of the 
stimuli consisted of a 1000 Hz tone which was presented for 400 ms (labelled: 
standards). For the remaining 20% of the stimuli (labelled: novels) we presented novel 
sounds that were obtained from a database by Fabiani et al. (1995). This database 
consists of 100 unique environmental sounds, such as for example a person sneezing 
or a dog barking. The duration of the novels varied from 159 ms to 399 ms. All novels 
and standards were presented at 75 dB. 

Verb generation task 

In the verb generation task, participants heard a noun in a subset of the trials, 
and were asked to respond verbally with a verb that would fit the noun they heard (cf. 
Abdullaev & Posner, 1998). For example, when participants heard "apple" they could 
reply with "eat" or any other verb that they associated with apple.  
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As our participants were Dutch speakers, we created a Dutch word list. First, we 
translated the set of English nouns from Abdullaev and Posner (1998) to Dutch. Next, 
we removed all words that, as assessed by a research assistant and the researchers, 
were ambiguous in Dutch. As we wanted the words to be presented in a specific short 
interval, we also removed words that took long to pronounce, as assessed by having 
more than two syllables. We then converted the words to wave sound files using text-
to-speech website www.texttospeech.io. We threw away words of which presentation 
took longer than 500 ms using default settings of the text-to-speech algorithm (Dutch 
female, volume 1, rate 1, pitch 1). The final set consisted of 144 unique words. Next, 
we determined the imaginability of each word, based on the scores in Van Loon-
Vervoorn (1985). As the words differed in their imaginability score, we created 12 sets 
of 24 words each, such that for each set of words the mean and distribution of 
imaginability scores were comparable. 

The next step was to play words at a constant length, while retaining 
intelligibility. Such constant length was needed to get the inter-stimulus timings 
between the verb task and the oddball probe exact. We conducted a small pilot on 
ourselves in which we changed the playback speed of all verb generation audio files, 
using Audacity (audacity.sourceforge.net). We eventually settled on a length of 
exactly 400 ms. This was the minimal length needed to have clear understandable 
word presentation, and also the same length as a standard tone in the oddball probe. 
For some words, this meant that they were played slightly faster or slower than the 
default text-to-speech algorithm. For example, the Dutch word “cel” (English: “cell”), 
originally took 450 ms to pronounce, which was brought back to 400 ms. 

When participants performed the verb generation task in the experiment, our 
intent was for the word to be easily understandable, yet fast to present. Our intention 
was not to detect a specific response to a specific word. Therefore, we did not keep 
track of which words participants replied. We also encouraged participants to 
respond with the first word that came to mind, as we were only interested in the 
cognitive load inducing characteristics of the task, not in the actual words that 
participants came up with. 

Intelligibility 

To make sure participants were able to understand the words, we tested 
intelligibility of the words through a separate “repeat” task. In this task, all 144 words 
were played to the participants with 1600 ms between trials (i.e., offset word A and 
onset of word B). The task for the participants was to repeat the words. They were 
instructed to not reply in cases where they did not understand a word. Each 
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participant received the words in the same order. During this stage, the experimenter 
made notes of mistakes and skipped words. 

On average the words were correctly understood in 91% of the cases. The 
lowest participant score was 85% of words correct, and the highest 94%. There were 
no words consistently misinterpreted by all participants, rather the words that 
participants misinterpreted varied between participants.  

Verb response reaction time 

To be able to register the verbal response reaction time we placed two 
electrodes on the left cheek of the participants. Based on pilot tests, we set 40 μv for 
the average of both electrodes as a threshold for the detection of jaw movements, and 
associated speech. We then tested at what interval (relative to word presentation) jaw 
movements were detected, and whether such response times differed between 
experimental conditions.  

Design 

To measure the effects of the stage of word processing and associated cognitive 
interference on susceptibility to the oddball novel stimuli, we varied Inter-stimulus 
interval (ISI) between word offset (of the verb task) and onset of the oddball probes. 
We used a single factor within-subject design. Inter-stimulus interval was used as the 
factor with 4 levels: 0 ms, 200 ms, 400 ms, and Baseline. Figure 3.1 shows 
presentation times visually. 

 

Figure 3.1. Schematic representation of (inter-stimulus interval, or ISI) timings of word (noun from 
verb generation task) and oddball probe presentation. fP3 response was measured (305-355 ms after 
probe onset). 
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Testing blocks 

In total there were 12 experiment blocks. In each block, 80 oddball 
stimuli/trials (64 standards, 16 novels) were presented and 24 nouns were presented. 
Nouns for the verb generation task were followed by a standard tone of the oddball 
probe in half the cases (12 trials) and by a novel sound in the other half. One third of 
these combinations (i.e., 4 standards, 4 oddballs) was used with an ISI of 0 ms, one 
third with an ISI of 200 ms, and one third with an ISI of 400 ms. The position of these 
trials within the block was random. The remainder of the trials of a block was filled 
with presentation of 52 standard tones.  

When all measurements of the 12 blocks are combined, each ISI condition had 
48 words followed by a standard tone, and 48 words followed by a novel sound. For 
the baseline condition we also used 48 standard tones and 48 novel responses (which 
were not preceded by a noun from the verb task). 

The interval between two subsequent standard tones was 2000 ms (cf. Van der 
Heiden et al., 2018; Wester et al., 2008). For trials where a noun was presented, the 
interval between noun and oddball was set by condition. The subsequent stimulus 
(either a noun or a standard tone) was presented 4400 ms after the onset of the noun. 
This longer interval was chosen to prevent any interference from generating a verb 
response. 

3.2.3 Procedure 

Participants first received general instructions and an overview of the 
experiment. They were then asked to read and sign the informed consent form. 
Subsequently, participants were asked to be seated in a driving simulator and adjust 
the seat to accommodate their feet and arms in an upright yet comfortable position2. 
Then intelligibility of the words was tested. We then applied 4 ocular electrodes to the 
face and 2 electrodes at left and right mastoid. A cap with 64 electrodes was placed on 
the participant’s head and the signal from each electrode was inspected. Where 
needed, slight adjustments were made (e.g., adding extra conductive gel).  

After receiving instructions, a practice block was used to allow participants to 
get accustomed with the verb generation and oddball probe. Twenty trials were 
played to the participant consisting of 16 standards and 4 novels, 6 of these stimuli 
were preceded by a word (3 standards, 3 novels). For these 6 stimuli, each ISI from the 

 
2 For this specific study, a driving simulator setup is not needed. However, some of our other interests 

are in testing human performance under driving and automated driving conditions (e.g., Van der 
Heiden et al., 2018). To make our results comparable to future driving studies, we used this similar 
set-up. 
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3 possibilities (0, 200, 400 ms) was played in combination with a standard and with a 
novel in random order. 

The main experiment consisted of 12 blocks with a short break after 6 blocks. 
When all blocks were finished the participants were asked to fill out a short 
questionnaire on demographics, experience and feedback. The total length of the 
experiment was 2 hours. 

3.2.4 Signal recording and analysis 

EEG recordings were made using a BioSemi ActiveTwo system at 2048 Hz with 
64 active Ag-AgCl electrodes, positioned following 10/10 system (Chatrian, Lettich, 
& Nelson, 1985). The average of left and right mastoids was used as reference. 
Horizontal and vertical EOG electrodes were placed on both outer canthi of the eyes, 
as well as above and below the right eye in line with the pupil. 

EEG signal analysis was performed with Brain Vision Analyzer 2 software 
(Brain Products GmbH, München, Germany). First, data were re-referenced to the 
average of left and right mastoid signal. Then, three filters were applied: a 50 Hz notch 
filter to compensate for noise from the mains, a 0.16 Hz high-pass filter with a slope 
of 24 dB/oct, and a 30Hz low-pass filter with a slope of 24 dB/oct to remove frequency 
bands that were not of our interest (cf. Van der Heiden et al., 2018; Wester et al., 
2008). 

Next, ERP segments of 2500 ms were distilled starting 1000 ms before the 
oddball stimulus onset, and ending 1500 ms after. To correct for eye movements and 
blinks, an ocular correction was applied to every segment using the Gratton, Coles and 
Donchin method (Gratton, Coles, & Donchin, 1983). For all conditions, data were 
baseline corrected over the 100 ms interval preceding probe presentation. 
Subsequently, artifacts in individual channels were rejected. Criteria for rejection of 
an epoch were at least one of the following conditions: maximum voltage step > 120 
μv/ms within 200 ms before or after events; maximum difference > 100 μv within 200 
ms; minimum activity < 0.5 μv within 100 ms (standard settings in Brainvison 
Analyzer 2.1). 

Finally, grand averages were calculated per probe stimulus type (standard and 
novel) per condition (Baseline, 0 ms, 200 ms, and 400 ms). Given words at certain ISI, 
potential ERP artifacts induced by these word stimuli should be equal or novel-elicited 
and standard-elicited ERPs. Therefore, to annihilate these artifacts difference waves 
were calculated by subtracting the average ERP for the standard tones from the 
average ERPs for the novels for each condition. Note that according to this logic, only 
the difference waves can have a meaningful interpretation, not the separate ERPs to 
novels and standards, respectively. Our analysis focused on the amplitude of the fP3 
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peak in these difference waves. We used a collapsed localizer that included all 
conditions to determine the location of the fP3 peak at electrode position FCz for this 
study (Luck & Gaspelin, 2017). This localizer showed the fP3 peak location was at 305 
- 355 ms after probe onset. 

Speech reaction time was calculated from the average response across the two 
electrodes on the cheek. Raw data were filtered by a 50 Hz notch filter to compensate 
for noise from the mains, a 10 Hz high-pass filter with a slope of 24 dB/oct, and a 60 
Hz low-pass filter with a slope of 24 dB/oct. As a threshold to identify speech 
production we used 40 μv increase from baseline. For each participant in each 
condition we took the average speech reaction time from all the trials that met the 
criterium. 

3.2.5 Statistical analysis 

For statistical analysis, we used a repeated measures ANOVA to analyze the 
effect of inter-stimulus interval (0, 200, 400 ms and baseline) on fP3 response and 
speech reaction time. We used an alpha level of .05 for significance. Where needed, 
this was followed by holm-corrected pairwise comparisons.  

3.3 Results 

3.3.1 fP3 

Figure 3.2 shows the difference waves (novel probe minus standard probe) for 
each inter-stimulus interval. Vertical lines indicate position of probe onset (0 ms) and 
fP3 peak. For statistical analysis we analyzed the mean fP3 value in the interval 305-
355 ms after probe onset. The barplot in Figure 3.3 shows this mean peak activation 
for each condition. 

There was a main effect of inter-stimulus interval on fP3 amplitude, F(3,36) = 
4.83, p = .006,𝜂!"= 0.28. A holm-corrected post-hoc test showed that the baseline 
condition (M = 10.4 μv, SD = 4.7) had a significantly higher fP3 amplitude compared 
to all the other conditions in which the oddball presentation was preceded by a noun 
(all p’s < .05). The amplitudes for the three different conditions where a noun was 
presented before the oddball did not differ significantly from each other: 0 ms ISI (M 
= 6 μv, SD = 5.1μv), 200 ms ISI (M = 5.8 μv, SD = 3.9 μv), and 400 ms ISI (M = 5.8 μv, 
SD = 6.3 μv). In other words: when an oddball probe was presented after presentation 
of a noun (i.e., when cognitive load was induced), the fP3 response was reduced 
compared to baseline (no cognitive load), irrespective of when the oddball was 
presented (0, 200, 400 ms ISI).  
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Figure 3.4 shows activation across the scalp over time. It makes clear that the 
difference in activity between novel and standard is indeed most pronounced in 
frontal areas of the brain, during the interval of our analysis, and that the activity is 
reduced in the conditions with cognitive load (0, 200, 400 ms condition) compared to 
the baseline condition. 

 

Figure 3.2. Event related potential of 3 ISI conditions and baseline. Vertical lines show onset of 
oddball stimulus (0 ms) and fP3 peak area used for statistical analysis (305-355 ms). 
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Figure 3.3. fP3 peak activation in 3 ISI conditions and baseline. Error bars show standard error of the 
mean.  
 

 

Figure 3.4. Top view of electrode positions and activation over time for ISI conditions and baseline. 
For each inter-stimulus interval (rows), in 50 ms epochs (columns) the mean difference activation is 
expressed as a heatmap, with blue being close to zero (i.e. no difference) and red being 12 μv or 
more difference between the standard and novel oddball probed activation. 
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3.3.2 Speech reaction time 

We analyzed the interval between word presentation onset and onset of 
speaking, using two electrodes on the cheek (see materials). This measure of speech 
reaction time was analyzed to ensure that there were no differences in response time 
between nouns that were followed by a novel or by a standard oddball probe. We also 
analyzed whether this differed between inter-stimulus interval conditions. Results of 
a 2 (probe stimulus condition: novel or standard) x 3 (inter-stimulus interval: 0, 200, 
400 ms) ANOVA showed that there was no significant difference between probe 
stimulus conditions (i.e., standard or novel), F(1,12) = 0.056, p > .1. However, there 
was a main effect of inter-stimulus interval, F(2,24) = 30.68 p < .001. A holm-corrected 
post-hoc test showed that reaction time differed between all three ISI conditions (all 
p’s < .005). The reaction time was fastest for the 0 ms condition (M = 1300 ms, SD = 
162 ms), followed by the 200 ms condition (M = 1440 ms, SD = 180 ms), followed by 
the 400 ms condition (M = 1520 ms, SD = 181 ms). This suggests some influence of ISI 
on the speech production process. There was no interaction effect between probe 
stimulus condition and inter-stimulus interval, F(2,24) = 1.657, p > .1. Further note 
that the lack of an effect of probe-stimulus condition on reaction time supports the 
idea that word processing was equal for novels versus standards, and therefore the 
ERP correlates of word processing can be annihilated by the novel-standard 
subtraction. 

3.4 General discussion 

We have tested whether cognitive load in the absence of visual stimulation 
and/or required manual action influences auditory susceptibility. Our experiment 
combined a cognitive load inducing task (verb generation task) with an auditory 
oddball novelty paradigm as probe task for susceptibility. Results show that auditory 
susceptibility to novel sounds is indeed reduced under conditions of cognitive load, 
independent of when the susceptibility is probed within an interval range of 0-400 ms 
after presentation of the load inducing stimulus. 

Our results are consistent with previous work, which also found that 
concurrent task performance reduces susceptibility as measured through the novel 
response (e.g., Scheer et al., 2016, 2018; Van der Heiden et al., 2018; Wester et al., 
2008). The result is also consistent with previous work that suggested that cognitive 
load can be measured with the oddball paradigm and fP3 measurements (Allison & 
Polich, 2008; Miller et al., 2011; Ullsperger, Freude & Erdmann, 2001). However, all 
these previous studies used tasks that involved visual stimuli and/or manual 
responses. As our work does not involve a visual or manual component, to the best of 
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our knowledge it is the first to demonstrate that reduction in fP3 response can also 
occur without visual stimulation and/or required manual action, thereby 
strengthening the support for the claim that fP3 response measures the cognitive load 
associated with a task, and not merely visual- or manual engagement.  

3.4.1 Limitations and future work 

It is an open question whether the fP3 response can only be used to detect the 
presence or absence of cognitive workload (i.e., as a binary measure, as used in this 
paper), or whether it can also be used to detect various levels of workload. Although 
we have not tested this here, previous work has shown that fP3 response level can be 
used to differentiate conditions that differ on other aspects of demand such as being 
stationary, driving manually, or being driven (Van der Heiden et al., 2018) or 
difficulty level of a visual-manual control task (Scheer et al., 2016). 

Although our study has shown that cognitive load reduces the fP3 response, it 
is less clear what cognitive process underlies this reduction. Within our tested 
interval (0-400 ms after word onset), there was no distinction between fP3 response 
levels. However, previous work does suggest that generating a word consists of 
multiple stages (Abdullaev & Posner, 2008; Bijl et al., 2007; Snyder et al., 1995). 
Further research is needed to distinguish the cognitive load inducing effects of each 
stage. For the moment we conclude that when a novel probe is presented anywhere 
between 400 ms and 800 ms after noun onset, the fP3 that it elicits is reduced relative 
to a no-verb task conditions irrespective of when exactly between 400 and 800 the 
probe was presented. This is consistent with a model in which verb-generation 
processing induces capacity limits (for novel susceptibility) starting at least as early as 
700 ms after noun onset (fP3 latency in the 0-ms ISI condition), and lasting at least as 
long as until 1200 ms after noun onset. 

The current fP3 assessment shows the influence of cognitive load on auditory 
susceptibility. However, no performance measures were applied in relation to the 
novel-oddball stimuli. Therefore, the ramifications of reduced auditory susceptibility 
for adequate behavioral reactions to pertinent, possibly relevant auditory stimuli 
outside the primary-task context, remains a matter of speculation. An interesting 
option would be to use a three-stimulus oddball set-up including a repeated (e.g., 10% 
of the trials) deviant pitch, in which participants need to react to the deviant tone (see 
e.g., Scheer et al., 2016, 2018; Van der Heiden et al., 2018; Wester et al., 2008). These 
previous studies have found some indications for longer deviant-detection latencies 
under driving than under stationary conditions. In addition, adding a deviant-related 
task as such increased fP3 amplitudes in driving conditions to the level of stationary 
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conditions. It would be interesting to find out whether these same dependencies hold 
when a task like verb generation is added. 

3.4.2 Conclusion 

Cognitive load without concurrent visual or manual interaction reduces 
auditory susceptibility, as assessed using a fP3 response. The time between load 
inducing stimulus and auditory susceptibility probe did not influence this reduction, 
within the interval we measured (0-400 ms). This suggests that the cognitive process 
of generating a word provides a comparable level of cognitive load during this 
interval. This is consistent with a model in which verb-generation processing induces 
capacity limits (for novel susceptibility) starting at least as early as 700 ms after noun 
onset (fP3 latency in the 0-ms ISI condition), and lasting at least as long as until 1200 
ms after noun onset. 
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Abstract 

Objective: We experimentally test the effect of cognitive load on auditory 
susceptibility during automated driving. 

Background: Being susceptible to auditory information is important for safe 
operation of automated vehicles, as auditory alerts are frequently used as a way to get 
the human involved in cases where the automated vehicle is unable to perform (part 
of) the driving task. Previous work using EEG Event Related Potential techniques 
(ERP) found that such susceptibility is slightly reduced during automated driving, but 
not as much as during manual driving. However, in practice, human drivers also 
perform non-driving tasks during automated driving, which can distract them and 
negatively impact their attention and their susceptibility to auditory information. It 
is therefore important to study the effect of mental distraction during automated 
driving on auditory susceptibility. 

Method: We tested 24 participants who were driven in a simulated automated 
car on a simulated highway. Concurrently, they were performing a cognitive task that 
required to either repeat a noun or generate a verb that expresses the use of the noun 
stimulus. On each repeat and generate trial, a probe stimulus was presented after the 
noun to elicit the frontal P3 (fP3), a peak around 300 ms after stimulus onset using an 
EEG ERP oddball task. The fP3 amplitude can be used as an indication for the level of 
auditory susceptibility. 

Results: We found that fP3 was significantly lower during automated driving 
with cognitive load compared to automated driving without cognitive load. fP3 was 
reduced for both conditions that induced load: the repeat and the generate condition. 

Conclusion: Engaging in other tasks (i.e., distracting yourself) during 
automated driving decreases auditory susceptibility of the brain. 

Application: For automated driving and other human-machine interaction 
settings, system designers should take into account potential reduced auditory 
susceptibility of the distracted human. This contrasts with current semi-automated 
vehicles, which require humans to respond immediately to alerts, and which 
therefore assume full attention. 
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4.1 Introduction 

The amount of automation in everyday life is rapidly increasing. Although 
automation can take away or reduce some tasks from the human, there are many 
forms of automation that involve both the human and the system (e.g., Dekker & 
Woods, 2002; Parasuraman & Riley, 1997; Parasuraman, Sheridan, & Wickens, 2000; 
Sheridan & Verplank, 1978). Such shared control systems require the human 
operator to be informed of the system state. Although in the past these tasks were 
typically left to skilled, well-trained, professional users such as airplane pilots and 
control room monitors, today more and more automation finds its way to consumer 
products which are operated by non-professional users. These users lack such 
extensive training (Janssen, Donker, Brumby, & Kun, 2019). Therefore, intuitive 
design of these systems becomes perhaps even more important. 

Take for example the domain of automated driving, which is one of the fields 
that has seen an increasing amount of automation. For automated driving, six levels 
have been identified that differ in tasks that are performed by the driver (human) and 
tasks that are performed by the car (machine). Higher levels of automation require 
less frequent human input but might still rely on human monitoring (SAE j3016). 
Because of the omnidirectional nature of audio, auditory signals are widely used to 
request human input. 

Given the reliance of current semi-automated vehicles on auditory alerts, it is 
important to understand how well the human brain processes such alerts. Previous 
research has shown that human drivers are less susceptible to auditory information 
while involved in visual-manual tasks such as driving and manual tracking, compared 
to being stationary and not performing any task (Scheer, Bülthoff, & Chuang, 2016, 
2018, Wester, Böcker, Volkerts, Verster, & Kenemans, 2008). In addition, 
susceptibility is also found to decrease during automated driving compared to being 
stationary, with even further decrease in susceptibility during manual driving (Van 
der Heiden et al., 2018).  

This previous research has typically measured auditory susceptibility when 
performing one single task only. In practice, however, humans will change their 
behavior when interacting with automation (Bainbridge, 1983). For (semi-) 
automated driving specifically, drivers tend to engage more frequently in additional 
non-driving related tasks, such as smart-phone use or having a conversation with a 
passenger (De Winter, Happee, Martens, & Stanton, 2014). This can create distraction 
from driving. However, it is not known how such additional distraction impacts 
auditory susceptibility under automated driving conditions. We therefore test the 
effect of distraction on susceptibility to auditory stimuli. 
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To assess auditory susceptibility, we use the novelty oddball paradigm, 
consisting of a stream of at least identical standard tones, mixed with (semi-) unique 
novels. A concurrent brain activity recording (EEG/ ERP) can then be used to quantify 
the novel-probe-elicited cortical activation (corrected for the standard-elicited 
activation). The most prominent feature of this novelty-oddball response is the so-
called frontal P3 (fP3) response in the ERP: a positive peak over frontal regions (e.g., 
electrode FCz) around 300 ms after stimulus onset (Allison & Polich, 2008; Squires, 
Squires, & Hillyard, 1975; Ullsperger, Freude, & Erdmann, 2001). This peak in 
activation is interpreted to reflect the process of orienting to novel stimuli, especially 
in the sense of behavioral interrupt (Friedman, Cycowicz, & Gaeta, 2001; Polich, 2007; 
Kenemans, 2015; Wessel & Aron, 2013). This fP3 has been widely used to index 
susceptibility in a variety of conditions and tasks, including driving (Van der Heiden 
et al., 2018; Wester, Böcker, Volkerts, Verster, & Kenemans, 2008), mental fatigue 
during driving (Massar et al., 2010) manual tracking (Scheer, Bülthoff, & Chuang, 
2016, 2018), games (e.g., Allison & Polich, 2008; Miller, Rietschel, McDonald, & 
Hatfield, 2011), arithmetic (e.g., Ullsperger, Freude, & Erdmann, 2001), and during 
cognitive tasks without visual or manual components (Van der Heiden, Janssen, 
Donker, & Kenemans, Submitted).  

While previous work found a reduction in fP3 response under driving and 
automated driving conditions (Van der Heiden et al., 2018; Wester et al., 2008), it has 
not been explored how additional distraction during automated driving (e.g., a 
telephone call) affects auditory susceptibility. In-car distraction can take many forms 
and is expected to increase with higher levels of automation (De Winter et al., 2014). 
To be able to measure the effects of distraction during (automated) driving on 
auditory susceptibility we therefore need to induce mental distraction in a systematic 
way. To this end, we use the verb task (Abdullaev & Posner, 1998; Petersen, Fox, 
Posner, Mintun, & Raichle, 1989; Snyder, Abdullaev, Posner, & Raichle, 1995). In this 
task, participants hear nouns, and either need to repeat the noun (e.g., apple - apple), 
or generate a verb that is related to the noun (e.g., apple - eat). The generate task is 
known to induce cognitive load (Abdullaev & Posner, 1998; Snyder et al., 1995), 
which can interfere with dual-task performance (cf. Iqbal, Ju, & Horvitz, 2010; Kunar, 
Carter, Cohen, & Horowitz, 2008; Strayer & Johnston, 2001; Van der Heiden et al., 
2018), and increase activity in the frontal cortex when compared with the easier 
repeat task (Abdullaev & Posner, 1998; Bijl et al., 2007). Furthermore, in a very recent 
study, the generate task impacted auditory susceptibility in non-driving conditions 
(Van der Heiden et al., submitted). This makes it a perfect candidate to assess 
susceptibility during distraction, which was the aim of the current work. We included 
both generate and a repeat condition to obtain better insight in the mechanism by 
which the distracting task reduces susceptibility: Is it the mere production of a vocal 
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response (common to generate and repeat), or more specifically active search within 
the semantic network (only in generate)? 

To summarize, in the current study, we test how induced cognitive load 
influences the susceptibility to auditory stimuli while people are driven by an 
automated vehicle. As previous work has shown that susceptibility reduces during 
manual tasks (e.g., Allison & Polich, 2008; Miller, Rietschel, McDonald, & Hatfield, 
2011), during automated driving (Van der Heiden et al., 2018), and during cognitive 
tasks without visual or manual components (Van der Heiden et al., submitted), we 
hypothesize the following effects: 

1. Automated driving will reduce the fP3 response compared to stationary 
driving (cf. Van der Heiden et al., 2018) 

2. The fP3 response is further reduced when automated driving is combined with 
either the repeat or the generate condition of the verb task, as this task is known 
to induce cognitive load (Abdullaev & Posner, 1998; Snyder et al., 1995). 
Alternatively, the generate condition may reduce the fP3 even more than the 
repeat condition (active semantic search scenario). 

4.2 Method 

4.2.1 Participants 

In order to determine the number of participants to be tested in this study, we 
conducted a power test using G*Power 3.1.9.4, for a one-sided t-test with difference 
between means (as our ANOVA is followed-up by pairwise comparisons). We used the 
effect size from previous work that also measured the fP3 in a driving simulator (Van 
der Heiden et al., 2018), where an effect size (d) of 0.71 was found for the difference 
between stationary and automated. As alpha-level we used .0125 (the level used in 
pairwise comparisons). For power we used 0.8. This returned a required sample of 22 
participants. To counterbalance our design, we decided to invite 24 participants. 

24 participants (22 F; 3 M) were recruited through various channels (e.g. social 
media, posters, flyers) using opportunity sampling. Participants were 23 years old on 
average (ages 18 to 25, SD = 7.2 years of age). All but one participant were native 
speakers of Dutch (the non-native speaker indicated speaking Dutch since primary 
school) and all but one had possession of a driver's license. All participants indicated 
to have normal or corrected to normal vision. One participant indicated to have 
hearing difficulties, but performance on the intelligibility test (see procedure) was on 
par with the other participants. 

The ethics committee of the Faculty of Social and Behavioral Sciences of 
Utrecht University gave approval for this study (FETC16-042). All participants gave 
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written informed consent prior to the experiment. Participants were compensated 
with either €12 or were provided with course credits for their time. 

4.2.2 Materials 

Driving simulator 

A customized medium fidelity fixed base driving simulator, based on an 
original Green Dino three screen setup, was used. The setup is shown in Figure 4.1, 
and consisted of a steering wheel, pedals, shift stick and an adjustable seat combined 
with 40 inch screens and surround sound. OpenDS 4.5 (www.opends.eu) was used as 
driving simulator software. The driving environment was custom programmed and 
consisted of a three-lane highway that followed the trajectory of two semi circles, with 
a radius of 1135.9 m (one clockwise, one counterclockwise). The car drove in the 
middle lane of the highway at a speed of 80 km/h. There were no other cars in the 
driver’s lane, but cars occasionally drove in the other lanes (left 87 km/h and right 73 
km/h) to enhance the impression of driving on a highway. The scenario for the driving 
environment is shared in the supplementary material of this article. 

We used a simulated driving environment, as the systems that we study 
currently do not exist on the road. But, even if they would, then the driving simulator 
setup allows higher precision with replicability and a higher level of control over 
(driving related) workload compared to an on-road study. Moreover, meta-reviews 
suggest that results that are found in a driving simulator map well to comparable on-
road study results (e.g., Caird, Willness, Steel, & Scialfa, 2008; Horrey & Wickens, 
2006). In addition, results with ERP studies in simulated manual driving have been 
replicated in on the road driving (Wester, 2009). 
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Figure 4.1. Driving simulator setup with participant wearing 64 electrode EEG cap. 

Presentation of auditory stimuli 

Two types of auditory stimuli were used in this experiment: oddball probe 
stimuli and verb task stimuli. All stimuli were presented using Presentation 
(Neurobehavioral Systems) at 75 dB trough Earlink earphones. 
 
Oddball probe 

We used a two-stimulus novelty oddball probe (Polich, 2007). In 75% of cases, 
the stimuli consisted of a standard sound: a 1000 Hz pure tone of 400 ms. In 25% of 
cases, the stimuli consisted of novel sounds: environmental sounds such as dog 
barking or human sneezing, that were taken from a database by Fabiani and Friedman 
(1995). The database consisted of 100 unique sounds that were between 159 ms and 
399 ms in duration.  

 
Verb generation and noun repetition task stimuli 

A set of 96 spoken nouns was used in the verb generation and noun repetition 
task. In the verb generation task (Abdullaev and Posner, 1998), participants were 
instructed to generate a verb that fitted with the noun they heard. For example: 
hammer → pound, apple → eat. In the noun repetition task, participants were 
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instructed to repeat the exact noun they heard (i.e., hammer → hammer, apple → 
apple).  

Since our participants were Dutch, we used a Dutch translation of spoken 
nouns based on an English set used by Abdullaev and Posner (1998). This lead to the 
development of a list of 144 nouns that was used in our previous work (Van der 
Heiden et al., submitted). For the current study, we only used 96 nouns, as each block 
had 32 words (see design), so the total number of words had to be a multiple. Out of 
the 144 words, we selected the 96 words which in previous work (Van der Heiden et 
al., submitted) had the fewest errors on trials where participants had to repeat the 
words. 

The procedure for coming up with the original Dutch set was as follows. We 
first translated all nouns from Abdullaev and Posner (1998) from English to Dutch. 
We then removed all nouns that the experimenters assessed as being ambiguous in 
Dutch. As we intended to present the spoken nouns during an exact interval of 400 
ms we removed nouns that took long to pronounce, as identified by words that had 
more than two syllables. We then converted the nouns to wave sound files using text-
to-speech website www.texttospeech.io with default settings of the text-to-speech 
algorithm (Dutch female, volume 1, rate 1, pitch 1). We threw away nouns of which 
presentation took longer than 500 ms as they were too long to be adaptable to the 400 
ms interval limit. We then changed the tempo of the remaining files, such that each 
noun had a playback time of 400 ms. 

4.2.3 Design 

In order to assess the effect of cognitive load (due to the generate or the repeat 
task) that is added on top of an automated driving condition we used a single factor 
(task) within-subjects design with 4 levels: Stationary, Automated, Automated + 
repeat, and Automated + generate. This allowed us to compare the effect of automated 
driving with additional cognitive load to automated driving without additional 
distraction, and a baseline stationary control. 

Testing blocks 

In total, there were 12 experimental blocks. For each participant, the first set of 
four blocks contained all four unique conditions (Stationary, Automated, Automated 
+ repeat, and Automated + generate). The order of these first four blocks was 
counterbalanced across participants, ensuring that each unique order was performed 
by one participant. For the remaining sets of blocks (2), orders were shuffled, and each 
participant experienced an order that they did not experience before. 
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Within each experimental block, 64 oddball probes were presented. In the verb 
generation and noun repetition blocks, 16 nouns were played in conjunction with a 
standard oddball probe, 16 with a novel oddball probe (i.e., 32 nouns total per block); 
for these blocks, 48 standards were played without a prior noun presentation. If a 
probe followed a noun presentation, the next probe was presented 4400 ms after the 
onset of the preceding oddball stimulus in order to prevent interference from speech 
production on the EEG measurement. On all other trials, the interval between the 
onset of two probe stimuli was 2000 ms (cf. Van der Heiden et al., 2018; Wester et al., 
2008). In each noun trial, the 400 ms duration noun stimulus was immediately (0 s 
interval) by the probe stimulus (novel or standard). 

For the word task, 96 different nouns were used. In total there were six sets of 
32 nouns, three for the generate that combined contained all 96 words, and three for 
repeat that contained the same 96 words but shuffled between sets. The order of 
words was randomized for each participant within a set. In the end, in effect each word 
was used twice per participant: once in the generate condition, and once in the repeat 
condition. 

4.2.4 Procedure 

After receiving an overview of the experiment, participants were asked to read 
and sign the consent form. Next, for the intelligibility test we asked participants to get 
seated in the driving simulator. After connecting the Earlink Earphones, all nouns 
were played to the participant who was tasked to repeat each noun after playback. In 
order to validate that all nouns were intelligible, the experimenter in the meantime 
made notes of nouns that were incorrectly replied to.  

The experimenter then applied the EEG electrodes. Participants were asked to 
take a seat in a standard office seat to accommodate easy access to all electrode 
locations. Two electrodes were placed on mastoids, for later re-referencing to average 
mastoids. Four ocular electrodes were applied to enable offline ocular-artifact control 
with horizontal and vertical electrooculography (HEOG and VEOG). After measuring 
the head circumference, a matching EEG cap was applied and straightened. 
Conductive gel was applied to all electrode locations before the corresponding 
electrodes were plugged in. 

Participants were then given task specific instructions and asked to sit in the 
driving simulator. After adjusting seat position, a practice block was started where 
participants performed the verb generation task for 1 minute, while they were also 
driven by the automated vehicle and while the oddball probes were used. The 
participant then performed the 12 experimental blocks, with a few minutes rest after 
every four blocks. After the experiment, participants were asked to fill out a 
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questionnaire on demographics and general feedback. The total experiment lasted 
just under two hours. 

4.2.5 Signal recording 

EEG setup 

EEG was recorded using BioSemi ActiveTwo system with 64 active Ag-AgCl 
electrodes positioned following the international 10/10 system (Sharabrough, 1991), 
and the standard BioSemi CMS/DRL on-line reference, at a sample rate of 2048 Hz. 
Signal analysis was done in BrainVision Analyzer 2.1 (Brain Products GmbH, 
München, Germany), following similar procedures as in earlier work (Van der Heiden 
et al., 2018; Van der Heiden et al., submitted; Wester et al., 2008). We first 
downsampled the data to 256 Hz (after anti-alias filter). Data were then re referenced 
to average mastoids signal. A high-pass filter of 0.16 Hz, a low-pass filter of 30 Hz, and 
a notch filter of 50 Hz were applied to remove signal bands that were not of our 
interest. We then created segments for each of the four conditions for both standard 
and novel probes starting 1000 ms before the onset of the oddball probe, and ending 
1500 ms after onset. Before creating the ERPs, we applied the Gratton & Coles ocular 
correction to compensate for eye movement during the recorded segments (Gratton, 
Coles, & Donchin, 1983). Artifacts in individual channels were rejected by the 
following criteria in an epoch: maximum voltage step > 120 μv/ms within 200 ms 
before or after events; maximum difference > 100 μv within 200 ms; minimum 
activity < 0.5 μv within 100 ms. Finally, grand averages were created for each of the 
conditions and the difference wave was obtained by subtracting the standard ERP 
from the novel ERP. 

To obtain the correct fP3 peak at electrode location FCz, we used a collapsed 
localizer. The interval 285-335 ms after stimulus onset was found to best represent 
the fP3 peak area when the ERPs for all four conditions were collapsed. We took the 
average value in the fP3 interval for statistical peak analysis. 
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Speech response time 

In order to check our cognitive-load inducing task manipulation, we measured 
response time. We used a microphone, connected to the auxiliary input of the 
BioSemi. This microphone was placed at the bottom of the left screen of the simulator, 
at close proximity to the participants’ head location. We used an average level (i.e., 
calculated by a moving average) of 1000 μv over 15 samples as threshold for speech 
production. As speech response time we took the interval starting from the marker 
which was set at noun offset (which is equal to oddball probe onset) and ending at the 
start of speech production. We excluded the first four participants from this analysis 
as no microphone was present during that time. 

Statistical analysis 

For statistical analysis, we use R statistics (R Core Team, 2014), with an alpha 
level of .05. For pairwise comparisons, we use four paired t-tests for the fP3. To control 
for the family-wise error, our criterion for calling a difference significant was alpha / 
4 (i.e., .05 / 4 = .0125).  

4.3 Results 

4.3.1 frontal P3 

For each of the four conditions, we calculated the difference wave of fP3 ERP at 
electrode FCz (i.e., difference between response to the novel probe and standard 
probe). Figure 4.2 shows the fP3 peak, the area of the statistical analysis is indicated 
with dashed lines. The mean value of this dashed area is provided in Figure 4.3 per 
condition. There was a main effect of condition on the mean fP3 peak activation, 
F(3,69) = 16.1, p < .001,𝜂!"= 0.58. Subsequently, we performed four pairwise 
comparisons to test which conditions differed from each other. Tests were done in 
order for the conditions where we predicted the highest fP3 value (stationary) to 
where we expected the smallest fP3 value (automated with generate). fP3 was highest 
during single task stationary (M = 11.5 μv, SD = 6.1 μv). Pairwise comparisons 
between condition revealed that stationary did not differ significantly from single 
task automated (M = 9.9 μv, SD = 4.4 μv, p = .049). fP3 in the Automated + repeat 
condition (M = 5.1, SD = 4.9) was significantly lower than Automated (p < .001). 
Automated + repeat did not differ significantly from Automated + generate (M = 5.6, 
SD = 2.9, p = .57). Automated + generate did also differ significantly from Automated 
(p < .001). That is, our results suggest that performing a concurrent task under 
automated driving conditions reduces fP3 response and associated auditory 
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susceptibility. Figure 4.4 shows for various time intervals how electrical activity is 
distributed across the scalp as a difference between the response to the novel 
compared to the standard. The figure illustrates that the fP3 response is indeed the 
highest in the frontal area of the brain, near electrode FCz that we analyzed. Moreover, 
it shows again how this activity is reduced under distracted conditions. 

 
Figure 4.2. Event related potential of the four conditions (Stationary, Automated, Automated + 
generate, Automated + repeat). Vertical lines show onset of oddball stimulus (time point 0 ms), noun 
stimulus (onset at 400 ms in gray), and fP3 peak area used for statistical analysis (285-335 ms). 
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Figure 4.3. Barplot showing the average activation in the fP3 peak area (285 - 335 ms after stimulus 
onset). Error bars show standard error of the mean. 

 

 

Figure 4.4. Scalp maps for various 50 ms time intervals from 25 ms after oddball probe onset to 475 
ms after oddball probe onset. Average mastoid is used as reference value. 
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4.3.2 Speech response time 

Figure 4.5 shows the average speech activation level for the different 
conditions over time, as measured from the point of noun offset and oddball probe 
onset (i.e., at time point 0 ms). As a control, the green line shows speech activation 
when no noun was presented. This control line shows that there is no consistent noise 
in the background. By comparison, during speech there is a clear response. We 
therefore dropped all no-word conditions for statistical analysis.  

A 2 (Oddball probe: standard or novel) x 2 (Mental distraction task: repeat or 
generate) ANOVA showed that there was no main effect of oddball probe F(1,19) = 
3.24, p = .09, 𝜂!"= 0.15. There was a main effect of mental distraction task F(1,19) = 
174.1, p < .001,𝜂!"= 0.90. Speech response time was higher under the generate 
condition (Mdn = 680 ms) compared to the verb generation time (Mdn = 287 ms). 
There was no significant interaction effect, F(1,19) = 0.13, p = .72, 𝜂!"= 0.007 

As speech response time does not significantly differ between Novel and 
Standard (i.e., also if we look at Figure 4.5 they show a similar pattern) potential 
concurrent muscle related activity from the verbal response is cancelled out in the 
difference wave that we use for all our fP3 analyses. 

 
Figure 4.5. Average speech activation level for different conditions, no speech activation is expected 
in the no word condition. Dashed lines show activation for the repeat condition, solid lines show 
activation for verb generation condition. Red lines show task combined with a standard tone, blue 
lines show task combined with a novel sound. Note that time point 0 corresponds to noun offset and 
probe onset. 
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4.4 General Discussion 

This study found that the fP3 peak is reduced when drivers are performing a 
distracting task under automated driving conditions. We did not statistically replicate 
the finding that automated driving by itself (i.e. without the addition of a secondary 
task) causes lower auditory susceptibility, as indicated by a decrease in the fP3 peak, 
compared to being stationary (Van der Heiden et al., 2018), although the pattern was 
in the expected direction. It is conceivable that this difference was less clear in the 
current study because the context of the verb-generation task induces a general 
relevance of all auditory stimulation. In a similar vein, the reduction of fP3 when 
driving compared to when stationary has been reported to disappear when the 
sequence of probes contains additional stimuli that have to be responded to 
behaviorally (Wester et al., 2008; Van der Heiden et al., 2018). In the present study we 
did discover that performing an additional mental task during automated driving 
reduces susceptibility. This is a relevant finding, given people’s tendency to perform 
other non-driving tasks in semi-automated driving settings (De Winter et al., 2014), 
and the reliance of current automated vehicles on auditory alerts to request human 
assistance. 

Previous research on the verb task had suggested that the generate condition 
should lead to more cognitive load compared to the repeat condition (cf. Iqbal, Ju, & 
Horvitz, 2010; Kunar et al., 2008; Strayer & Johnston, 2001; Van der Heiden et al., 
2018). We therefore expected that possibly fP3 response would be lower in the 
generate condition compared to the repeat condition. In contrast to our expectations 
and previous research, our study did not find a difference between the generate and 
repeat conditions on fP3 peak. This is unlikely to reflect cognitive load induced by 
response production; whereas this could hold for repeat, overt responses and 
therefore preparatory response production processes were much later in generate, 
and very probably too late to affect the production of the fP3. Rather, the lack of 
differential fP3 could reflect equal cognitive load in repeat and generate, but induced 
by response production in the former and by semantic search (preceding response 
production) in the latter. 

An alternative view is inspired by our analysis of speech data, which revealed a 
median voice-onset latency of 287 ms during repeat, relative to probe onset (see 
Figure 4.5). This indicates that a considerable amount of voice response was delivered 
while information might still being sampled from the probe stimulus, or immediately 
after that. This may have induced a form of (backward) masking that reduced the 
difference between novel- and standard fP3, perhaps to an extent comparable to that 
in the generate condition (in which median voice-onset latencies were much later, i.e., 
680 ms). Further work is needed to see if, and how strongly, the repeat and generate 
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conditions can be differentiated. Or, more generally, how different levels of cognitive 
load affect fP3 response and associated susceptibility under automated driving 
conditions.  

If we compare the magnitude of the fP3 response to that observed in previous 
work that used the same paradigm (Van der Heiden et al., 2018), the fP3 peak that we 
found for distracted automated driving (i.e., automated + repeat and automated + 
generate in Figure 4.3) is comparable to, or even lower than, what was found for 
manual driving in previous work (i.e., compare with Figure 4.3 in Van der Heiden et 
al., 2018), which previously was observed as a condition with low susceptibility (cf. 
Wester et al., 2008). Having a low level of susceptibility might be problematic during 
manual driving as the associated brain process is interpreted to reflect the process of 
orienting to novel stimuli and the susceptibility to new information (Friedman, 
Cycowicz, & Gaeta, 2001; Polich, 2007; Kenemans, 2015). So, for example, the ability 
to orient (and subsequently respond) to an unexpected alert or sound in the driving 
environment such as a dog running after a ball. A reduced susceptibility is probably 
even more problematic under distracted automated driving conditions, as here the 
driver is already engaged to a lesser extent in the driving task. Therefore, there might 
be reduced situational awareness, and even stronger limitations on the ability to act 
appropriately to an unexpected alert.  

The reduced susceptibility during automated driving (found in our previous 
study), combined with the reduction during an added cognitive task as observed 
presently is alarming, as these systems rely on the human ability to detect alerts. 
Although reduced susceptibility may not always lead to failed detection, in an ideal 
scenario (where alerts are critical), susceptibility should be high. System designers 
should take this reduced susceptibility into account, and develop strategies to 
overcome this, for example, by using multi-modal alerts or pre-alerts (Borojeni, 
Weber, Heuten, & Boll, 2018; Van der Heiden, Janssen, & Iqbal, 2017). 

4.4.1 Limitations & future work 

Although in the current study both conditions in which distraction is present 
(i.e., automated + generate and automated + repeat) showed a reduction in fP3 
response compared to automated driving and to stationary, we did not find a 
difference between the two distracted conditions. This might be due to the timing of 
our probe; as outlined above this may have induced masking effects in the repeat 
condition. One way to avoid this, is to apply a delayed-response setting in which voice 
onsets during repeat are forced to occur much later, although admittedly this could 
induce undesired working memory load. Another option is to use longer intervals 
between noun and probe. Our previous study (Van der Heiden, et al., submitted) 
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showed that this does not affect fP3 during generate, but this may be expected to not 
hold for repeat (after the voice response fP3 may well recover to a single-task level). 

The point in time that we measure is limitation of our work in general. We 
probed susceptibility at a fixed interval: 0 ms after presentation of the noun stimulus. 
This interval was chosen, as previous work that involved only the generate task found 
that extending the interval between stimulus and probe to 200 or 400 ms (i.e. in 
contrast to directly after) does not influence the level of measured susceptibility (Van 
der Heiden, Janssen, Donker, & Kenemans, submitted). 

Future work could also look into the effect over longer time spans, such as 1 
second after stimulus offset. It is an open question whether susceptibility is fully 
restored after the oral response to the verb task (i.e., whether it is a phasic response 
process), or whether some level of distraction remains (i.e., a tonic process). 

A limitation of our set-up, in which the generate and repeat task trials are 
always succeeded by an oddball probe, is that the noun might function as a cue for an 
oddball probe, and thereby affect fP3 response. This way, the oddball stimulus is more 
predictable. Moreover, at that time, listening to an auditory sound is behaviorally 
relevant (because a response to the noun is needed). Previous work suggests that 
actively engaging in an auditory task at random times (i.e., occasionally pressing a 
button in response to a specific tone) can increase auditory susceptibility in general 
(Van der Heiden et al., 2018). Therefore, if anything, having a predictable probe might 
have resulted in relatively higher fP3 activation. If the effect of the cue would be 
controlled, then even lower levels of fP3 activation might be found in the repeat and 
generate conditions. 

4.4.2 Implications for practice 

Our results show that mental distraction can reduce susceptibility to alerts. 
Therefore, it is important for safety-critical systems to take into account the 
possibility of delayed or absent response from the human operator due to such 
reduced susceptibility. In the case of automated driving, safety critical alerts such as 
handover of control requests might therefore build in resilient mechanisms, such as 
multi-modal alerts, or using earlier “pre-alerts” to forewarn a driver about an 
upcoming transition of control (Borojeni et al., 2018; Van der Heiden, Janssen, & 
Iqbal, 2017).  
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Abstract 

Semi-autonomous vehicles occasionally require control to be handed over to 
the driver in situations where the vehicle is unable to operate safely. Currently, such 
handover requests require the driver to take control almost instantaneously. We 
investigate how auditory pre-alerts that occur well before the handover request 
impact the success of the handover in a dual task scenario. In a study with a driving 
simulator, drivers perform tasks on their phone while the car is in an autonomous 
mode. They receive a repeated burst audio pre-alert or an increasing pulse audio pre-
alert preceding the standard warning for immediate handover. Results show that pre-
alerts caused people to look more at the road before the handover occurred, and to 
disengage from the secondary task earlier, compared to when there was no pre-alert. 
This resulted in safer handover situations. Increasing pulse pre-alerts show particular 
promise due to their communication of urgency. Our detailed analysis informs the 
design and evaluation of alerts in safety-critical systems with automation.  
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5.1 Introduction 

With the advent of novel (in-)vehicle technologies, new challenges emerge in 
managing driver distraction. Research has shown that drivers perform a variety of 
tasks that may distract from driving including interacting visually and manually with 
their mobile phones (Dingus et al., 2016; Klauer et al., 2014). A recent meta-review 
suggests that distraction is likely to increase even further in 'self-driving' or 
'autonomous' vehicles, where cars assume more of the driving responsibilities (De 
Winter, Happee, Martens, & Stanton, 2014). In such vehicles, gradations of 
automation can be identified, as defined in various standards (Gasser & Westhoff, 
2012; NHTSA, 2013; SAE International, 2014). At the lowest level of automation (e.g., 
no automation, or level 0 in (SAE International, 2014)), the human driver is in full 
control of the car. In full automation (e.g., level 5 in SAE International, 2014), the 
human driver is not involved in any driving task anymore. This is, for example, the 
vision of the Google autonomous car (e.g., Urmson, 2015) For the levels in between 
these extremes (e.g., levels 1-4 in SAE International, 2014) there is some form of 
shared responsibilities. For example, even if the car is driving by itself, the driver 
might need to intervene when the system is uncertain about what action to take. For 
ease of reference we will use the umbrella term "semi-autonomous vehicle" to 
describe this wide category. The important characteristics of these systems for our 
work is that the vehicle can drive relatively independently for some time, but can 
request the human driver to assist or take over control through an alert. 

A natural question that is of relevance to the CHI community is then: what 
should the specifics of such an alert be? Indeed, various aspects of handover (Gold, 
Dambock, Lutz, & Bengler, 2013) and in-car alerts (Politis, Brewster, & Pollick, 2015; 
Walch, Lange, Baumann, & Weber, 2015) have received attention in the literature. 
Currently alerts, such as in the Tesla model S, include a brief alert and immediately 
handover control to the driver. However, given that the driver may not have the 
proper situational awareness to be able to immediately take the proper action, 
immediate alerts as such can potentially result in fatal outcomes. Moreover, with 
higher levels of automation (e.g., level 3 in SAE International, 2014) such alerts are 
even more crucial as the car is monitoring the environment for large time intervals 
and drivers might have disengaged (cf. De Winter et al., 2014). 

In this research we investigate whether providing a pre-alert, an additional alert 
that commences well before the actual handover request (in our study: 20 s) can help 
drivers be better prepared to safely navigate the incident for which the handover of 
control occurs. Designing such a pre-alert for semi-autonomous vehicles presents 
unique challenges, as drivers distract themselves more with other tasks as 
automation of the car increases (De Winter et al., 2014). If they are then asked to take-
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over, they should not have remnants of their preceding task (e.g., checking e-mail, 
reading the news) that inhibit their ability to successfully take over (cf. Strayer, 
Cooper, Turrill, Coleman, & Hopman, 2015). At the same time, tasks that drivers 
engage in while in an autonomous vehicle may be more important than the typical 
secondary task in today’s manual cars, making it more challenging to suddenly 
disengage (Hancock, 2013). 

In a simulator study, we study the effects of early warnings, or pre-alerts, on 
handover performance in dual task scenarios. We investigate three research 
questions: (1) how do pre-alerts affect behavior before take-over including eye-gaze 
and suspension of the non-driving task, (2) how do drivers perceive the pre-alerts, and 
(3) how do the pre-alerts affect driving performance. We present two types of pre-
alerts: (A) A repeated burst audio pre-alert, and (B) an increasing pulse audio pre-alert. 
While the car drives itself, drivers occasionally perform a video transcription or 
calendar entry task on a mobile phone. Results showed that pre-alerts helped drivers 
prepare better for taking over control by increasing gaze on the road and earlier 
suspension of the phone task, followed by quicker reaction to traffic incidents 
compared to having no pre-alerts. 

In the remainder of this paper we first provide more background on 
multitasking, managing multitasking, and in-car alerts. We then describe our study. 
Finally, we discuss the results, including their implications for theory and design, 
limitations, and potential for future work. 

5.2 Related work 

5.2.1 Driving and Multitasking 

Multitasking is a prevalent practice while driving (Dingus et al., 2016; Klauer 
et al., 2014). Multiple studies have documented the detrimental effects of cell phone 
conversations, texting, and interacting with in-vehicle systems while driving (Alm & 
Nilsson, 1995; Briem & Hedman, 1995; Brookhuis, De Vries, & De Waard, 1991; 
Salvucci, Markley, Zuber, & Brumby, 2007; Reed & Robbins, 2008). Switching from a 
non-driving task to driving is often challenging. For example, drivers who engage in 
phone conversations have slower braking reaction time (Alm & Nilsson, 1995; Lee, 
Caven, Haake, & Brown, 2001), degraded steering performance (Brookhuis et al., 
1991), and a higher likelihood of accidents (Redelmeier & Tibshirani, 1997) than 
drivers with no distractions.  

In the majority of this preceding work, the driving task has typically been 
considered the 'primary task' where the driver’s focus is expected at all times, with 
other tasks as 'secondary'. However, as the automation technology matures, human 
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drivers might be required less and less to take-over control of the car. Therefore, they 
might increasingly engage in other tasks (cf. meta-review in De Winter et al., 2014), 
and those other tasks (e.g., checking e-mails, reading the news, having a conversation, 
watching a video) might even feel as a primary task with driving as a distraction (cf. 
Hancock, 2013). 

5.2.2 Managing Multitasking during driving 

A known strategy to manage multitasking is to interleave activities, which has 
been well documented in conceptual frameworks (e.g., Altmann & Trafton, 2002; 
Boehm-Davis & Remington, 2009; Borst, Taatgen, & Van Rijn, 2015; Salvucci & 
Taatgen, 2011). In the domain of driving, multiple studies have looked at how drivers 
interleave non-driving, secondary tasks with driving. A common strategy is to wait 
for ‘natural breakpoints’ in the task to switch attention (Brumby, Howes, & Salvucci, 
2007; Brumby, Salvucci, & Howes, 2009; Iqbal, Ju, & Horvitz, 2010; Janssen & 
Brumby, 2010; Janssen, Brumby, & Garnett, 2012; Salvucci, 2005); for example, Iqbal 
et al. showed that drivers chunked a task of providing directions while driving into 
multiple steps and reoriented to driving at the boundaries between chunks (Iqbal et 
al., 2010). There are many advantages of interleaving at natural breakpoints: it 
reduces mental workload (Bailey & Iqbal, 2008; Salvucci & Bogunovich, 2010) as it 
reduces information that needs to be maintained in memory (Borst, Taatgen, & Van 
Rijn, 2010), it frees mental resources such as visual attention for other tasks (Salvucci 
& Taatgen, 2011; Wickens, 2008), it reduces stress (Bailey & Konstan, 2006), it 
reduces the time needed for later task resumption (cf. Altmann & Trafton, 2002), and 
it can offer speed-accuracy trade-offs in dynamic environments such as driving 
(Janssen et al., 2012). 

In autonomous vehicles, however, while people are not driving, the non-
driving task might capture most of the driver’s attention (Hancock, 2013). In a hand-
over scenario, people might therefore not want to immediately let go of whatever they 
were working on. Priming a handover in a timely manner through pre-alerts, as we 
propose in this paper, has the advantage that it allows drivers to disengage from their 
'primary' (non-driving) task at a pace that suits them. Moreover, gradually 
disengaging from the task and waiting for a natural breakpoint can also benefit the 
driving task. If interleaving at a more opportune task reduces workload (Bailey & 
Iqbal, 2008; Salvucci & Bogunovich, 2010) and stress (Bailey & Konstan, 2006), then 
people are in a better mental state to resume driving. 
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5.2.3 (In-car) Alerts 

The idea of using alerts to gain user attention has been explored in many 
domains. Mediation or alerting has been proposed as one of the four interruption 
management methods in McFarlane’s work (McFarlane, 2002). In the driving domain, 
researchers have explored the effectiveness of systems for aiding driving by providing 
local danger alerts (Cao, Castronovo, Mahr, & Müller, 2016), mediating 
communications among car passengers (Mahr, Pentcheva, & Müller, 2009), or 
persuading people to drive in a more economical manner (Meschtscherjakov, 
Wilfinger, Scherndl, & Tscheligi, 2009). For example, Iqbal et al. explored how alerts 
can gain user attention while driving and conversing on a cellphone simultaneously, 
and found that alerts reduced driving errors, while also reducing conversation quality 
(Iqbal, Horvitz, Ju, & Mathews, 2011). 

In the domain of autonomous driving, the idea of using alerts before handover 
of control has recently gained traction, based on the concern that the current designs 
of immediate take over may not yield the desired outcome. Most work has focused on 
the design of the alert, in terms of the timing and modalities so that it conveys the 
required urgency (Gold et al., 2013; Koo et al., 2014; Naujoks, Mai, & Neukum, 2014; 
Politis et al., 2015; Walch, Lange, Baumann, & Weber, 2015). For example, Gold et al. 
(2013) showed that alerts happening 7 seconds before the incident resulted in more 
successful take overs compared to alerts that were presented 5 seconds before. Walch 
et al. (2015) also investigated different timings and modalities. While they found no 
difference in driving performance, drivers had a preference for the alerts reinforced 
through both auditory and visual means. There was no significant advantage in 
driving performance. 

Perhaps closest to our work is Politis et al.’s study which tested language based 
alerts for upcoming incidents (Politis, et al., 2015). Alerts were delivered via audio, 
visual, or tactile means. Results showed that drivers quickly transitioned to the 
driving task for warnings that conveyed urgency, and performance was worst for 
unimodal visual alerts. Other work has looked at using auditory cues to provide 
drivers in autonomous vehicles awareness about the environment (Beattie, Baillie, & 
Halvey, 2015). This work does not separate the specific scenario of handover where 
the driver’s awareness is put to test by having to react to an incident in very short 
notice. 

Compared to existing work, our research focuses less on the exact timing or ideal 
conveyance of urgency via the alerts. Rather, we draw upon designs of alerts that have 
been effective in conveying urgency in a timely manner (Fagerlönn, Lindberg, & 
Sirkka, 2012; Haas & Casali, 1993). Our goal is to understand if a pre-alert (i.e., an 
early alert well before the final warning) is useful in general, and if so, why and how it 
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supports ease of disengagement from a secondary task. Such a scenario can be crucial 
in autonomous vehicles. 

5.3 User study 

In our study of the effects of pre-alerts on preparing for handover, we aim to 
address three research questions: 

 
RQ1: What do drivers do before handover? We therefore analyze eye-gaze and 
time on secondary task. 
RQ2: How do drivers experience the handover? We therefore look at subjective 
ratings and physiology. 
RQ3: How successful is the handover? We therefore look at the first reaction 
time, speed reduction, and an analysis of unsafe incidents. 
 
To answers these questions, we conducted a user study using a driving 

simulator with autonomous capabilities where drivers engage in a non-driving task 
on a mobile device and are required to take over control in certain driving situations 
where the car is unable to continue. 

5.3.1 Users 

Twenty-four drivers (12 M; 12 F) with an average age of 32.5 years (SD = 9.6) 
were selected by quota sampling. Each driver had a valid driver’s license and drove on 
average 5.4 days a week (SD = 2.4). All drivers provided informed consent and were 
compensated with a $50 gift card. 

5.3.2 Tasks 

Drivers performed two task types: driving (part manual, part autonomous), and 
a non-driving task on a mobile phone. 
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5.3.3 Driving task 

A simulated driving task was developed in a medium fidelity simulator. Three 
47'' TVs projected the driving environment. Drivers sat in an adjustable car seat 
behind a full Ford dashboard. During manual driving, drivers used a steering wheel, 
gas and brake pedal (transmission was automatic). 

Simulation software consisted of the STIsim simulator software. Data was 
recorded at a rate of 10 data points per second. An eye tracker was mounted on the 
dashboard to capture eye gazes on the driving scene. A custom scenario was 
developed, consisting of a drive on a two lane country road with bends and straight 
road segments without intersections. Oncoming traffic was presented on the opposite 
lane, not in the driver's lane. 

The scenario consisted of manual driving and automated driving trajectories. 
The car started stationary and drivers had to press the gas pedal to start driving 
manually. Drivers had to maintain the posted speed limit and remain in lane. 
Occasional curves were included in each scenario. The curves were subtle enough so 
braking was not needed but input of drivers was required to stay in their lane safely. 

After 1500 feet (25-30 s after the start), an automated voice would state 
"Automation enabled", and the car assumed driving control. At that point, if desired, 
drivers could release the steering wheel and the pedals. The car continued to drive 
itself until it warned drivers when they were needed to take over the driving task. 
While the car was in auto drive there was no driver initiated way to get back control. 
In the event of a handover, the car would start by warning the driver and the controls 
were handed over back to the driver after a voice said: "Automation disabled”. 
Optionally, such a warning could be preceded by a pre-alert, 20 s before handover. The 
pre-alerts are described in more detail later.  

There were four handover scenario varieties, each with two instances – 
resulting in eight scenarios in total. Examples are shown in Figure 5.1. The fog 
scenarios had light or heavy fog, and required drivers to slow-down, maintain their 
lane, and avoid other cars. The construction works scenario had cones along the road 
and required drivers to slow down and steer accurately. One version also included a 
lane change. The parked car scenario had a car that blocked either part of the road, or 
the full road, requiring the driver to slow down or stop. The dog scenario had a dog 
abruptly crossing the street, requiring the driver to stop in order to avoid hitting the 
dog. 
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The scenarios required different types of responses, such as braking and 
accurate steering. Some scenarios allowed for multiple responses such as braking and 
steering away from an accident. However, although the simulator allowed for this 
variety of maneuvers, some were not safe. This is similar to how a driver in real traffic 
can sometimes respond in different ways, of which only some are safe. 

Figure 5.1. Four handover scenarios: (a) Fog, (b) Dog crossing, (c) Parked car on the side of the 
road, (d) Construction works. 

5.3.4 Non-driving tasks 

Recent reviews suggest that drivers distract themselves with non-driving tasks 
more when automation in the car increases, which impacts situational awareness and 
response times (De Winter et al., 2014). We therefore also included conditions in 
which drivers performed non-driving tasks. As the structure of the task can also 
impact when drivers look at the road (Brumby et al., 2009; Janssen & Brumby, 2010; 
Janssen et al., 2012), we used two tasks. Half the drivers performed a video 
transcription task while the other half performed a calendar task. These tasks were 
chosen because they represent tasks that people might prefer to do in an autonomous 
car – such as watching videos (Politis et al., 2015) and performing short typing tasks, 
as reported on a pre-survey. All secondary tasks were conducted on a Nokia Lumia 
1520 phone with Windows 8.1. 

Video task. A custom developed app (see Figure 5.2, left) showed a video screen 
and an input box. Drivers had to play the video (which showed elementary statistics 
lectures (Illowsky & Dean, 2008)) and had to transcribe it in the textbox. Controls to 
play, pause, and forward in the video were embedded in the player. We used the 
standard keyboard from Windows phone 8.1, with auto-correction and -completion 
disabled. This allowed for more reliable measurement of writing performance. We 
logged the timestamp of each keypress. 
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Calendar task. The alternative task was a calendar task (see Figure 5.2, right). 
Drivers were asked to enter event information in a simple calendar interface. The 
interface had two separate screens, one showed all the upcoming events as a digital 
flyer, the other showed the input boxes and saved items. We again logged the 
timestamp of each keypress.  

Figure 5.2. Layout of Video task (left) & Calendar task (right) 

5.3.5 Warning & Pre-alerts 

At each hand-over instance, in all conditions, drivers received a voice warning: 
“automation disabled” 1 s before the handover. Drivers were instructed to take over 
the driving from the system at this moment. In the pre-alert conditions, drivers also 
received either of two pre-alerts 20 s prior to this final warning. For the pre-alerts we 
used individual 500 Hz beeps that lasted 150 ms per beep. Beep frequency and length 
were recommended in the warning literature (Mondor & Finley, 2013). 

Repeated burst audio pre-alert: In this condition, bursts of 3 beeps are played 
3 times, with silence in between burst sets. The burst sets started playing at 20, 10, 
and 1 seconds before the final warning (i.e., in Figure 5.4: 0, 10, and 19 seconds 
relative to start of pre-alert phase). Repeated burst alerts are already used in the car 
context, for example, to notify when a door is not closed firmly or when a car is almost 
out of fuel. 

Increasing pulse audio pre-alert: In this condition, beeps are given 
throughout the 20 second pre-alert time. However, the interval between consecutive 
beeps is reduced gradually over time as the driver gets closer to the critical moment. 
The initial inter-stimulus interval is 1000 ms. The final inter-stimulus interval is 50 
ms. An increasing pulse audio alert is already used at other places in the car domain 
to suggest increased urgency. For example, park assistant alerts decrease the inter-
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stimulus interval between beeps when a car gets close to another object to suggest 
urgency to stop. In other studies, increasing pulses (e.g., heartbeats) have also been 
used to successfully convey urgency (Janssen, Iqbal, & Ju, 2014). 

No pre-alert: In this baseline condition, no pre-alert is given and drivers are 
only warned by the final warning voice 1 s before handover of control. 

Figure 5.3 shows a schematic of the different stages in a single run. There are 
two experimental segments in each run. Each run started with a period of driving by 
the driver, followed by a period of auto drive during which the driver could engage in 
a non-driving task (depending on condition). During the auto drive there would be 
optionally pre-alerts (depending on experimental condition), followed by a final voice 
warning declaring the handover to the driver. This would be followed by the handover 
event during which the driver had to start driving. After a while, the second segment 
started, following the same procedure. The entire run was about 6 minutes long (i.e., 
roughly 3 minutes per segment). 

Figure 5.3. A schematic representation of a run for one condition with two consecutive segments. 

5.3.6 Experimental design 

We used a 3 x 2 within-subjects design. We manipulated Pre-alert type 
(Repeated burst, Increasing pulse, or No pre-alert), and number of tasks (single-task 
driving, or dual-task driving with secondary task). For each of the six combinations of 
pre-alerts and number of tasks, we developed one drive/run. Each drive consisted of 
two hand-over moments that had a critical incident. In sum, each participant had six 
drives and twelve handover situations. Ordering of the six conditions was 
counterbalanced following a Latin Square design, to compensate for learning effects. 
As we had eight critical events, we randomly assigned these to drivers with the 
requirement that each run had one incident that might require braking (i.e., dog or 
parked car) and one incident that required accurate steering (i.e., cones or fog). 
Finally, we also measured single-task performance as baseline (explained in 
procedure). For the secondary task, drivers either performed the video or calendar 
task (12 drivers per task, randomly assigned). 
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5.3.7 Procedure 

On arrival, drivers were given an overview of the study and asked to sign an 
informed consent form as well as to fill out a questionnaire about current driving 
behavior. They were then asked to make themselves comfortable in the car seat of the 
simulator, which was adjusted so their foot could reach the pedals and their eyes were 
visible for the eye tracker. 

We then calibrated the eye tracker and set participants up with the Microsoft 
band2, which was used for measuring heart rate. This was followed by a 2-minute 
training session on the secondary task (video or calendar, depending on group), 
followed by training with the driving task. In this single-task practice drive, drivers 
practiced all 4 types of handover events, and were introduced to the two pre-alerts. 
The first event was preceded by an increasing pulse pre-alert, the second with a 
repeated burst pre-alert, the last two had no pre-alert. 

The remainder of the experiment consisted of the six experimental 
drives/runs. In addition, single-task performance with either the video or calendar 
task (depending on assignment) was performed at a random position in between the 
experimental drives. After all trials ended the drivers filled out a general 
questionnaire on their overall experience and preferences about the pre-alerts. 

5.3.8 Measurements 

Below we define our exact measurements, sorted by research question (RQ). 
Unless otherwise noted, we use a 3 (pre-alert) x 2 (number of tasks) within-subjects 
analysis of variance (ANOVA) with an alpha-level of .05 for significance. Where 
needed we use Holm-Bonferroni-corrected post-hoc tests. Error bars in all plots show 
standardized error of the mean. 

Gaze during driving (RQ1) We used an SMI REDn eye tracker which reported 
tracking status (eyes tracked or not) and X,Y gaze-coordinates at 30 samples/second. 
The eye tracker was positioned on the dashboard just above the steering wheel. For 
short drivers an extra cushion was used to make sure their eyes stayed visible during 
the entire experiment, as tested before the experiment.  

For all gaze metrics, the eye-tracker could only track the eyes when the user 
was looking at the simulator screen (not at the secondary task). We therefore define 
"looking at the road" as gaze samples where the eye tracker was at least tracking one 
eye, and "not looking at the road" as moments where no eyes were tracked. Given the 
large size of the screen and the peripheral location of the phone, this crude metric is a 
good approximation of actual looking at the road. Based on this information, we 
calculate what percentage of drivers look at the road (e.g., Figure 5.4) and what 
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percentage of the time drivers on average look at the screen. In pilot studies we 
crosschecked with 2 eye trackers that the eyes were consistently detected when 
watching the simulator screen.  
 
Disengaging from the secondary task (RQ1). Based on logs of touchscreen keypresses, we 
determined the interval between the start of the pre-alert phase and the last keypress. 
Shorter intervals indicate a faster disengagement. 
 
User preferences (RQ2). In a questionnaire, drivers indicated their preferences after the 
experiment. The questions used a five-point scale ranging from low/ poor (1) to high/ 
good (5). 
 
Heart rate (RQ2). A Microsoft Band2 measured the number of beats per minute. One 
value was logged per second.  
 
Initial reaction time (RQ3). For each handover event we measured the reaction time as 
the time interval between the moment automation was disabled and the first action 
of the driver (either a brake press or steering wheel input).  
 
Driver speed reduction (RQ3). For each handover event, we measured at what speed the 
driver drove, as logged by the simulator at a rate of 10 samples/second. 
 
Unsafe incident analysis (RQ3). For the first 10 seconds after handover, we manually 
labeled whether observed behavior was unsafe, following conservative but realistic 
pre-defined rules. In all scenarios, driving more than 10 mph over the posted speed 
limit, or leaving the highway was labeled unsafe (some drivers drove on the grass). In 
addition, in one parked car scenarios only a full stop avoided a collision; not doing so 
was labeled unsafe. Also, for one dog scenario, some drivers crossed into the lane of 
incoming traffic, despite that cars might come in. This was also labeled unsafe. 

5.4 Results 

We measured how handover performance changes with the use of pre-alerts 
and the use of a secondary tasks. We discuss our results in the context of our three 
research questions. 
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5.4.1 RQ1: Gaze & phone task engagement before handover 

Percentage of drivers looking at the road 

Figure 5.4 shows the percentage of drivers looking at the road in the different 
stages of handover, relative to the start of the pre-alert (time point 0). In single-task 
trials (grey lines) we found that at each time point, on average 70 to 80% of the drivers 
looks at the road. There is a slight increase in the phase before the handover, but this 
is not different between the various alert conditions.  

Figure 5.4. The percentage of drivers looking at the road relative to the start of the primed warning. 

The pattern is different for the dual-task condition (dark lines). In the phase 
before the pre-alert (-9 to 0 s), drivers look more at the road when they are in the no 
pre-alert condition (dashed line) compared to the two pre-alert conditions. This is 
likely because drivers know that they have no pre-alert to rely on, and want to be 
prepared for a later handover request. 

During the period where the pre-alert is active (0 to 20 s), in both pre-alert 
conditions (Repeated burst, solid line; increasing pulse, dotted line), drivers look more 
frequently at the road compared to the no pre-alert condition (dashed line). Moreover, 
this accumulates over time, as drivers get closer to the handover itself. The two pre-
alert conditions are hard to distinguish from one another. Qualitatively, in the 
repeated burst pre-alert condition drivers start looking at the road after each burst of 
tones (0, 10, and 19 s). The strongest bump is after the first burst. By contrast, for the 
increasing pulse pre-alert there is a more gradual increase over time.  
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In the condition where there is no pre-alert, the percentage drivers looking at 
the road initially is similar to before the start of the pre-alert. However, 10 seconds 
before handover the percentage of drivers looking at the road increases, even though 
they have not yet received an alert. This is because in the simulator parts of the critical 
event gradually become visible even before the handover request occurs. This is 
similar to how in real driving visible cues are sometimes available ahead of time (e.g., 
a traffic jam ahead). Such visual cues make non-distracted drivers look at the scene 
and prepare. The take-away message from this graph though is that in both pre-alert 
conditions, drivers look up a lot earlier and do not rely on input from the road at the 
last moment. 

Gaze during auto-drive before the pre-alert period 

We quantified the preceding results. First, we looked at the entire auto-drive 
period before the pre-alert. For each driver, we calculated the percentage of time that 
they looked at the road. An ANOVA showed that there is a significant effect of number 
of tasks on the percentage of time drivers spend watching the road F(1,23) = 344.3, p 
< .001, 𝜂!" = 0.94. Drivers looked at the road more than ten times as much in single 
task condition (M = 71%, SD = 19%) compared to dual task condition (M = 6%, SD = 
13%). There was also a significant effect of pre-alert, F(2,46) = 4.441 p = .002, 𝜂!" = 
0.16. Post-hoc tests found that gazes at the road during No pre-alert (M = 9%, SD = 4%) 
was significantly higher than Repeated burst (M = 4%, SD = 3%, p = .001) and 
Increasing pulse (M = 5%, SD = 4% , p = .016), as in the no pre-alert condition drivers 
cannot rely on a signal to warn them, they interleave the tasks more often to check for 
hazardous situations. The two pre-alerts did not differ from each other (p > .1). There 
was no significant interaction effect (p > .1). 

Gaze during pre-alert phase 

During the pre-alert phase (i.e., 0-20 s in Figure 5.4), there was again a 
significant main effect of number of tasks on percentage of time drivers spend 
watching the road F(1,23) = 168.7, p < .001, 𝜂!" = 0.88. In general, drivers were looking 
at the road about twice as much in single task condition (M = 83%, SD = 18%) 
compared to dual task condition (M = 42%, SD = 29%). There was also a significant 
main effect of pre-alert, F(2,46) = 16.28, p < .001, 𝜂!" = 0.41. However, both main 
effects were affected by a significant interaction effect, F(2,46) = 15.95, p < .001, 𝜂!" = 
0.41. Post-hoc tests revealed that in single-task there was no significant difference 
between the three pre-alert conditions (all ps > .1). However, in dual-task, the 
percentage gaze at the road was significantly lower in the no pre-alert condition (M = 
23%, SD = 15%) compared to repeated burst (M = 49%, SD = 19%) and increasing pulse 
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(M = 54%, SD = 16%) all ps < .001. This is expected, as the pre-alerts warn drivers to 
look at the road and drivers therefore indeed gaze more at the road.  

Disengaging from the secondary task  

To test whether the alert helped drivers disengage from the secondary phone 
task, we tested how long they continued after the alert had started using a 3 (Pre-alert 
type) x 2 (Secondary task type) ANOVA. There was a significant effect of pre-alert on 
the time drivers continue their phone task after alert onset, F(2,44) = 30.09, p < .001, 
𝜂!" = 0.56. Figure 5.5 shows the data. Post-hoc tests showed that all three conditions 
differed significantly from each other (with the difference between increasing pulse 
and repeated burst with p = .038, all other ps < .001). As the figure shows, in the 
increasing pulse condition drivers quit the secondary task twice as fast compared to 
the no pre-alert condition. The ANOVA also revealed a marginal effect of secondary 
task, F(1,22) = 3.81, p = .06, 𝜂!" = 0.15. Disengagement was slightly faster in the 
calendar task (M = 10.5s, SD = 4.7s) than the video task (M = 12.7s, SD = 6.0s). There 
was no interaction effect, F(2,44) = 1.5, p > .1. 

Figure 5.5. The average time secondary task continued after different alert onsets. 

5.4.2 RQ2: User experience 

User preferences  

Subjective feedback revealed overall preference for pre-alerts was divided. 
Twelve drivers preferred the increasing pulse pre-alert. Feedback included that these 
drivers liked that they could finish their task and prepare for handover. Twelve other 
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drivers preferred the repeated burst pre-alert, as it felt less disruptive than the 
increasing pulse. 

In the post questionnaire drivers provided various scores for the different pre-
alerts on a five-point scale with anchors for low (1) and high (5). In Figure 5.6 we 
present the histograms of the score for the metrics (1) annoyance, and (2) 
disruptiveness of the pre-alert. The responses are again divided, as reflected in the 
broad distributions. Some trends are that the increasing pulse is reported more 
frequently as conveying high to too much urgency, and being more frequently 
considered as highly annoying and disruptive. However, there are also drivers who 
reported an inverse pattern (e.g., rated annoyance low). 

Figure 5.6. Subjective impression of pre-alerts 

Heart rate 

We also tested if the pre-alerts had any effect on drivers’ physiology, 
specifically the average heart rate. Two drivers had to be excluded from this analysis 
because the measurement stopped during the experiment. The ANOVA found a 
significant effect of pre-alert on average heart rate F(2,40) = 4.72, p = .015, 𝜂!" = 0.18. 
Post-hoc tests found that in No pre-alert (M = 69.8 bpm, SD = 6.7 bpm) the heart rate 
is significantly higher than in Repeated burst (M = 68.9 bpm, SD = 6.6 bpm, p = .034) 
and Increasing pulse pre-alert (M = 69.2 bpm, SD = 6.8 bpm, p = .046). There was no 
difference between Repeated burst and Increasing pulse (p > .1) In addition, heart rate 
was significantly higher in Dual-task conditions (M = 69.8 bpm, SD = 6.6 bpm) 
compared to Single-task (M = 68.8 bpm, SD = 6.8 bpm), F(2,40) = 4.719, p = .031, 𝜂!" = 
0.21. There was no significant interaction effect (p > .1) In summary, heart rates are 
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slightly increased in dual-task conditions, and when there is no pre-alert and the user 
needs to do the extra task of frequently checking the road. This suggests that extra 
workload increased heartrate (cf. Mehler, Reimer, & Coughlin, 2012). Though the 
effect is small, the trend is consistent with subjective data. 

5.4.3 RQ3: Success of handover 

For the next two measures, we only analyzed the first segment of each driving 
scenario, as due to a coding error the driving speed was slightly lower on the second 
segment (60ft/s vs 65ft/s), which affected the time between the end of the pre-alert 
and the time given to hand-over. In the second segment, there was some delay 
between the warning that automation was turned off and the time that drivers could 
actually control the car. This reduces the reliability of the reaction time data on these 
metrics. This is not the case for the segments that we analyzed. 

Initial reaction time  

Previous work has mostly analyzed reaction times as a performance metric for 
handover. Due to the varied nature of our task, reaction to an event can be either 
braking or steering. We measure reaction time as time until either of these two 
actions occurs. We combine the data of single- and dual-task trials, resulting in three 
histograms for each pre-alert condition in Figure 5.7. Each plot shows data from 48 
trials: 24 single, 24 dual. The bars cover 200 ms intervals. In general, most drivers 
respond within 200 ms (i.e., the first bar is the highest bar in each setting). 

Figure 5.7. Time until first action after handover. 

However, in driving analyses, we do not only care about the mean and majority 
of behavior, but also about extremes. This is where conditions differ. In the no pre-
alert condition (left), the distribution is more right-tailed (9 trials with response 
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longer than 600 ms, with extremes up to 2.5 s) compared to the repeated burst (5 
trials) and increased pulse pre-alert (2 trials). Stated differently: in most cases, most 
drivers respond timely, but the trend is that more drivers respond timely when a pre-
alert is given, with the number of late responses around twice as high in the no pre-
alert condition. 

We also analyzed driving speed after handover. In critical situations, reducing 
speed is a smart strategy as this creates more time for an effective response (as less 
distance is covered per time interval). Figure 5.8 shows how the average speed 
reduces over time in single-task (top figure) and dual-task (bottom figure) for the 
three pre-alert conditions. 

Figure 5.8. Driving speed after handover. 

Before the handover (point 0 in the graph), the car drives automatically at a 
constant speed. Then, at point 0, drivers can take over. In the single-task condition, 
drivers reduce speed immediately in each condition, with a slight delay in the no pre-
alert condition. However, if 95% CI intervals would be drawn, these would overlap 
between all three conditions, suggesting there is no difference. It shows that without 
distraction, drivers are prepared to respond. 

This is different in the dual-task condition. Here, the brake response in the no 
pre-alert condition is delayed compared to the two pre-alert conditions. That is, 
drivers respond later. In fact, if 95% CIs would be drawn around the lines, the 
confidence intervals between the no pre-alert condition do not overlap with those of 
the two pre-alert conditions. A standard interpretation of a lack of overlap is that the 
conditions differ at a 95% confidence level (or with an alpha of .05) (Cumming, 2013). 
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The intervals of the two pre-alert conditions do overlap, indicating there is no 
significant difference. 

Unsafe incident analysis  

The final question is: Did the pre-alerts lead to less unsafe behavior? If drivers 
had more time to look at the road before handover to build situational awareness 
(RQ1), do they perform better in handling the handover incident? 

For this analysis, we looked at all scenario segments (288) and labeled whether 
unsafe behavior had occurred such as not reducing speed, going into a lane where 
incoming traffic might occur, or crashing into an object. Of the 288 segments, 34 
segments (11.8 %) were marked as unsafe. Given the low numbers, we report the 
frequency of unsafe behaviors in Table 5.1, split up by pre-alert type (rows), and 
single- or dual-task (columns). There is no clear emerging pattern. Specifically, 
incidents still occur in the two active pre-alert conditions. Moreover, it is not the case 
that there are more unsafe behaviors in the dual-task condition compared to single-
task condition. If any, the trend in the data is that there were fewer unsafe behaviors 
in the increasing pulse condition (third row). 

Due to this variety of results, we also analyzed whether unsafe behaviors were 
more frequent for some scenarios compared to others. This could not be done in 
combination with the type of pre-alert or single-/dual-task, due to the low numbers. 
In general, unsafe behavior was shown most in scenarios involving braking for a dog 
(23 segments). This was much higher compared to segments with a parked car (5 
segments), construction works (6 segments), or fog (0 segments). Our interpretation 
of this result is that the dog scenario allowed more freedom to the user of what to do: 
they could either try to brake, or try to avoid it by driving past it. Moreover, as the 
object on the road (a dog) was relatively small compared to, for example, a parked car, 
drivers might not have had extra benefit from the early view of the object due to a pre-
alert.  

Table 5.1. Number of segments involving unsafe behavior 

  

 Single-task Dual-task Total 
None 7 6 13 
Repeated burst 5 8 13 
Increasing pulse 6 2 8 
Total 18 16 34 

Table 1 
– 
Number 
of 
segment
s 
involvin
g unsafe 
behavio
r 
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5.5 General discussion 

5.5.1 Summary of results 

We investigated how pre-alerts affect the hand-over of control from a semi-
autonomous car to a human driver. A recent review showed that drivers distract 
themselves more with other tasks as automation in the car increases, and that this 
impacts their situational awareness and ability to respond correctly (De Winter et al., 
2014). Based on theory, we expect that a pre-alert has four benefits (1) it allows a 
driver the necessary time to disengage from a secondary task (Boehm-Davis & 
Remington, 2009), (2) this can reduce mental workload (Bailey & Iqbal, 2008; Salvucci 
& Bogunovich, 2010) and stress (Bailey & Konstan, 2006) and leave drivers in a better 
state to manage the handover, (3) this allows drivers more time to reorient to the 
driving task and gain relevant situational awareness, and (4) with sufficient time 
distracting effects from the non-driving tasks may be reduced (cf. Strayer et al., 2015). 
Our results demonstrate that pre-alerts are indeed beneficial. During the alerting 
phase (RQ1), drivers disengage from their non-driving tasks earlier when a pre-alert 
is given (Figure 5.5), and they look earlier at the road (Figure 5.4). In their experience 
(RQ2), drivers were divided in which alert they preferred, though both conveyed some 
urgency (Figure 5.6). We also found an effect on heart rate, which was slightly higher 
in the condition without a pre-alert. This finding needs to be replicated before 
conclusions can be drawn, but might indicate that a situation with no pre-alert is more 
stressful, as drivers cannot rely on the pre-alert to notify them. Finally, when looking 
at driving performance (RQ3), drivers responded faster (by braking or steering) to 
incidents when they were warned by a pre-alert (Figure 5.7), and reduced their speed 
more quickly (Figure 5.8). In effect this allows them more time to respond to an 
incident (i.e., at a lower speed it takes longer before an incident location is reached). 
Finally, there were still unsafe behaviors in all conditions, but these were the lowest 
with an increasing pulse pre-alert (Table 5.1). 

Between the two pre-alert types, the preferences of drivers were divided. 
However, the trend in most metrics is that the increasing pulse pre-alert leads to 
slightly safer performance. For example, in this condition people disengage the 
earliest from a secondary task (Figure 5.5), more people experienced it as conveying 
high urgency (Figure 5.6), it had the lowest number of slow handovers (Figure 5.7), 
and the lowest number of incidents (Table 5.1). 

Given this pattern, a general conclusion is that pre-alerts are useful compared 
to not getting a pre-alert. However, there is still room for improvement, as unsafe 
actions still occur. 
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5.5.2 Implications for theory 

Our results confirm the classical result in driver distraction research (e.g., Alm 
& Nilsson, 1995; Briem & Hedman, 1995; Brookhuis et al., 1991; Janssen et al., 2012; 
Janssen , Iqbal, & Ju, 2014; Lee et al., 2001; Redelmeier & Tibshirani, 1997; Reed & 
Robbins, 2008; Salvucci, Mandalia, Kuge, & Yamamura, 2007) that secondary tasks 
distract from looking at the road (RQ1, Figure 5.4) and result in longer response times 
to incidents (RQ3, Figure 5.7). Our results also suggest that pre-alerts can mitigate 
some of these problems. This is particularly useful, as driver distraction occurs 
frequently in regular cars (Dingus et al., 2016; Klauer et al., 2014) and increases with 
an increase in autonomy of the car (De Winter et al., 2014). 

The use of alerts for hand-over situations in semi-autonomous cars is of course 
not new. However, in contrast to earlier work (e.g., Gold et al., 2013), we focus on 
alerts that happen ahead of time (pre-alerts). Sending an alert too early (e.g., minutes) 
in advance might not make sense, as there is no situation that the driver can notice 
and start to anticipate. We focused on a pre-alert of 20 seconds, as previous work has 
suggested that distraction of secondary tasks can continue up to 27 seconds after the 
task was finished, with exponential decay (Strayer et al., 2015). Twenty seconds is 
therefore an interval that is needed to recover from distractions and to focus on the 
road. 

In our study, drivers still incurred incidents in some of the alert conditions. 
There are multiple explanations, which require further testing in future studies. First 
and foremost, there were incidents even in single-task situations, suggesting that 
some tasks were difficult to handle in general. Second, in the distraction conditions 
drivers might have persisted too long with the secondary tasks even after the pre-alert 
and thereby not have taken enough time to react. Finally, similar to (Strayer et al., 
2015), even when drivers did finish secondary tasks, drivers might have had remnants 
of distraction. The balance that needs to be found here is between giving a just-in-time 
alert such that it is meaningful, while also giving sufficient time to overcome any 
negative effects of distraction. Further studies are needed to get this balance just right. 

Although both pre-alerts that we offered were effective, the increasing pulse 
performed better on some metrics compared to the repeated burst (e.g., Figure 
5.5,5.7). Our interpretation is that this is because increasing pulse more clearly 
conveyed urgency (as also confirmed by the drivers, see Figure 5.6). This is also in line 
with theory (e.g., Politis et al., 2015). 

As our study takes place in a simulator, there are concerns about how the 
findings generalize. For example, there are no serious consequences of a crash. 
However, it also offers many advantages for our setting. First, we can test behaviors 
in cars that have a level of autonomy beyond those that are currently widely available. 



CH5 | Priming Drivers before Handover in Semi-Autonomous Cars 

  113 

Second, we can test extremely dangerous situations such as hand-overs preceding 
crashes that would be unethical to test on the road. Third, we can measure behavior 
in-depth with multiple measures including eye-gaze, physiology, preferences, and 
driving performance. Finally, meta-reviews have demonstrated that situations that 
are shown to be dangerous in simulator conditions are also dangerous on the road 
(Caird, Willness, Steel, & Scialfa, 2008; Horrey & Wickens, 2006). However, the effect 
size of the performance decline can differ between the two situations. A specific 
prediction that our work makes for the regular road is that pre-alerts can be beneficial, 
but also that even an interval of twenty seconds might not be enough to respond 
appropriately to an incident in a handover situation. This is particularly the case 
because everyday traffic is more diverse and perhaps less predictable than our 
simulator scenarios. 

5.5.3 Implications for design 

Our findings suggest that pre-alerts can be helpful in managing handover 
situations. This opens up a large space of future work that explores what the exact 
nature of pre- alerts can be. Below, we discuss some relevant parameters. 

Convey urgency 

Our results suggest that pre-alerts should provide a sense of urgency (cf. 
Janssen et al., 2014; Politis et al., 2015), as in our increasing pulse pre-alert. However, 
there is still a wide design space to explore regarding exact choices. Relevant 
parameters include the exact length and timing of the pre-alert, the modality of the 
pre-alert, and the ability to perhaps also turn a pre-alert off. 

Encoding more information in pre-alerts 

Our pre-alert only used beeps to indicate that handover had to take place. 
However, it might be beneficial to also inform the user about why the pre-alert is 
raised (for example, is a sensor not working, does the car notice traffic), and what 
concrete actions they are to take (e.g., "Scan your surroundings to see whether you 
can come to a stop, or can go to another lane"). Preceding work has suggested that 
such concrete alerts are helpful in the automotive domain (Iqbal et al., 2011). We also 
used only one modality (audio) for the alert. Exploring multimodal alerts may result 
in better outcomes (Walch et al., 2015). 
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Balance effectiveness with less annoyance 

Although the increasing pulse pre-alert trended to be slightly more effective 
out of the two pre-alerts, many drivers did not like it because it appeared to be 
annoying. Although the primary function of an alert is to increase safety, a distaste of 
the pre-alert might disrupt drivers too much. This would also counter two of the 
benefits of the pre-alert: to allow time to finish a task and to get in a low workload, low 
stress state. Future work should explore how design can counter this. 

Timing of pre-alerts 

While we selected a fixed time interval for the pre-alert (20 s before the 
handover) the timing could also be made dynamic depending on the type of event, 
level of distraction of the driver, and complexity of the required action. Dynamic 
timing helps address situations where a pre-alert occurring too early may diminish its 
urgency, or a pre-alert occurring too late may be deemed useless. 

Although our focus has been on the automotive domain, our results can also be 
applied to other domains in which there is (A) shared control between humans and 
systems and (B) potential distraction. The implication there is that a pre-alert can 
benefit the shift of control from system to user. Our results suggest that pre-alerts that 
convey urgency, such as our increasing pulse pre-alert, are valuable. However, for 
each domain more tests are needed to determine the timing of these pre-alerts. This 
should take into account (1) the remnant effects of distraction (Strayer et al., 2015), 
(2) the time needed to finish any preceding task, and (3) the time that is needed to gain 
situational awareness in the domain at hand. 

5.5.4 Limitations & Future work 

We conducted our work in a driving simulator to allow for an in-depth study of 
human behavior, in an environment where the users cannot incur harm, but that is 
known from meta-reviews to translate to everyday driving (Caird et al., 2008; Horrey 
& Wickens, 2006). However, this also has limitations. First, there are no real risks for 
drivers and they might therefore have acted slightly riskier than in normal life. 
Second, given the experimental set-up, they might have anticipated some incidents 
and hand-overs which lowered response times compared to driving on the road. In 
everyday life, alerts might be rarer (Wolfe et al., 2007), which impacts response time. 
Third, the study was measured over a relatively short interval (90 minutes per 
participant) with various incidents, whereas normal driving has incidents less 
frequently. These limitations do not differ from other valuable driver distraction 
studies that used simulators, but are to be taken into account nonetheless.  
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The pre-alerts that we tested were limited in scope. We have discussed relevant 
parameters to explore. Some specific limitations are the following. First, the use of 
other modalities and multi-modal pre-alerts (cf. Politis, Brewster, & Pollick, 2014a; 
Politis, Brewster, & Pollick, 2013; Politis et al., 2015) needs to be tested. Second, we 
did not test voice-based commands despite their potential (e.g. Jeon, Gable, & 
Davidson, 2015; Politis, Brewster, & Pollick, 2014b; Politis et al., 2015). Finally, our 
drivers were not able to turn off the pre-alert, whereas this might be a relevant option 
in real cars, for example, to signal to the car that you noticed the pre-alert. 

In our measurements we have tried to give a detailed description of human 
behavior. However, there is room to go even more detailed. First, our physiological 
state results were subtle and need to be replicated before solid conclusions can be 
drawn. Second, our eye-tracking results gave insight in whether and when drivers 
looked at the road, but more detailed analyses regarding where they look would also 
be beneficial (i.e., to understand what information people gather, what information 
they might have overlooked). 

Finally, in our study we tested technology based on what technology looks like 
today (e.g., the Tesla model S) and predictions of what future states of shared control 
are possible (e.g., see Gasser & Westhoff, 2012; SAE International, 2014). However, 
the history of HCI has shown that interaction between humans and technology can 
change when disruptive technologies are introduced (e.g., GUIs, touch screens, 
smartphones). Similarly, currently unanticipated developments in the automotive 
domain may arise that might fundamentally change the interaction between drivers 
and cars. This might be particularly the case if fully automated cars without handover 
are developed (e.g., as in the Google vision). However, until that day we benefit from 
a basic understanding of human capacity (e.g., when do humans pay attention, how 
distracting is technology?). 

5.6 Conclusion 

Our results show that semi-autonomous cars benefit from pre-alerts that warn 
for a future handover situation. In particular, pre-alerts that reflect urgency, such as 
an increasing pulse signal, show high promise.  
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Abstract 

We investigate how quickly drivers can change lanes in response to a visual in-
car warning. Our work is motivated by technological developments, in which beacons 
along the road can trigger in-car warnings, for example when a driver is approaching 
a lane closure. What is not known, however, is at what distance such an in-car 
warning still allows for a timely lane change. We measured how quickly drivers 
respond to a visual in-car warning in a driving simulator. The driving task was 
combined with an audio task that provided different levels of cognitive distraction. 
We found that the initial reaction time to in-car warnings was significantly larger for 
drivers that were distracted by the audio task. Although the majority of drivers 
responded in time for a safe lane change, some drivers occasionally missed these 
signals, pointing at a serious potential hazard. Indeed, the results of a simulation 
model, used to investigate how this might extrapolate to regular traffic conditions, 
suggest that around 50% of drivers might not make a timely lane change in response 
to a last-minute warning. This indicates that these signals might be insufficient on 
their own when applied in the real world. This work can inform the design and 
evaluation of safer roads and in-car interfaces.  
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6.1 Introduction 

Roadwork sites have a higher crash rate than the same roads without 
roadworks (Khattak, Khattak, & Council, 2002). For example, a meta-review of 
accidents in the Netherlands (Van Gent, 2007) suggests that a failure to miss 
roadwork signs can result in various accidents such as rear-end collisions and 
crashing into roadwork safety trailers. Given the safety risks of such accidents, it is 
important to consider ways to prevent them. 

One option to potentially reduce these accidents is the use of in-car technology 
to timely signal a critical event, such as an upcoming lane closure, to the driver. A 
specific technology that has been identified for this effort is to place beacons that can 
transmit wireless messages to cars equipped with an appropriate receiver (cf. IEEE, 
2010). This technology can be used to display visual warnings in a car and as such 
allows for warning a driver for an upcoming traffic event. These beacons could be used 
on roadwork safety trailers (Figure 6.1) to inform drivers of an upcoming lane closure.  

 
Figure 6.1. Roadwork safety trailer. Used with permission from Rijkswaterstaat. Source: 
https://beeldbank.rws.nl, Rijkswaterstaat 

 
What is unknown, however, is whether an additional warning within the reach 

of the trailer beacon would allow the driver sufficient time to make a timely, and safe 
lane change. Current estimates of the reach of such beacons is approximately 500 
meters (Gozálvez, Sepulcre, & Bauza 2012; Paier, Faetani, & Mecklenbrauker, 2010). 
Moreover, in some countries like the Netherlands these roadwork trailers are also 
preceded by portable rumble strips (also known as sleeper lines), which serve as a 
tactile warning and are the last resort to warn people to change lanes. Usage of rumble 
strips is prescribed by guidelines (e.g., for the Netherlands these are: CROW, 2013). In 
the Netherlands rumble strips are placed 150 meters before the trailer, which already 
takes up 150 meters of the beacon’s reach. In effect, usage of rumble strips reduces 
the distance to make a lane change after receiving the in-car signal to 350 meters (500 
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- 150 meters), as also shown in Figure 6.2. However, is this enough distance to make 
a fast and safe lane change? We investigate this in the current study, by studying how 
fast drivers are able to respond to a sudden in-car warning that informs them about 
upcoming roadwork.  

 
Figure 6.2. A typical roadwork scenario as you can encounter it in the Netherlands: a beacon, placed 
on a roadworks trailer, warns for an upcoming lane change. Distances can be expressed relative to 
the trailer and relative to the location where the car first received the warning, as determined by the 
beacon’s reach (i.e., 500 m). Please note that in Dutch roadwork scenarios, a trailer is typically 
preceded by rumble strips. Our experiment provides a controlled version of this scenario, in which a 
warning is given, but no trailer or rumble strips are visible to the participant.  

 
More specifically, we investigated lane change performance while placing 

drivers under different levels of cognitive distraction using an audio task (cf. Kunar, 
Carter, Cohen, & Horowitz 2008). Previous naturalistic driving studies have shown 
that drivers are distracted by various tasks such as eating, smoking, conversations, 
and making phone calls (Dingus et al., 2016; Klauer et al., 2014), similar to how 
distraction plays a role in many other professional and private situations (e.g., 
Janssen, Gould, Li, Brumby, & Cox, 2015). Even tasks that do not require you to take 
your hands off the wheel, such as holding a conversation (e.g., Iqbal, Ju, & Horvitz, 
2010; Janssen, Iqbal, & Ju, 2014) or responding to cued words (e.g., Kunar et al., 2008; 
Strayer & Johnston, 2001), can distract from driving and result in longer response 
times. In effect, such distractions lead to a higher accident risk (Dingus et al., 2016; 
Klauer et al., 2014). It is therefore important that the performance of changing lanes 
within a distance of 350 meters is investigated under different levels of cognitive 
distraction. 
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6.1.1 Preceding studies on lane changing 

Lane changing is, next to lane keeping, a common practice on motorways. A 
lane change is defined as a driver maneuver that moves a vehicle from one lane to 
another where both lanes have the same direction of travel (Fitch, Lee, Klauer, 
Hankey, & Sudweeks, 2009). Lane change has been the topic of several studies (e.g., 
Finnegan & Green, 1990; Hetrick, 1997; Wakasugi, 2005) in which, for example, 
timings, crash rate, and the use of indicators has been studied. 

The Human Factors Guideline for Safer Road Infrastructure states that a lane 
change can be split up in two stages: an orientation and an approach stage. Each stage 
takes around 2-3 s before actual movement is initiated (Birth, Pflaumbaum, Potzel, & 
Sieber, 2009). However, in practice multiple action stages can be identified such as 
checking the mirrors, shoulder check, indicating direction of the lane change, and 
making a steering movement. Under some circumstances, a lane change could also 
involve braking or accelerating (e.g., to avoid crashing into a car that unexpectedly 
gets in a driver’s lane). 

In our simulator study, we look at the most basic version of a lane change, 
which consists of just the steering action. Our motivation for this choice is that 
measuring this action provides an estimate of the minimum time that is needed to 
change lanes. If even this minimum time is not sufficient to change within 350 to 500 
meters (our context of interest), then this suggests that actual implementation of 
systems that require a lane change within 350 to 500 meters might need to be 
reconsidered. 

6.1.2 Intended contribution and overview 

The intended contribution of this work is twofold. First, we gain more 
theoretical insight on lane change behavior. Second, a practical contribution is to 
identify whether this lane change time is sufficient in our context of interest: beacons 
that provide a lane change alert 500 meters before a roadworks site and 350 m before 
rumble strips appear. This investigation is particularly needed, as 350 m is a lot 
shorter than current guidelines that are used in Dutch road design (Dubbeldam, 2007; 
Kroon, Brookhuis, Hagenzieker, & Martens 2014) allow (namely: around 675 m). 
Stated differently, our work can inform the evaluation of these guidelines in the face 
of new technology. 

In this study we use a visual signal to deliver an alert. Although other types of 
alerts are possible in everyday systems (e.g., auditory alerts), we chose for a visual 
alert, for practical reasons. Our distracting task (discussed next) was presented 
auditory, and we did not want direct competition for cognitive resources (cf. Wickens, 
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2002, 2008). By separating visual signals (lane change warning) from auditory signals 
(secondary task), we minimize such interference. 

In the remainder of this document, we will outline our driving simulator study 
in which we test how much time drivers need to react (i.e., a plain steering action 
without mirror checking or other gaze behavior) to an in-car signal and change lanes. 
After we present our empirical results, we use empirical data from Robinson and 
colleagues (Robinson, Erickson, Thurston, & Clark, 1972) to predict how these results 
would extend to real traffic situations where there is (need for) gaze behavior. 
Robinson and colleagues made detailed measurements of eye-gaze under different 
traffic conditions, which we apply to see how much longer lane changes are expected 
to last when made under traffic conditions. Hence, this simple model allows us to 
interpret how our empirical results might scale to an on the road situation where a 
lane change involves more steps, for example due to the presence of other traffic and 
the need for mirror- and shoulder checks. 

6.2 Method 

We tested how quickly drivers react to a visual in-car warning in a driving 
simulator set-up. Participants had to change lanes after receiving a visual in-car 
warning of an upcoming lane closure. We combined this lane change task with an 
audio task that created different levels of central cognitive interference: no audio task, 
simply repeating a word, or generating a word based on the last letter of the audio 
stimulus word (Iqbal et al., 2010; Kunar et al., 2008; Strayer & Johnston, 2009). Since 
in-car and external distraction is diverse (Dingus et al., 2016; Klauer et al., 2014), we 
chose this audio task as it is known to create central interference (Kunar et al., 2008; 
Strayer & Johnston, 2009). Central interference is independent of the modality of the 
task interaction (e.g., is not specific to visual, manual, or auditory interaction). By 
studying central interference, our setting therefore generalizes to various task 
interaction and modality settings. Such generalization is needed, given the diverse 
types of tasks that drivers perform in their cars (Dingus et al., 2016; Klauer et al., 
2014). 

6.2.1 Participants 

Twenty-four participants (9 women; 15 men) ranging in age from 28 to 70 
years (M = 46.5 years, SD = 12.4 years) were recruited by a recruiting company using 
quota sampling. The sample matches the distributions of highway drivers in the 
Netherlands on age, gender and yearly driving distance as found in a population-
based study (CBS, 2013). Each participant had a driver’s license for at least 3 years, 
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drove at least 5,000 km per year (M = 14,000 km), and had normal or corrected-to-
normal vision. Only Dutch native speakers were recruited as the test involved verbal 
reaction to the audio task in Dutch. Participants self-reported to have not visual or 
auditory difficulties. All participants gave written informed consent, and were 
compensated with 35 euro. 

 

A.                B.                C. 
Figure 6.3. A: Driving simulator hardware setup, B: Simulated highway, with the simulated navigation 
display situated in the bottom right, C: Close-up of the simulated navigation device with closed lanes 
warning. 

6.2.2 Material & Stimuli 

Participants sat on an adjustable fixed chair in front of a Logitech G27 racing 
wheel and a 29” monitor (see Figure 6.3A). In both single and dual-task condition the 
lane change performance was studied in the context of a visual warning. In the dual-task 
trials, participants were asked to steer a simulated car while performing an audio task 
at the same time. We will explain these individual tasks next. 

 
Driving task. The driving task was developed in a modified version of OpenDS 

2.53. OpenDS (Math, Mahr, Moniri, & Müller, 2013) has been applied in over 40 
psychological studies worldwide (See http://opends.de/community/studies-using-
opends). The driving task was to stay in the middle lane (3.5 m wide) of a straight 
three-lane highway. A simulated navigation system was shown at the bottom right of 
the screen (see Figure 6.3B). This representation approximates the size of a Dutch 
navigation system. The symbols (visual cues) were about 1 degree in visual angle. 
When a lane closure was imminent, the interface showed which lanes were closed (red 
crosses), following symbols that are used on Dutch highways to indicate closed lanes. 
Participants were instructed to change to the open lane once they noticed the alert. 

 
3 We changed the physics of the default OpenDS implementation of a car, such that our car would 

accelerate instantly instead of gradually. 
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The open lane was either to the left or the right of the central lane. The visual cue for 
lane closure was only shown on the interface, not on the road. 

The car drove at a constant speed of either 80 km/h or 130 km/h (on Dutch 
highways the maximum speed is always between these values). Within a block of 
trials, participants changed lanes 6 times (half left, half right). For each lane change a 
trajectory of 1000 m was used. The upcoming lane closure was signaled at one of six 
locations (225, 275, 325, 375, 425 or 475 meters after trial start), which were balanced 
over trials and subjects. At the end of each trial the car was automatically reset to the 
middle lane to begin a new trial, and the navigation screen was cleared (showing only 
a green background).  

 
Audio task. We compared lane change performance in reaction to a visual 

warning in single-task driving to two situations where an audio task created 
distraction. The audio task is similar to the verb-generation task that is commonly 
used in psychology (Abdullaev & Posner, 1998; e.g., Snyder, Abdullaev, Posner, & 
Raichle, 1995) and is a task that is known to result in central interference in cognitive 
processing (Kunar et al., 2008; Strayer & Johnston, 2009). In both our audio 
conditions (i.e., repeat and generate), participants heard a stream of words, presented 
at a steady pace of 1 word every 4 s. In the repeat condition, participants simply had 
to repeat the word they heard. In the generate condition, participants had to respond 
with a new word that started with the last letter of the word they heard. For example, 
if they heard “plot”, they could respond with “top”. Previous work has suggested that 
the generate condition creates more central cognitive interference compared to the 
repeat condition in dual-task situations (cf. Kunar et al., 2008; Strayer & Johnston, 
2009). 

To generate the word set, we selected 4 letter Dutch words from an online 
database (www.woordenraden.nl). For each letter of the alphabet, we identified a set 
of words that started with that letter. There were no words that started with Q or V. 
From the initial set, we then manually removed words that were uncommon in Dutch 
language, or emotionally loaded, as judged by the experimenter. If more than 20 
words remained for a particular starting letter, at most 20 words were selected. For 
some letters (e.g., words starting with 'x') fewer words remained. The final set 
consisted of 315 words. 

The words were converted to audio via a text to speech processor and were 
played over headphones. The participants’ vocal response was recorded with the 
headphone's microphone. Recording was done in two separate streams: one stimulus 
stream and one response stream. In addition, the experiment leader used a paper form 
to keep track of which words had an incorrect response or other error. This detailed 
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multi-faceted recording allowed for accurate offline evaluation of time intervals 
between word presentation and first response. 

 
Subjective experience. After each condition, subjective experience was assessed 

using raw TLX (Hart & Staveland, 1988).  

6.2.3 Design 

We used a 2 (Driving speed: 80 km/h, 130 km/h) x 3 (Audio task: No audio, 
Repeat, Generate) within-subjects design. Conditions were blocked by speed level. 
Half the participants started with 80 km/h, the other with 130 km/h. Within each 
speed condition, participants completed all audio conditions in a blocked fashion. All 
participants started with the no audio condition. This was followed by the repeat and 
generate condition, of which the order was counterbalanced. The order of audio 
conditions that was used for the first speed level, was also used for the second speed 
level.  

6.2.4 Procedure 

Upon arrival, the procedure was explained and an informed consent form was 
read and signed. Next, all tasks were practiced to ensure that participants were 
familiar with them. First, the repeat and generate audio task were practiced with ten 
samples each. Second, participants practiced two single-task driving trials for the 130 
km/h speed level and followed by one dual task trial.  

Participants then performed six experimental blocks. After each block, 
participants filled out the TLX questionnaire. Finally, participants completed 20 
single-task audio trials (10 repeat and 10 generate trials), to assess single-task audio 
performance. The total procedure took approximately 70 minutes. Participants were 
allowed to take short breaks in between blocks. 

6.2.5 Measurements 

We were interested in how lane change times change as a function of driving 
speed (80 km/h vs 130 km/h) and the amount of distraction (no audio, repeat, 
generate). To this end, we analyzed four facets of behavior: 

1. Initial reaction time was defined as the time it took before the first steering 
movement exceeding 1 degree was made (T1 in Figure 6.4) relative to the onset 
of the in-car warning (T0). The initial reaction time is a proxy of how long it 
takes drivers to initiate a lane change after first stimulus onset. For each 
condition, we calculated drivers’ mean initial reaction time.  
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2. Lane change distance was defined as the distance that was traveled between 
when the in-car warning showed (T0) and the moment at which the car was 
fully in the target lane (T2). The criterion for considering the car to be fully in 
the target lane was that the full body of the car passed the center of the lane 
markings. Note that the simulator only logged the timestamp of the lane 
change (i.e., T2), not the distance. The distance was calculated based on the 
known constant speed and the measured lane change time. 

3. Audio reaction time was measured as the time it took to respond after an audio 
cue was played, as a proxy of cognitive distraction. We used the two audio 
streams for this analysis: a stream that recorded the audio stimuli and a stream 
that recorded the participants' vocal responses. Both streams were stored in 
one file and thereby synced in time. Audacity (audacity.sourceforge.net) was 
used to automate the search of audio responses. A threshold of 20dB was used 
to discriminate silence (including slight noise) from audio responses. The 
automated procedure only detected audio responses that were at least 1.5 
seconds apart within the same audio stream. After the automatic detection, 
each response stream was checked and corrected manually for artifacts such as 
“Uhhh”, loud breathing, and coughs. In cases where there was no audio 
response to a stimulus, this stimulus-response pair was removed from the 
analysis. For three participants, this analysis was hindered by continuous loud 
breathing (i.e., which connected multiple sound fragments). These 
participants were removed from the audio analysis.  

4. Subjective workload was measured using the TLX questionnaire, where 
participants scored their workload on a scale from 1 to 20 on various subscales 
(Hart & Staveland, 1988). We analyzed the score on the mental demand 
subscale. 
Unless otherwise indicated, all metrics were analyzed using a 2 (Driving speed: 

80, 130 km/h) x 3 (audio condition: none, repeat, generate) analysis of variance 
(ANOVA) with an alpha of .05 for significance. Holm-Bonferroni-corrected post-hoc 
tests were applied in the case of pairwise comparisons. 

For some trials, the simulator output indicated that participants failed to 
change lanes within the maximum measurement time (10 seconds). For the analysis 
of initial reaction time (T1-T0), these trials were removed. However, for the metric of 
lane change distance, we replayed video clips of individual trials to verify the cause of 
the miss. In cases where participants simply did not change lanes (7 trials) or had not 
fully changed lanes before the measurement ended (11 trials), total lane change times 
(T2-T0 in Figure 6.4) were set to the total measurement time: 10 seconds. This can be 
considered a minimum estimate of how slow drivers respond to an in-car warning, as 
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the longest reaction time is hard-coded to 10 seconds (i.e., if the trial finished later, 
then reaction time might have taken even longer). 

 

Figure 6.4. Measurements overview showing the critical timestamps in the experiment. At T0 the 
visual warning is first presented. At T1, the participant makes the first (bigger) steering action. At T2 
the car is fully in the target lane. 

 
6.3 Results 

6.3.1 Initial reaction time (T1-T0) 

Figure 6.5A presents the initial reaction time in all conditions (i.e. time interval 
T1 – T0 in Figure 6.4). There is a significant effect of the generation task on reaction 
time, F(2,46) = 8.398, p = < .001, 𝜂!" = .27. A post-hoc test confirmed that reaction times 
were longer in the generate condition (M = 1.52 s, SD = 0.52 s), compared to the repeat 
(M = 1.25 s, SD = 0.30 s, p = .006) and the no-audio condition (M = 1.24 s, SD = 0.30 s, p 
= .006). There was no significant difference between the no-audio and repeat condition 
(p = .90). The initial reaction time at 80 km/h (M = 1.33 s, SD = 0.45 s) was not 
significantly different from that at 130 km/h (M = 1.35 s, SD = 0.37 s), F(1,23) = .042, 
p > .1. There was no significant interaction between speed and audio condition, 
F(2,46) = 0.803, p > .1. 

6.3.2 Lane change distance (distance covered during T0 until T2) 

Figure 6.5B shows average lane change distance. Overall, the lane change 
distance was significantly shorter at 80 km/h (M = 101 m, SD = 17 m) than at 130 km/h 
(M = 140 m, SD = 31 m), F(1,23) = 80.96, p < .001, 𝜂!" = .78. There was also a significant 
effect of audio condition, F(2,46) = 3.434, p = .041, 𝜂!" = .13. Although the mean lane 
change distance was largest in the generate condition, a post-hoc test did not find any 
significant difference between the generate (M = 127 m, SD = 35 m), repeat, (M = 117 
m, SD = 29 m) and no audio condition (M = 116 m, SD = 30 m) (all p > .1) There was no 
significant interaction between speed and audio condition, F(2,46) = 0.686, p > .1. 
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Figure 6.5. A: Bar graph of the average initial reaction time (T1). The graph shows that participants 
react significantly slower in the generate condition compared to no audio and repeat. B: Bar graph of 
total average lane change distance (at T2) in different conditions. C: Bar graph of the average audio 
reaction time to the different audio conditions. Responses took longer in the generate condition 
compared to the repeat condition. D: Bar graph of the average indicated perceived mental load by 
participants. The generate condition was perceived significantly higher on mental load compared to 
the repeat and the no audio condition. All error bars indicate standardized error of the mean. 
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6.3.3 Audio reaction time 

Figure 6.5C shows the average reaction time on the audio task. The audio data 
was analyzed using a 2 (audio condition: repeat or generate) x 2 (driving speed: 80, 
130 km/h) ANOVA. The average audio reaction time was significantly higher for the 
generate condition (M = 1.7 s, SD = 0.3 s) compared to the repeat condition (M = 0.6 s, 
SD = 0.1 s), F(1,20) = 440.9, p < .001, 𝜂!"	= .96. There was no significant difference 
between the two driving speeds F(1,20) = 1.04, p > .1. There was also no significant 
interaction between audio condition and driving speed, F(1,20) = 0.33, p > .1. 

 We performed an additional 2 (audio condition: repeat or generate) x 2 
(number of tasks: single- or dual-task) ANOVA to test whether dual-task audio 
reaction time differed from single-task audio reaction time. Again, audio reaction 
time was significantly higher for the generate condition (M = 1.7 s, SD = 0.3 s) 
compared to the repeat condition (M = 0.6 s, SD = 0.1 s), F(1,20) = 333.4, p < .001, 𝜂!"	= 
.94. We also found a significant effect of the number of tasks, F(1,20) = 11.96, p = .002, 
𝜂!"	= .37. However, there was also a significant interaction between audio condition 
and number of tasks, F(1,20) = 21.22, p < .001, 𝜂!" = .51. Post-hoc tests show that for 
the generate condition, performance is significantly slower in the dual-task compared 
to the single-task condition (p < .001). However, for the repeat condition there was no 
significant difference between single- and dual-task (p > .1). Taken together, these 
differences are consistent with the literature that generating new words is more 
demanding than repeating a word and therefore causes more dual-task interference 
(Kunar et al., 2008; Strayer & Johnston, 2001). 

6.3.4 Perceived mental load (subjective) 

Figure 6.5D shows the perceived mental load indicated on the raw TLX 
questionnaire. There was a significant difference between the three audio conditions 
on perceived mental load, F(2,46) = 37.71, p < .001, 𝜂!" = .62. A post-hoc test showed 
that perceived load was significantly higher in the generate (M = 8.4, SD = 4.7) 
compared to the repeat condition (M = 5.2, SD = 4.0; p < .001), load was also 
significantly higher in the generate condition compared to the no-audio condition (M 
= 6.4, SD = 4.6; p < .001). However, there was no significant difference between repeat 
and no-audio (p > .1). There was also a significant effect of driving speed on perceived 
mental load, F(1,23) = 5.189, p = .003, 𝜂!" = .18. Mental load while driving at 130 km/h 
is significantly higher (M = 8.08, SD = 4.89) compared load at 80 km/h (M = 7.09, SD 
= 4.31). There was no significant interaction between speed and audio condition, 
F(2,46) = 0.722, p > .1. As can be seen in Figure 6.5D, in general the perceived mental 
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load was lowest when the participant was not driving at all (solo audio condition – the 
two right-most bars).  

6.4 Discussion of results 

Taken together, the results present a coherent pattern. When drivers are 
distracted by a secondary task, the impact on lane changing depends on the nature of 
the secondary task. In particular, the generate task created more subjective workload 
(Figure 6.5D), increased reaction times on the audio task (Figure 6.5C), and in effect 
also delayed the initiation of a lane change (Figure 6.5A). This pattern is consistent 
with previous work that demonstrated in other dual-task settings that a word 
generate task is more distracting than a repeat task and a no-audio task (Kunar et al., 
2008; Strayer and Johnston, 2001). 

The distance that was traversed to complete a lane change (Figure 6.5B) was 
influenced by the speed of the car, but not by the type of distracting secondary task. 
An effect of secondary task might be lacking on this metric, because the effect that the 
secondary tasks have on initial reaction time is relatively small (around 300 ms) 
compared to the time it takes to complete a lane change (e.g., 3900 ms for 130 km/h, 
4500 ms for 80 km/h). Therefore, by the time the lane change is completed the initial 
difference might have been compensated for. The average lane change distance was 
well within the required distance of our context of interest (i.e., within 350 m). 
However, the traffic circumstances in the simulator were relatively ideal (i.e., no other 
traffic). In addition, as we will see next, there were some important individual 
variations.  

In our experimental study we had to control for other sources of variation such as 
mirror and shoulder checks, to allow more accurate measurement of the impact that 
auditory distraction might have on a lane change. Although this allowed for better 
detection of effects, we are aware that actual lane changes involve more steps. We will 
address these issues next using a simulation model where we integrate data from 
previous studies into our findings, this way we are able to get an idea of the effects of 
these additions to a more complete lane change task. The simulation model uses 
previous empirical data to account for these other known sources of variability, to 
make a projection of the expected distribution of lane change distances in less 
controlled (non-lab) environments.  
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6.4.1 Analysis and model prediction of distribution of distances 

Analysis of distribution of human data 

Our preceding analyses have focused on average reaction times and average 
lane change distances. For everyday life, however, it is not the average that matters, 
but the distribution of data – as the whole spectrum of drivers from slowest to fastest 
needs to be anticipated in the design of roads and technology. In particular, even if on 
average most drivers make a lane change on time, this is not a safe situation if one or 
more drivers does not make it and ends up in a crash. 

To understand the distribution of lane change distance data, Figure 6.6 shows 
a histogram of individual trial data, with one figure for all trials (i.e., showing all audio 
conditions) from the 80 km/h condition (top) and one for the 130 km/h condition 
(bottom). In this figure, the horizontal axis shows what distance is traveled before a 
lane change was completed, with 0 being the starting point at which the signal was 
given on the in-car device. In the scenario that we introduced in the introduction, a 
roadwork safety trailer would be standing at 500 meters, and this would be preceded 
by rumble strips at 350 meters (i.e., 150 meters before the roadwork safety trailer) 
(CROW, 2013). Both distances are highlighted with a vertical bar. Our measurement 
lasted for a total of 10 seconds after the warning was shown. The bump at the end of 
each distribution represents the measurements where people had not fully changed 
to the target lane at that point and where we took the full 10 seconds as value. These 
measurements (18 trials in total) would normally be part of the tails of the 
distributions, which is now absent due to the hard 10 second cutoff.  

As the figure shows, even in our relatively simple set-up with ‘ideal 
circumstances’ (e.g., no other traffic), in some trials drivers did not react in a timely 
manner to prevent driving over the rumble strips. Taken together, these data suggest 
that implementing a last resort signal at 500 meters before roadworks start might not 
be timely for at least some drivers. 
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Figure 6.6. Distribution of lane change distances since onset of the in-car signal (0 m). For 
comparison, we indicated the point at which a beacon is placed (500 m), the start of rumble strips 
(350 m) and the point at which our measurement stopped (361 m for 130 km/h, 222 m for 80 km/h; 
this is 10s after the onset of the lane change signal). The top figure shows distances when driving at 
80 km/h, the bottom figure shows distances for 130 km/h. 

6.4.2 Model Prediction of distance in real-traffic 

The above scenario is relatively simple. For example, there is no other traffic 
and therefore no need to look in the mirrors and to signal a lane change before 
changing. In real traffic, these steps would be necessary. We therefore investigated 
what the impact of these steps is using a simulation model that takes these steps into 
account. The use of simulation models to predict human behavior in traffic situations 
is valuable (e.g., Brumby, Janssen, Kujala, & Salvucci, 2018; Horrey & Wickens, 2006; 
Janssen & Brumby, 2010; Janssen, Brumby, & Garnett, 2012; Salvucci, 2001; Salvucci 
et al., 2007). One advantage of such models is that they can give new insights about 
situations that are challenging to observe in everyday life, for example because they 
concern rare events. Moreover, models can give an indication of how likely such 
scenarios or rare events are to occur 

The starting point of our model is the article by Robinson and colleagues 
(1972), who measured lane-change times on the highway for eight drivers that drove 
at a slow speed (48 km/h). The researchers explicitly assessed the time that each 
aspect of visual search, related to the lane change, took: looking in the mirrors, 
making a head-movement to check for other traffic, and remaining visual search time 
(see Table 3 in Robinson et al., 1972). For our analysis, we took the data for a scenario 
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with other traffic when merging to the left (M = 6.10 s, SD = 0.56 s) or to the right (M 
= 4.53 s, SD = 0.30 s). 

We then ran Monte Carlo simulations to estimate the resulting lane change 
times when our human data of 80 km/h and 130 km/h would be combined with the 
estimated glance times from Robinson and colleagues. For each speed condition and 
each turn direction (left or right), we ran 100,000 simulations. For each simulation, 
we took a random data point from our experimental data of that speed condition, and 
combined this with a sample that was drawn from the distribution of the 
corresponding turn direction as measured by Robinson and colleagues (e.g., a normal 
distribution with M = 6.10 s, SD = 0.56 s for left turns). This resulted in four datasets 
with 100,000 duration estimates each. Using the driving speed, these lane change 
times were then transformed in lane change distances (expressed in meters). 

 

 

Figure 6.7. Histogram of model predictions of lane change distances when making a turn to the left 
(left plots) or right (right plots) at 80 km/h (top plots) and at 130 km/h (bottom plots). A red solid bar 
indicates the location of the roadworks (500 m after signal onset) and dashed orange line indicates 
the location of the rumble strips (350 m). 
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Figure 6.7 shows the resulting distributions. The top figure shows data for the 
80 km/h condition, the bottom row for the 130 km/h condition. The left plots show 
data for changing lanes to the left, the right plots show data for changing to the right. 
Each figure again plots a line for the location of the roadworks (500 m; red solid line) 
and of the rumble strips (350 m; orange dashed line). 

When comparing Figure 6.7 to Figure 6.6, it becomes apparent that the added 
glance times have shifted all distributions further to the right. At 80 km/h (top), 
between 1% (right lane change) and 2% (left) of the simulated data points crossed the 
350 m border (rumble strips), and none crossed the 500 m border. 

For the 130 km/h condition, results are more dramatic. The 350m border is 
crossed by between 42% (right lane change) and 53% (left) of the simulated data 
points. The simulation predicts that the roadwork safety trailer (500 m) would even 
have been hit by between 3% (right lane change) and 5% (left lane change) of the 
instances. 

Using these simulations, we can also get a better estimate of the minimum 
distance at which one would need to place the rumble strips such that no driver (in 
this case: no simulation) might hit them. This is the furthest distance after which the 
model might have changed in time. In our simulation, this was 618 m. Assuming that 
a roadwork safety trailer is placed 150 m further down the road (compared to where 
the rumble strips starts), an in-car signal would need to be received at least 770 m 
before the position of the roadwork safety trailer. 

As these data are based on simulations, the exact values are less informative 
than the general trend in the data. The trend is very consistent: in situations where 
drivers rely on the last-minute warning, sending this warning 500 m before the 
roadwork safety trailer will not be early enough for over 50% of the drivers. In order 
to make a safe situation, the distance between the signal and the roadwork safety 
trailer needs to be increased with over 50% of the current technological estimated 
capacity (Gozálvez et al., 2012; Paier et al., 2010): from 500 m to 770 m. 

Even this estimate might still be a minimum for three reasons. First, whether 
one can change lanes will also depend on how much traffic is present. Changing lanes 
on a busy road can take more time. This is included implicitly in our model, as the 
model sampled from a distribution of data that included other traffic (Robinson et al., 
1972). This same article showed that changing lanes took at least 1 second longer 
when other traffic is present (the data we used) compared to when no traffic was 
present. However, as traffic volume increases, this time might increase further. 
Second, in our dataset some participants did not change lanes within the given time 
frame. We assigned a lane change time of 10 seconds to these cases, but in reality, this 
might be more. In Figure 6.7 these data points lead to the slightly higher bump at the 
far end of the tail of the distribution. In reality, this tail would be distributed over 
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points to the right of it. Third, and finally, in our experiment participants knew that 
they would have to change lanes in every trial. This is not always the case in real 
driving. 

6.5 General discussion 

We investigated how fast drivers respond to visual in-car warnings. Our 
experimental results demonstrate that although participants in general were able to 
change lanes in time (i.e., within 350 m after receiving an in-car warning), there were 
also participants that missed these warnings (see Figure 6.6). In practice, such 
participants would have hit the rumble strips. In our experimental results, the misses 
happened both in conditions where drivers were performing a secondary audio task, 
and in the condition where they were not. 

A model simulation suggests that under real traffic conditions, the estimated 
number might be even higher: over 50% of drivers might not have enough time to 
make a lane change before they hit rumble strips, and around 3 to 5% of drivers might 
even hit the road works (see Figure 6.7). Although the exact number might be slightly 
different when measured on the road, as compared to the prediction of our model, the 
consistency of the findings in the model give us high confidence in our main 
conclusion that 500 meter is not sufficient time to change lanes. 

To prevent any accidents, the distance between the presentation of the in-car 
alert and the rumble strips needs to be around at least 620 meters. Hence the warning 
distance needs to be 770 meters (i.e., 620 + 150 after the rumble strips), since the 
warning is transmitted from the trailer, not from the rumble strip location. This 
contrasts with the way in-car signals can currently be implemented (cf. Gozálvez et 
al., 2012; Paier et al., 2010): on top of the first roadwork safety trailer (see 
introduction). Therefore, other alternatives need to be explored. 

Different levels of cognitive load were used to see how lane change times varied 
with distraction (cf. Kunar et al., 2008; Strayer & Johnston, 2001). We found that the 
type of distraction significantly affected the initial reaction time to an in-car warning. 
These results are in line with previous work (Kunar et al., 2008; Strayer & Johnston, 
2001). However, this previous work did not investigate how the impact of distraction 
continues after an initial reaction (i.e., after T1 in our study). We found that on 
average this difference did not persist in the total lane change time. This is most likely 
because the effect size of the differences between initial reaction times is small (300 
ms) compared to the time that the entire lane change takes (around 4.2 s). The 
expected impact on everyday driving of this effect is hard to anticipate: being 
distracted mostly seems to impact initial reaction to a signal (in our study: time 
between T0 and T1, see Figure 6.4). In cases where these delays are small (as in our 
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study), later actions (e.g., between T1 and T2) might be able to compensate for some 
delays. However, this might not be the case if the initial reaction time is delayed 
severely. 

6.5.1 Limitations and future work 

Our study has investigated reaction time in the context of a visual warning and 
auditory distraction. In real traffic, in-car (visual) warnings might have been preceded 
by other external or internal warnings (e.g., road signs, or early warnings such as 
described in Van der Heiden, Iqbal, & Janssen, 2017). Our work is meant to investigate 
what happens if the in-car warning is truly a last resort, which is one of the reasons 
such alerts are being designed. As the empirical and simulation results suggest, it 
might not be sufficient when a last resort warning is provided at 500 m distance from 
the road works. Future (empirical) work can study at how this changes when the 
signal is combined with other (on road or in-car) warnings. Moreover, such research 
could consider whether in these cases an additional signal might be confusing, 
conflicting, or distracting — for example, in cases where the driver has already 
changed lanes. 

The in-car alert in our study was only visual. We chose this modality, as it is 
relatively less invasive compared to for example an audio alert (e.g., Cao, Castronovo, 
Mahr, & Müller, 2009). This is important for our context, as an alert by itself might 
also distract the user. Specifically, if a driver has already changed lanes, then a strong 
(audio) alert that indicates a lane change might confuse them. Future work should 
look into how different modalities of alerting affect lane change capabilities (e.g., cf. 
Spence & Ho, 2008). In general, reaction times to an audio signal are expected to be 
relatively short, as it is hard to overlook because audio signals are omni-present. 
Moreover, in contrast to a visual stimulus, auditory stimuli do not overlap with the 
visual requirements of the driving task and therefore interfere less with the driving 
task (cf. Wickens, 2002; 2008). 

We found that there was no systematic effect of different levels of cognitive load 
on eventual lane change distance. This is due to the relatively small effect of initial 
reaction time. If a bigger sample of participants was used, or if the cognitive tasks were 
even more demanding, a stronger lasting effect of the interfering task might have 
been found. Future work can explore how further methods of varying load affect 
performance. 

6.5.2 Conclusion 

In-car warnings as a last resort to prevent a crash might be helpful. However, 
our work shows that such warnings should be given timely. Even in a simple lane 
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change set-up, a visual warning at 500 m before the incident is not sufficient for all 
drivers. It is therefore important to further consider whether and how technology can 
be used to provide such warnings in an even more timely fashion. 
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This thesis investigated susceptibility of the human brain to auditory signals 
under different (driving) conditions (Part I: Chapters 2-4), and the ability of humans 
to act on alerts in specific contexts (Part II: Chapters 5,6). Table 7.1 shows our 
original research question for each chapter and the main findings. 

In Part I, three experiments were conducted to answer the main question: 
“How susceptible are humans to auditory stimuli?” To answer this question, we 
measured electroencephalogram (EEG) Event-Related Potential (ERP) responses in an 
oddball paradigm in (automated) driving tasks and cognitive load inducing tasks. The 
main finding was that automated driving (Chapter 2, 4, see also Van der Heiden et al., 
2019) and cognitive load inducing tasks (Chapter 3, 4) can both reduce susceptibility 
to auditory alerts. 

Given this observation that auditory susceptibility is sometimes reduced and, 
more generally, to explore ways to support accurate human behavior while driving, 
in Part II, we explored interventions that might alleviate the associated potential 
problems. In the first experiment (Chapter 5; Van der Heiden, Iqbal, Janssen, 2017), 
we introduced early warnings, or pre-alerts, to allow drivers to anticipate a later acute 
imperative alert for an upcoming transition of control from the car to the human 
driver. The results showed that pre-alerts can support safer transitions of control. In 
the second experiment (Chapter 6; Van der Heiden, Janssen, Donker, & Merkx, 2019), 
we tested an intervention where visual in-car warnings were presented to indicate an 
upcoming, necessary lane change. Results showed that, on average, drivers were able 
to change lanes in time. However, at the same time, there are occasionally some 
drivers that did not respond in a timely manner.  

In the remainder of this chapter, the general findings and theoretical 
implications of Part I and Part II will be discussed, followed by a discussion of practical 
implications.  
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  Chapter Main research question Answer & main findings 
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2 Does automated driving reduce 

auditory susceptibility? 
Yes. 
Susceptibility is reduced 
during automated driving, but 
not as strong as during 
manual driving. A response 
requirement to an unrelated 
stimulus can increase 
susceptibility. 

3 Does cognitive load reduce 
auditory susceptibility? 

Yes. 
Cognitive load inducing 
tasks, even without 
visual/manual components, 
reduce auditory 
susceptibility. 

4 Does cognitive load during 
automated driving reduce 
auditory susceptibility? 

Yes. 
Auditory susceptibility is 
reduced by concurrent 
cognitive load and 
automated driving. 
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 II
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5 Can pre-alerts improve the 
transfer of control in semi-
automated vehicles? 

Yes. 
Pre-alerts make drivers gaze 
at the road earlier and allow 
for an earlier initiation of 
speed reduction to cope with 
challenging traffic demands. 

6 Do last-minute visual in-car 
warnings accommodate a 
timely lane change? 

No. 
On average, drivers are able 
to change within safe 
margins. However, outliers 
and computer simulations 
show that these signals 
might not always be 
sufficient on their own. 

Table 7.1. Main research questions and findings 
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7.1 Measuring susceptibility (Part I): Comparison of levels 
of auditory susceptibility across chapters 

Susceptibility to auditory alerts was investigated in three separate experiments 
(Chapters 2-4). Some conditions were relatively comparable (i.e., all studies have a 
baseline control, some have automated driving conditions, some cognitive tasks). 
Therefore, we can now reflect on the common divider and the differences between the 
results across chapters. In all three chapters EEG was used to measure auditory 
susceptibility. In Chapter 2 (Van der Heiden et al., 2018) we studied how auditory 
susceptibility is influenced by manual driving and automated driving. Following the 
design of Wester, Böcker, Volkerts, Verster, & Kenemans (2008), we also manipulated 
whether participants had a response requirement to a deviant tone (“active”) or no 
response requirement (“passive”). Chapter 3 studies the effect of cognitive load (verb 
generation task) on auditory susceptibility, as well as how this is influenced by the 
inter-stimulus interval between a stimulus of the cognitive task and the probe of the 
oddball task (0, 200, or 400 ms). Chapter 4 studies the combined effect of automated 
driving and concurrent cognitive load. Figure 7.1 and 7.2 show the results of Part I 
(Chapters 2-4) side by side. Figure 7.1 presents all fP3 levels over the three different 
studies. The barplot in Figure 7.2 shows one bar for each condition from each study. 

As is clear from Figure 7.2, the different studies show a consistent pattern 
driven by the induced cognitive load. That is, auditory susceptibility, as 
operationalized by fP3 amplitude, is consistently the highest under baseline 
conditions without any other task. The trend in the data is that under automated 
driving conditions, there is a slight reduction in fP3 amplitude. Although this only 
reached significance in Chapter 2, the trend is the same in Chapter 4. Moreover, the 
mean value of the fP3 response under automated driving in Chapter 4 (M = 9.9 µV) is 
comparable to that observed for automated driving in the active condition in Chapter 
2 (M = 9.5 µV). The strongest reduction in fP3 amplitude is observed during cognitive 
load inducing tasks (e.g., verb generation tasks in Chapters 3 and 4). Across the 
various versions that were used in Chapter 3 (manipulation of timing of stimulus) and 
Chapter 4 (repeat or generate version of the verb task), a mean value of around 5 to 6 
µV is observed. This is comparable to the values observed for manual driving under 
passive conditions in Chapter 2. In other words: cognitive tasks can reduce the 
susceptibility to auditory alerts as strongly as visual-manual tasks such as driving. 

Admittedly such comparisons across experiments should be carried out 
cautiously, because different experiments involve different samples (although from 
largely the same population), were conducted in different time period, and with partly 
different equipment.  
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Figure 7.1. fP3 results from Part I (Chapters 2 - 4) of the thesis. Each plot shows the average fP3 
difference wave from electrode FCz for each corresponding condition. The gray line at time point 0 
indicates the onset of the oddball probe. The fP3 peak location, which slightly differs per study, is 
indicated with a ribbon. The data within this 50 ms epoch are used for statistical analysis within the 
study. The average values per condition within the ribbon are also shown as barplot in Figure 7.2. For 
details on the different conditions, see the corresponding chapters.  
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Figure 7.2. fP3 peak activation for each condition in each of the three chapters (2-4) from Part I. Error 
bars show standard error of the mean. Chapter 2 is represented in two sets of bars. The first set of 
three bars represents the results for the active response requirement group (i.e., pressing a button 
after deviant sound presentation). The second set represents the results for the passive group, that 
did not have a response requirement. The third set of bars represent the results from Chapter 3, 
where apart from baseline, a verb generation task is presented either 0, 200 or 400 ms prior oddball 
probe onset. The fourth set of bars represent the results from Chapter 4. Apart from single task 
baseline (stationary) and automated, automated driving is separately combined with a noun repetition 
task and a verb generation task. For details on the different conditions, see the corresponding 
chapters. Clearly noticeable is the consistent pattern where baseline shows highest fP3 activation 
and fP3 decreases when more cognitive load is added.  
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7.2 Measuring susceptibility (Part I): Implications for 
theory 

The pattern in Figure 7.2 is consistent with observations in the literature, but 
also expands it. Specifically, in Chapter 2 we replicate the finding that fP3 response is 
reduced under visual-manual conditions (e.g., Allison & Polich, 2008; Massar, 
Wester, Volkerts, & Kenemans, 2010; Miller, Rietschel, McDonald, & Hatfield, 2011; 
Scheer, Bülthoff, & Chuang, 2016, 2018; Ullsperger, Freude, & Erdmann, 2001; 
Wester, Böcker, Volkerts, Verster, & Kenemans, 2008; Wester, 2009). We expand the 
existing knowledge as reported in the literature by demonstrating that fP3 is also 
reduced under automated driving conditions. 

Our novel finding in Chapters 3 and 4 is that the fP3 is reduced during cognitive 
load, without visual or manual components. This is consistent with previous 
literature that consistently has found a reduced fP3 during cognitive load (e.g., 
Allison & Polich, 2008; Miller et al., 2011; Ullsperger et al., 2001). However, those 
previous studies all used cognitive load inducing tasks that involved manual 
interaction or visual stimuli that went on continuously while fP3 was elicited by 
probes. Chapter 3 used a cognitive load inducing task to measure the effects of the 
thought process of generating a word. fP3 is reduced during this process compared to 
baseline. This shows that fP3 is reduced by cognitive load in the absence of manual 
interaction or visual stimuli. This effect was replicated in Chapter 4. 

In other words, the combined results from Chapters 2-4 suggests that cognitive 
load might be an important factor that influences fP3 response. This hypothesis has 
been suggested before in overview articles of fP3 studies (e.g., Polich, 2007), but 
required further evidence. The hypothesis that cognitive load reduces fP3 amplitude 
might also explain why there is a reduction of the fP3 under automated driving 
conditions without additional task (Chapter 2, and condition “automated” in Chapter 
4): Although no manual action is required of the participant under automated driving 
conditions, the visual stimulation seems to induce some cognitive load. Future work 
can explore further what this process might entail exactly. Whatever this will yield, 
the present results are consistent with perceptual-load theory (Murphy, Spence, & 
Dalton, 2017): Processing of task-irrelevant stimuli, however salient (e.g., novels), is 
reduced with increasing task load, at least in conditions of simulated (automated) 
driving and additional tasks (generating or repeating words). This also holds in on-
the-road driving conditions (Wester, 2009), but it remains to be seen how this works 
out when such unexpected and/ or salient stimuli inherently convey information 
relevant to driving (e.g., sirens, honking, brake lights in front of you). One clue in this 
respect is the fact that stimuli presented outside the focus of attention, but 
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nevertheless relevant to performance, elicit an fP3-like response that is actually 
stronger than that elicited by the same stimulus within the focus of attention 
(Logemann, Böcker, Deschamps, Kemner, & Kenemans 2014). 

In a similar vein, future work should explore what the effect is of different 
levels of cognitive load. Behavioral studies (including our own versions in Chapter 4 
and 6) have consistently shown that the generate condition takes longer to respond to 
than the repeat condition (Iqbal, Ju, & Horvitz, 2010; Kunar, Carter, Cohen, & 
Horowitz, 2008; Strayer & Johnston, 2001). Moreover, the generate task also creates 
more dual-task interference (Current Chapter 6; Iqbal et al., 2010; Kunar et al., 2008; 
Strayer & Johnston, 2001) and produces more frontal brain activity (Abdullaev & 
Posner, 1998; Bijl, De Bruin, Böcker, Kenemans, & Verbaten, 2007). This is commonly 
interpreted as that generating a verb creates more cognitive load compared to 
repeating a word. Despite this difference in load level, we did not find an effect on fP3 
response. 

As discussed in Chapter 4, there are at least two scenarios to explain this lack 
of effect. First, the lack of differential fP3 could reflect equal cognitive load in repeat 
and generate, but induced by response production in the former and by semantic 
search (preceding response production) in the latter. Second, as visible in Figure 4.5, 
the verbal response in the repeat condition overlaps, and therefore might mask the 
probe stimulus, which in effect this might result in a similar fP3 reduction. As also 
discussed in Chapter 4, one way to elucidate this in future research is to use delayed 
intervals between word stimulus and probe, also in the repeat condition. 

Given the reduction in susceptibility as indexed by fP3, can we also determine 
potential correlates at the behavioral or subjective level? One clue comes from the 
active condition in Chapter 2, in which occasional deviant tones had to be detected 
(and detection was indicated by button press). Although both the mean time needed 
to press the button and the mean within-subject variability of this reaction time (RT) 
were increased under driving relative to autonomous and stationary conditions, these 
differences were not statistically significant. This can be considered as being 
consistent with the pattern of RT results reported earlier: As for driving relative to 
stationary, Wester et al. (2008) found greater RT variability but no difference for mean 
RT; Wester (2009) found the reverse pattern; and Wester, Verster, Volkerts, Böcker, & 
Kenemans (2010) found no difference for either variable. Note that the mere 
introduction of the active condition enhanced fP3 in both driving and stationary 
conditions (present Chapter 2), or specifically in the driving condition (Wester et al., 
2008; Wester, 2009). Future studies are needed to explore his further, for example, by 
examining the correlation between driving-induced modulations of behavioral 
deviant detection and driving-induced reduction of fP3. 
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In addition, future work can explore the link between auditory susceptibility 
levels and other behavioral metrics of performance. This pertains to, for example, 
initial reaction time and brake response time (as in Chapter 5), and lane change time 
or distance (as in Chapter 6). Apart from variability and mean response time, studies 
can also look at outliers (see current Chapter 6), or missed responses and false alarms 
(in addition to RT and RT variability). Similarly, future work can explore how 
susceptibility relates to more subjective experience, such as experienced workload 
(Hart & Staveland, 1988) and trust (e.g., Mühl et al., 2019), and how such factors in 
turn influence user’s use of automation (Parasuraman & Riley, 1997). Another 
interesting venue concerns assessing the brain’s global activation level, as reflected in 
the power of EEG alpha waves. Alpha power has been shown to increase with 
prolonged driving (indicating decreasing activation), even when subjective activation 
increases (Schmidt et al., 2007). Alpha power has also been shown to predict failed 
detection of infrequent external signals up to about 15 seconds before the external 
signal is actually presented (O'Connell et al., 2009). An open question is therefore how 
alpha levels change under automated driving conditions. 

7.3 Testing interventions (Part II): Implications for theory 

In Part II, we explored behavioral metrics other than those examined in Part I. 
Chapter 5 (Van der Heiden et al., 2017) showed that drivers of semi-automated 
vehicles have better transitions of control, if they are forewarned of the transition by 
a so-called pre-alert. In trials where a pre-alert is present, human drivers tend to look 
at the road earlier and reduce their speed earlier and more gradually. Human drivers 
also tend to look at the road more regularly during conditions where a pre-alert is 
absent, which possibly impacts their performance on non-driving related tasks that 
they are performing. This shows that pre-alerts can contribute to safety when control 
is transferred from the system to the driver. Another recent independent study 
replicated the positive effects of pre-alerts, and additionally showed that pre-alerts 
worked better when they additionally cued the appropriate action (steering vs. 
braking) on part of the driver (Borojeni, Weber, Heuten, & Boll, 2018) Specifically, 
they found that priming drivers for their required action results in drivers acting 
faster and safer. 

The notion of pre-alerts builds on the theoretical concept that mediated, 
negotiated, or scheduled interruptions are better for human performance compared 
to sudden interruptions (McFarlane, 2002; McFarlane & Latorella, 2002). These ideas 
have been widely explored in desktop based (office) settings (e.g., Bailey & Iqbal, 
2008; Mark, 2015). Our work demonstrates the value of such theories to dynamic, 
safety-critical environments such as driving. While our analysis focused on the 
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processes preceding, during, and immediately following the pre-alert, future work 
can explore more widely how pre-alerts affect transitions of control from the vehicle 
to the human and from the human back to the car (see also Janssen, Iqbal, Kun, & 
Donker, 2019). 

Chapter 6 (Van der Heiden et al., 2019), measured human reaction time to 
visual alerts. Our set-up was a relatively controlled lab environment in which 
participants had to change lanes based on a visual (in-car) signal. Participants on 
average changed lanes swiftly, and in time given current technological interventions 
(i.e., beacons along the road that warn 500 m before a required lane change). 
However, on some trials, participants responded too late. These outliers are important 
to consider in traffic safety, as the percentage of errors that might lead to a crash needs 
to be minimized. 

To further explore the potential impact under real traffic situations, we turned 
to the use of computer simulations. The motivation was that some tasks are difficult 
to implement in a simulator (Kemeny & Panerai, 2003). As visual cues for depth are 
reduced in a driving simulator, a task such as mirror checking might be invalid in that 
context. To accommodate this limitation, we resorted to published data (Robinson et 
al., 1972) on speed of lane-change initiation during on-the-road driving. The lane 
change operations included mirror checking and sideways head movements. These 
data were combined using computer simulation models with our driving-simulator 
data, to enrich the latter. The eventual results show that responses to in-car alerts may 
be even more delayed than already observed directly in the lab, perhaps even 
compromising the performance of 50% of the drivers. More generally, this illustrates 
that using computer simulation models to combine lab- with real-world behavioral 
data can be used to predict human behavior under a wider set of conditions than those 
observed in the lab, including situations that might be dangerous for participants and 
therefore impossible to study in the lab (e.g., Brumby, Janssen, Kujala, & Salvucci, 
2018; Horrey, Wickens, & Consalus, 2006; Janssen & Brumby, 2010; Janssen, Brumby 
& Garnett, 2012; Salvucci, 2001; Salvucci, Mandalia, Kuge, & Yamamura, 2007). 

7.4 Implications for practice 

During automated driving task load is often assumed to be reduced compared 
to manual driving. Therefore, one would perhaps suspect to observe high levels of 
auditory susceptibility under automated driving. However, as shown in Chapter 2, 
even during automated driving auditory susceptibility may be reduced compared to 
when the simulated car is stationary. This suggests that automated driving should 
still be considered as a potential source of cognitive load. The implication for practice, 
including the design and evaluation of cars and in-car equipment, is that designs 
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should not assume a human driver’s full attention to the environment under 
automated driving conditions, although their engagement in driving related tasks is 
reduced. 

Considering automated driving as a source of cognitive load is in line with the 
notion that automation can radically change human behavior and, in irony, lead to 
worse performance (Bainbridge, 1983), and not only because humans engage in non-
driving related tasks, as they did not do that in chapter 2 but nevertheless 
susceptibility was reduced relative to a stationary condition. That said, further studies 
are needed to test if and how strongly a reduction in auditory susceptibility can impact 
for example situational awareness (Endsley & Garland, 2000) or behavioral responses 
(i.e., in a similar fashion as we did in Chapters 5 and 6). 

If reduced human susceptibility (Chapters 2-4) is indeed associated with 
negative consequences for behavior (e.g., reduced situational awareness, slower 
response time), then safety-critical systems should not rely on a single, uni-modal 
alert. Manufacturers of cars and in-car devices should design their systems in a way 
that can accommodate (although not necessarily actively facilitate) the distracted 
driver who might possibly miss an alert. In Chapter 2 we showed that introducing a 
secondary auditory task may in fact enhance susceptibility. In a way, this suggests 
that multi-tasking may be a solution. However, this goes only so far: it may hold for 
listening and manual responses, but not for talking or vocally responding otherwise 
(Chapters 3, 4, 6). Part I of this thesis further shows that auditory susceptibility is in 
general reduced with cognitive load, in particular when the cognitive load is induced 
by a task that strongly resembles a hands-free telephone conversation, which may be 
considered worrisome. However, the link between auditory susceptibility and 
response to warning signals is not clear and therefore needs more research. An 
example of the effect of early warnings on behavioral results is shown in Chapter 5 
(Van der Heiden et al., 2017) where the use of a pre-alert allows for earlier gaze to the 
road and more smooth speed reduction after transfer of control, hence improved 
safety. 

The literature on driving and driver distraction largely focuses on average 
responses and differences in responses between conditions (e.g., Burns, Parkes, 
Burton, Smith, & Burch, 2002; Hancock, Simmons, Hashemi, Howarth, & Ranney, 
1999; Horberry, Anderson, Regan, Triggs, & Brown, 2006; Strayer & Drews, 2007), for 
example, driving with distraction versus driving without distraction. However, 
Chapter 6 shows empirically that in situations where the average participant responds 
in-time, the complete distribution of all trials from all drivers contains a wider set of 
response times, of which some might be too slow. Interventions should, therefore, 
consider such extreme behavior. This is reiterated in Chapter 5, where our 
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intervention that provides an early warning can accommodate people that 
occasionally miss an alert, or that need more time to respond (see Chapter 6). 

We propose early warnings (pre-alerts, Chapter 5) as a potential solution where 
the human driver that acts as a backup during automated driving can engage in other 
tasks without the need for immediate response after a sudden intervention request. 
Pre-alerts enable the human driver to become aware of the upcoming request, which 
allows orienting ahead of time by gazing at the road. This effect is consistent with 
more theoretical notions of interruption handling (McFarlane, 2002; McFarlane & 
Latorella, 2002), see also (Janssen, Iqbal, Kun, & Donker, 2019). 

The combined work in this thesis also has implications for road authorities and 
lawmakers. We found that human susceptibility is reduced under automated driving 
(Chapter 2, 4), and that responses to environment-triggered alerts might not always 
be in time (Chapter 6). In particular, some of these negative effects seem to be bigger 
under distracted conditions (Chapter 3, 4, 5), and can also occur under distraction that 
is not visual. The implication is therefore that, although many technological 
innovations can bring society progress, road authorities and lawmakers should be 
critical. Consistent with Bainbridge’s notion of the “irony of automation” (1983), 
automation interventions that bring us progress might change human behavior in 
unanticipated ways, and have occasional unexpected negative consequences. Careful, 
principled study of human behavior for theoretical (Part I) and practical (Part II) 
scenarios allows us to be prepared for the future, and better predicting human 
cognitive processing and human behavior. 
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Automatisering neemt in de huidige samenleving veel taken over van de mens. 
Niet alleen in een professionele omgeving, zoals in de besturing van vliegtuigen en 
productieprocessen in fabrieken, maar ook voor consumenten neemt de 
automatisering van vroegere handmatige taken snel toe, bijvoorbeeld in de vorm van 
robots voor huishoudelijke taken. Dit is ook zichtbaar in auto’s, waar al jaren steeds 
meer processen geautomatiseerd worden en waarbij in de laatste jaren ook steeds 
meer kritische processen met betrekking tot veiligheid (deels) worden 
geautomatiseerd. Voorbeelden hiervan zijn systemen voor het automatisch afstand 
houden tot de voorligger, voor het voorkomen van een botsing en voor 
vermoeidheidswaarschuwingen. In de toekomst worden deze en andere systemen 
samengevoegd waardoor auto’s grotendeels zelfstandig (autonoom) zullen kunnen 
rijden. Onderzoek laat zien dat er bij dit soort automatisering niet alleen taken voor 
de machine zijn, maar dat er juist samenwerking tussen mens en machine nodig is. 
Voor een goede samenwerking tussen mens en machine is het daarom belangrijk om 
te weten wat de capaciteiten van de mens zijn tijdens de omgang met 
geautomatiseerde systemen. 

Wanneer een auto automatisch bestuurd wordt, is het van belang dat kan 
worden gewaarschuwd wanneer overname van de besturing of een andere actie door 
de mens nodig is. Hiervoor worden vaak auditieve waarschuwingen gebruikt. Het is 
echter onbekend wat de invloed is van rijden en autonoom rijden op de 
ontvankelijkheid voor auditieve informatie. Dit wordt in dit proefschrift onderzocht. 
Om de verkeersveiligheid te kunnen waarborgen is het daarnaast belangrijk om te 
weten wat het vermogen van de mens is om adequaat te reageren op zowel auditief als 
visueel aangeboden informatie.  

Het proefschrift is opgedeeld in twee delen. Het eerste deel beschrijft een 
aantal studies die de ontvankelijkheid van het menselijk brein voor auditieve 
informatie in verschillende (rij-) omstandigheden en niveaus van afleiding meet. Het 
tweede deel beschrijft een tweetal studies dat het vermogen van mensen om 
waarschuwingen op te volgen onderzoekt.  

In het eerste deel (hoofdstukken 2 - 4) behandel ik de volgende vraag: Hoe 
gevoelig is het menselijk brein voor auditieve informatie? Om deze vraag te 
beantwoorden maak ik gebruik van een rijsimulator en een meting van breinactiviteit 
(elektro-encefalografie, of EEG). Tijdens (autonoom) rijden en taken die zorgen voor 
mentale belasting wordt een zogenaamd oddball paradigma (een experimentele taak) 
gebruikt. In dit paradigma wordt de reactie van het brein op auditieve informatie 
gemeten. Een frequent afgespeelde pieptoon wordt af en toe afgewisseld met 
verschillende omgevingsgeluiden, bijvoorbeeld een blaffende hond. Als maat voor 
ontvankelijkheid voor nieuwe auditieve informatie wordt het verschil tussen de 
hersenactiviteit die wordt veroorzaakt door de verschillende omgevingsgeluiden en 
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de hersenactiviteit die wordt veroorzaakt door de pieptoon gebruikt. De belangrijkste 
uitkomst van deze metingen is dat zowel autonoom rijden als mentaal belastende 
taken de ontvankelijkheid voor nieuwe auditieve informatie verminderen.  

De lagere ontvankelijkheid vraagt om (een betere) ondersteuning van de 
bestuurder. In deel 2 (hoofdstukken 5 en 6) wordt in twee experimenten gekeken naar 
mogelijke manieren om de (afgeleide) bestuurder te ondersteunen. In het eerste 
experiment (hoofdstuk 5) onderzoek ik de effectiviteit van een vroege 
voorwaarschuwing voor de overdracht van besturing van machine naar de mens. 
Onze voorspelling was dat een voorwaarschuwing (in onze studie: 20 seconden voor 
een kritieke gebeurtenis op de weg) kan bijdragen aan een veiligere transitie van de 
besturing tussen machine en mens. Dit geeft meer tijd om andere niet-rijtaken tijdig 
af te ronden en om op het verkeer te oriënteren voordat het besturen van de auto 
overgenomen moet worden. Het onderzoek laat zien dat dergelijke 
voorwaarschuwingen inderdaad leiden tot veiliger gedrag: mensen kijken eerder 
naar de weg en reageren beter op kritieke situaties door bijvoorbeeld rustig te 
remmen in plaats van plotseling. In het tweede experiment (hoofdstuk 6) onderzoek 
ik hoeveel tijd er nodig is om van rijstrook te wisselen na een visuele waarschuwing 
in de auto voor wegafsluiting. Over het algemeen maken bestuurders een tijdige, 
veilige wissel van rijstrook. Tegelijkertijd zijn er verschillende proefpersonen die af 
en toe niet op tijd wisselen en daarmee een gevaarlijke situatie zouden kunnen 
veroorzaken. Om de verkeersveiligheid te verbeteren is het van belang om het aantal 
optredende gevaarlijke situaties te minimaliseren. Wanneer dergelijke situaties al bij 
een studie zoals deze met een rijsimulator gemeten worden, is de kans groot dat 
vergelijkbare omstandigheden op de weg ongelukken voorkomen. 

Resumerend: mijn proefschrift laat zien dat de ontvankelijkheid voor nieuwe 
auditieve informatie verminderd is tijdens zowel rijden als autonoom gereden 
worden. Daarnaast zorgt ook mentale belasting voor een afname van de 
ontvankelijkheid. Het tijdig bewust maken van de bestuurder wanneer overname van 
de besturing nodig is (door middel van een voorwaarschuwing) zorgt over het 
algemeen voor een veiligere overdracht van de besturing van machine naar de mens. 
Deze kennis is relevant voor de ontwikkeling van autonome auto’s, omdat het 
aangeeft wat we kunnen verwachten van de capaciteiten van de menselijke 
bestuurder bij het gebruik van autonome auto’s. 
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