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Abstract

In the past years, automated driving has been receiving much attention from researchers and
engineers around the world. As a result, various advanced driver assistance systems are installed
as standard or are far developed. However, they may still fail and request the driver to take back
vehicle control. Moreover, drivers are allowed to override the system whenever they wish.
These driver-initiated take-overs may happen anytime, even in driving situations with low time
budgets and high vehicle dynamics. The conditions present challenges since fast and
appropriate take-overs are required while the drivers have little time to react, face dynamic
driving situations, and potentially hardly have experience and routine in taking over. To date,
driver-initiated take-overs have barely been investigated. Therefore, it is questionable how
drivers react and how they perform. Hence, the present thesis investigates what might happen
if drivers take over control in time-critical and dynamic driving situations. This question

includes behavior and performance but also the perceived criticality.

In the first driving simulator study, two criticality assessment tools were tested on validity.
Participants (N; = 25) experienced take-over situations with different time budgets and
evaluated the criticality on two rating scales. The results showed that they are both equally valid
and that increasing practice neither changed the perceived effort ratings nor the take-over
behavior. Except braking became weaker with more experience. In the second and third driving
simulator study (N2 = 42, N3 = 60), it was investigated how drivers perceive time-critical and
dynamic take-over situations and how they behave and perform when taking over. The
participants were triggered to take back control in brake (study 2) and double lane change
situations (study 3). The results demonstrated that drivers could differentiate between different
degrees of objective criticality and adapted their braking and steering to the driving situation.
Take-over times were very low under all conditions and were hardly affected by the driving
situations. Drivers decelerated and steered stronger than necessary and changed lanes without
reason. Thereby, they risked vehicle instability, lane departures, rear-end collisions, and
collisions with overtaking vehicles. This indicates that taking over in time-critical and dynamic
driving situations is hazardous. To avoid or mitigate the consequences of inappropriate
reactions, drivers could be supported by an assistance system that modifies their input. Two of

these versions are discussed.

Keywords: Automated Driving, Behavioral Change, Criticality Assessment, Critical Driving
Situations, Driver Behavior, Driver-Vehicle Interaction, Driving Simulator, Scale Validation,

Take-Over, Vehicle Automation
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1 Introduction

1 Introduction

Automated driving promises to enrich ‘lives around the world’ (Toyota Automated
Driving, 2020, p. 3). This statement is based on several advantages that automated driving
implies. The first advantage is that everyday traffic is supposed to become safer with increasing
share of automated vehicles on the road. Worldwide, over 1.3 million people die every year in
road traffic accidents of which 75 % can be attributed to driver error, e.g. distraction or speeding
(Destatis, 2021; European Commission, 2016; World Health Organization, 2021). These
numbers show that there is a high need to reduce the impact of the human factor to increase
safety. Automated driving may achieve this by taking over parts of the drivers’ task (Anderson

et al., 2014; SAE International, 2018).

Second, road transport is expected to become less time- and energy-consuming with
automated driving systems (ADS). From mid 2019 to mid 2020, the average U.S. American
driver spent up to 59 minutes per day travelling in the car, with rising tendency over the past
years (AAA Foundation for Traffic Safety, 2021). Driving automated, they can invest this time
in other activities and, thereby, be more productive. Besides, car-to-x-communication and
platoon traveling will increase the effective velocities, decrease the peak speeds, and reduce
congestions which result in shorter travel times and less energy consumption (Anderson et al.,

2014; Department for Transport, 2015; Kesting et al., 2008).

Third, vehicles with ADS are expected to be more inclusive than manually operated
ones. Individuals who are unable or have difficulties to drive manually operated vehicles due
to their physical state, e.g. disabled or elderly people, are currently mostly excluded from the
benefits of this type of individual mobility. Automated driving opens up the access for most of
them resulting in a more self-determined, independent life (Anderson et al., 2014; Casner et al.,

2016; Department for Transport, 2015; ERTRAC, 2015; Fagnant & Kockelman, 2015).

For these reasons, it is not striking that automated driving is one of the most up-to-date
topics of the automotive industry (BMW, 2020; General Motors, 2020; Hyundai, 2020; Toyota
Automated Driving, 2020; VW, 2020).

1.1  Definitions of driving automation

Vehicles can be automated to different extents depending on the number and type of
subtasks they control. Therefore, the implementations of driving automation can be divided into
levels. Different definitions were introduced by the German Federal Highway Research

Institute (BASt) (Gasser et al., 2012), the US-American National Highway Traffic Safety
1



1.1 Definitions of driving automation

Administration (U.S. Department of Transportation, National Highway Traffic Safety
Administration, 2013), and the International Society of Automotive Engineers (SAE
International, 2021). One problem with the definitions is that they use different terms to
describe the same levels and similar words to relate to distinct levels, which may lead to
misunderstandings. In the present thesis, the SAE-definition will be used because it is standard
in human factors research and the automotive industry (Eriksson & Stanton, 2017; General

Motors, 2020; Hyundai, 2020; Toyota Automated Driving, 2020).

The SAE-classification is based on two aspects: the allocation of the dynamic driving
task (DDT) and the conditions in which the automated system can operate, the operational
design domain (ODD, see Figure 1; SAE International, 2021). The DDT consists of the lateral
and longitudinal vehicle control and the object and event detection and response (OEDR). The
latter describes monitoring and scanning the environment. Based on this task allocation, six
different levels of driving automation are identified. Figure 1 presents the distinction including
a short description. In the present thesis, driving automation systems at SAE-level 3 are

investigated, hence only this one is presented in more detail:

At SAE-level 3, Conditional Driving Automation, the ADS controls lateral and
longitudinal vehicle motion and performs the OEDR. This capability is limited to specific
driving modes (ODD), and the drivers are expected to be the fallback when the ADS reaches
its system limits. In this case, a take-over request (TOR) informs the driver about the urge to

take back vehicle control.

Even though fully automated driving will solve diverse human factor issues, the
transition is challenging. Lower levels of ADS will be introduced in the market before higher
ones are technically feasible and legally permitted (Noy et al., 2018). The ADS with reduced
capabilities may be hazardous because it might still request the drivers to take back control
when reaching its system limits (Casner et al., 2016; SAE International, 2021). Moreover, based
on the amendments of the Vienna Convention on Road Traffic from 1968, drivers are allowed
to regain vehicle control whenever they wish to do so (United Nations Economic Commission
for Europe, 2014). The present thesis focuses on the latter type of take-overs. Both types shall
be presented briefly in the following, supplemented by the criticality of the driving situation.

They can be summarized to the characteristics of take-overs.



1 Introduction

Driver performs part or all of the DDT

0 No Driving | The performance by the driver of the entire DDT,

Automation | even when enhanced by active safety systems. Driver Driver Driver wa
1 Driver The sustained and ODD-specific execution by a
Assistance | driving automation system of either the lateral or
the longitudinal vehicle motion control subtask Driver and . . ..
of the DDT (but not both simultaneously) with System Driver | Driver | Limited
the expectation that the driver performs the
remainder of the DDT.
2 Partial The sustained and ODD-specific execution by a

Driving driving automation system of both the lateral and
Automation | longitudinal vehicle motion control subtasks of
the DDT with the expectation that the driver
completes the OEDR subtask and supervises the
driving automation system.

ADS performs the entire DDT (while engaged)

3 Conditional | The sustained and ODD-specific performance by
Driving an ADS of the entire DDT with the expectation
Automation | that the DDT fallback-ready user is receptive to Fallback-
ADS-issued requests to intervene, as well as to System System Limited

System Driver Driver Limited

DDT performance relevant system failures in ready user
other vehicle systems, and will respond
appropriately.
4 High The sustained and ODD-specific performance by
Driving an ADS of the entire DDT and DDT fallback .
Automation | without any expectation that a user will respond System System System Limited
to a request to intervene.
5 Full The sustained and unconditional (i.e., not ODD-
Driving specific) performance by an ADS of the entire o
Automation | DDT and DDT fallback without any expectation System System System | Unlimited

that a user will respond to a request to intervene.

Figure 1: SAE-levels of driving automation, own representation based on SAE International
(2018).

Note. ADS: automated driving system; DDT: dynamic driving task; OEDR: object and event

detection and response; ODD: operational design domain.

1.2 Characteristics of take-overs

Take-overs can be classified based on the initiator of the transition (the system or the
driver) and the criticality of the driving situation, as proposed by McCall et al. (2016). The
authors used a binary classification for criticality. To allow for a finer gradation and to better
reflect the reality, it is here considered continuous ranging from less to more critical. McCall et
al. (2016) also suggested differentiating whether the take-over is scheduled or not. This aspect
is not relevant for the present thesis; hence, I do not refer to it. The distinction is visualized in
Figure 2 and presented in more detail in the following.

3



1.2 Characteristics of take-overs

1.2.1 Initiator of take-overs

Take-overs can be system-initiated (also referred to as automation-initiated or passive
disengagements) or driver-initiated (also called operator-initiated, user-initiated, or active
disengagement; see Figure 2). In the former ones, the ADS initiates the transition of control by

a TOR.

In driver-initiated take-overs, the drivers decide to override the ADS (Lu et al., 2016;
Maggi et al., 2020; Martens et al., 2007; McCall et al., 2016; Melcher et al., 2015). The
amendments of the Vienna Convention paved the way for this kind of take-overs. It stated that
ADS are allowed if they ‘can be overridden or switched off by the driver® in any driving
situation (United Nations Economic Commission for Europe, 2014, p. 9). There might be
various reasons for driver-initiated take-overs: drivers are frightened by a certain event, they
doubt that the ADS can handle the situation, they do not understand what the ADS is doing, or
they want to experience the joy of driving (Lu et al., 2016; McCall et al., 2016).

1.2.2 Criticality of driving situations

Driving situations in which take-overs occur, can also be characterized by their
criticality (see Figure 2). It expresses the threat or danger of the situation (Herrmann et al.,
2015). Based on the ISO 31000 (2009), Rodemerk et al. (2012) understood criticality as the
combination of the likelihood of potentially harmful events and the severity of any damage.
Hence, an inevitable accident with severe consequences constitutes the highest criticality. In

the present thesis, I refer to this holistic definition.

Different parameters may determine the criticality of driving situations. These are, for

example, time budget and vehicle dynamics (Junietz et al., 2017).

less critical

system-initiated ——— ‘
more critical

Take-over
less critical
driver-initiated —— ‘

more critical

Figure 2: Characteristics of take-overs.

Note. The figure is based on the classification proposed by McCall et al. (2016).

4
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Time budget

Time budget describes the available time for a take-over and is frequently used to vary
and characterize driving situations (Dambock et al., 2012; Mok, Johns, Lee, Ive, et al., 2015;
Roche & Brandenburg, 2018, 2020; Rodemerk et al., 2012; van den Beukel & van der Voort,
2013). It can be quantified, for example, by the variables time headway (THW) and time-to-
collision (TTC), e.g. at the moment of the take-over. THW is defined as the time it would take
the ego vehicle to reach the current position of a reference object assuming that they are on the
same trajectory and that the ego vehicles’ velocity remains constant (Vogel, 2003). A reference
object may be a vehicle travelling ahead. THW is computed by the quotient of the distance to
the reference object dreference and the velocity of the ego vehicle vego (see Equation 1). TTC
describes the time starting from a certain moment, e,g. a TOR, until the ego vehicle would
collide with another object. Equation 2 shows that TTC also takes the velocity of the other

object Vyeference INto account.

dref erence

THW = Equation 1

Vego

dre ference

TTC = Equation 2

Vego — Vreference

Both parameters, THW and TTC, are respectively more appropriate to describe the
criticality of different driving situations. THW is frequently used for car-following scenarios
(Eick & Debus, 2005; Siebert et al., 2014) and serves as an indicator for tailgating (Vogel,
2003). The reason is that in these situations, THW is relatively low and depicts the criticality
suitable. At the same time, TTC may be very large or even undefinable when vyeference 15 €qual
to or higher than vego (Vogel, 2003). In contrast, TTC is often used to characterize the criticality
of driving scenarios in which a collision with another vehicle or obstacle is imminent (Gold et
al., 2013). In such cases, the velocity of the reference object is zero, hence, THW and TTC are
the same. Referring to THW in both scenarios would not consider that the velocities of the
reference objects vary strongly. Similar absolute THW-values would describe very different
criticalities. Whereas, referring to TTC in both scenarios is also problematic because it is likely
to be undefined in car-following ones. This shows that, depending on the situation, one time
budget-variable is more appropriate than the other and that a distinction is crucial. Hence, in
this thesis, THW 1is used to describe car-following scenarios, while TTC is referred to in

situations with a stationary obstacle.



1.2 Characteristics of take-overs

In driving situations with low THW or TTC, the likelihood of collisions is high because
drivers have less time to avoid an impending collision (ISO 31000:2009, 2009). Besides, take-
over behavior may be poor because less time is available to gain situation awareness and
potentially fewer options left to react. Thus, a worse take-over behavior with severe
consequences is more likely (Scott & Gray, 2008). Hence, time budget comprises the likelihood
and severity of an accident and is a suitable parameter to describe the criticality of driving
situations, as defined by Rodemerk (2012). Based on this, low time budgets can be considered
as more critical, while situations with higher time budgets are less critical. A threshold to
distinguish between less and more critical is not available. The SAE (2021) only states that
ADSs should be designed to request the drivers with a ‘[...] sufficient time for the fallback-

ready user” (p. 31) to take over.
Vehicle dynamics

In contrast to time budget, the situational parameter vehicle dynamics is a rather novel
variable in human factors research. Different variables can be taken at hand to describe them,
depending on the direction and purpose. This thesis focuses on traction usage. Its meaning and

relation to vehicle dynamics are explained in the following.

Vehicle dynamics are affected by forces and motions in different directions:
longitudinal, lateral, and vertical (Breuer & Rohrbach-Kerl, 2015). The forces in lateral and
longitudinal directions (Fi: and Fiong) are influenced by acceleration, braking, and steering.
They can be summarized to a resulting horizontal force Fhorizons (Rajamani, 2011):

Frorizont = [Fe + Ffmg Equation 3

The Kamm'’s circle (also called the circle of forces or friction ellipse) presented in Figure
3 visualizes an idealized simplification of the interaction of lateral, longitudinal, resulting
horizontal force, and the maximal force that can be transferred from tire to road (Breuer &
Rohrbach-Kerl, 2015; Kamm, 1936). Figure 3 shows that the lateral force that can be transferred
is lower when longitudinal forces act at the same time. The maximal horizontal force is
determined by the vertical forces Fyer and the traction coefficient u, see Equation 4 (Breuer &

Rohrbach-Kerl, 2015; Pacejka, 2006; Rajamani, 2011).



1 Introduction

Acceleration

Maximal horizontal force

F horizont

Lateral Force

Left Turn Right Turn

Longitudinal

Deceleration
Figure 3: Kamm'’s circle based on Kamm (1936).

Note. The depicted vehicle in the middle is heading upwards. The directions of the longitudinal

and lateral forces add up to a right curve.

maX(Fhorizont) = Ilu * Fvertl Equation 4

As long as the horizontal force Fhorizons does not exceed the maximal horizontal force,
the vehicle is stable (Kamm, 1936; Pacejka, 2006). Exceeding the maximal horizontal force
results in slip and loss of vehicle control (Breuer & Rohrbach-Kerl, 2015). The effective
horizontal force Fhorizons 1S always lower or equals the maximal horizontal force. Based on

Equation 3 and Equation 4, this results in the following constraint:

’Fl%zt + Fl%ng < maX(Fhorizont) < |:u * Fvertl Equaﬁon 3

The ratio of the effective and the maximal horizontal force describes the stability of the

vehicle on the road and is termed traction usage (TU; see Equation 6).

2 2
Fhorizont Fiae Flong Equation 6
TU = =
max(Fhorizont) u* Fvert

The maximal possible value of TU is 1. A high TU describes a driving situation with
strong longitudinal and/or lateral acting forces, e.g. de- or accelerations (Rajamani, 2011). In
those situations, a loss of vehicle control is more likely to occur in case an additional

acceleration in either direction occurs. Then, the limit of Kamm's circle may be exceeded. This

7



1.3 Research on take-overs in automated driving

can happen both when driving straight ahead or curves. Thus, the stability of the vehicle gets
endangered. The consequences of collisions are more severe because the impact of a collision
is worse. Hence, TU can be used to describe the criticality of driving situations (Rodemerk et
al., 2012). High TU characterizes more critical situations, while low TU can be considered as

less critical.
1.2.3 Conclusion

Take-overs can be system- or driver-initiated. In both cases, the driving situations may
be critical depending on — among other — time budget and vehicle dynamics. These situational
parameters might influence the subjective experience, behavior, and performance after

initiating a take-over.
1.3 Research on take-overs in automated driving

Reviewing existing human factors research may reveal what is already known about
driver-initiated take-overs and the effects of the driving situation on subjective experience and
behavior. To get a better overview of the state of research and potential gaps, relevant studies
are chosen and classified. System-initiated take-overs are also considered, and selected
experiments are included to be able to draw a comparison between the two types. Selection

criteria were the following:
(1) driving studies,
(2) published in peer-reviewed journals or conference proceedings,
(3) between January 2012 and March 2022,
(4) investigated take-overs from the ADS at SAE-level 3 (SAE International, 2021),
(5) in passenger cars.

This resulted in 41 studies. They are classified concerning the earlier presented
characteristics: (1) the initiation of take-overs and (2) the criticality of driving situations. In
case a publication reports the use of a TOR, the take-over is classified as system-initiated,
otherwise it is assigned to driver-initiated. The time budgets that are reported in the publications
are used to rank the driving situations from less to more critical. The classification and ranking
of the selected studies are presented in Figure 4. It should be noted that in some experiments,
participants experienced two or more different take-over types and various time budgets.

Therefore, these studies are listed several times.
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Maggi et al. (2020)

. L Payre et al. (2016)

driver-initiated Becker et al. (submitted)
more critical Epple & Brandenburg (2018)

less critical

Forster et al. (2019, unlimited)
Maggi et al. (2020, unlimited)
Payre et al. (2016, unlimited)
Politis et al. (2015, unlimited)
Merat et al. (2012, ~48 5)
Payre et al. (2016, 30 s)
Forster etal. (2017, 20 s)
Worle et al. (2021, 15 5)
Schomig et al. (2015, 12 s)
Brandenburg & Roche (2020, 10.8 s)
Maetal. (2021, 10 5)
Take-over Melcher et al. (2015, 10 s)
Vogelpohl et al. (2019, 10 s)
Roche et al. (2018, 8.6 5)
Dambéck et al. (2012, 8 5)
Mok et al. (2015a & b, 8 5)
Yietal (2022, 8s)
Gold et al. (2013, 7 5)
Gold et al. (2015, 7 5)
Gold et al. (2016, 7 s)
Hergeth et al. (2015, 7 s)
Hergeth et al. (2017, 7 s)
Kerschbaum et al. (2015, 7 s)
Korber et al. (2016, 7 s)
Lorenz et al. (2014, 7 s)
Maetal (2021, 7s)
Petermeijer et al. (2017,7 s)
Radlmayr et al. (2014, 7 5)
Roche & Brandenburg (2018, 2020, 7 s)
Dambdéck et al. (2012, 6 5)
Feldhiitter et al. (2017, 6 5)
Feldhiitter et al. (2018, 6 5)
Walch et al. (2015, 6s)
Gold et al. (2013, 5 s)
Borojeni et al. (2016, 5 s)
Mok et al. (2015a, b, 5 5)
Dambdick et al. (2012, 4 5)
Du et al. (2020, 4s)
Walch et al. (2015, 4 5)
more critical  Yietal (2022, 45s)
Zeeb et al. (2016, 4s)
Zeebetal (2015, 3.55s)
Zeebetal (2017, 3.55)
Brandenburg & Roche (2020, 3.2 5)
Korber et al. (2015, 3 5)
Roche & Brandenburg (2018, 2020, 3 s5)
Zeeb et al. (2015, 3 s)
van den Beukel & van der Voort (2013, 2.8 5)
Zeebetal (2015, 2.5 s5)
Zeeb et al. (2016, 2.5 s)
van den Beukel & van der Voort (2013, 2.2 s)
Mok et al. (2015a, b, 2 5)
van den Beukel & van der Voort (2013, 1.5 5)

less critical

system-initiated ———

Figure 4: Overview of the characteristics of take-overs with selected driving studies for each

take-over type.



1.3 Research on take-overs in automated driving

Note. The investigated time budgets are presented in parentheses behind each study. Naujoks
et al. (2014) did not report the used time budgets, hence, their publication is not listed in this
overview. Unlimited time budgets indicate no need to take over to avoid a collision, e.g. because

no other vehicles or obstacle were present like in Payre et al. (2016).

1.3.1 Research on driver-initiated take-overs

The presentation of the selected studies of the past ten years in Figure 4 shows that only
four focused on driver-initiated take-overs. And this despite the fact that an analysis of seven
manufacturers’ disengagement reports showed that drivers initiate take-overs with a certain
frequency (Lv et al., 2018). The relevance of these disengagements is even more clearly
illustrated by an analysis of California’s Autonomous Vehicle Tester Program (Boggs et al.,
2020). The authors showed that 75 % of all disengagements investigated between September
2014 and November 2018 were driver-initiated, only 25 % system-initiated. Similarly, Epple
and Brandenburg (2018) demonstrated in their driving simulator study that the number of
driver-initiated take-overs is very high with 85 %. In the remaining 15 % trials, participants did
not take over. Even though Payre et al. (2016) exposed their subjects to less critical driving
situations with no need to take back control, 8.7 % of them did so. The reports and studies prove
that driver-initiated take-overs occur and are relevant events in automated driving. But how do

drivers experience such situations and how do they behave when taking back vehicle control?

First of all, when investigating the effects of different situational parameters on
subjective experience and take-over behavior, researchers should consider that the parameters
cannot be experimentally manipulated as it is possible in system-initiated ones because no TOR

exists. The situational parameters can only be varied to evoke a take-over.

Maggi et al. (2020) compared driver-initiated with system-initiated take-overs. For the
former ones, participants were instructed to resume control after they completed a non-driving
related task (NDRT). Hence, the transition was self-paced and less critical. Driver-initiated
take-overs took longer and steering was more extreme than when the take-over was system-
initiated. Maggi et al. (2020) assumed that the longer take-over times (TOT) resulted from the

drivers’ intention to regain situation awareness before taking over when they were the initiators.

Becker et al. (2022) manipulated time budget, vehicle dynamics, and pre-experience
trust to evoke intrinsic disengagements in critical driving situations. Participants initiated take-

overs more frequently when time budgets were more critical. Vehicle dynamics did not have
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1 Introduction

an effect. About 20 % of driver-initiated take-overs resulted in rear-end collisions (Becker et

al., 2022). Neither steering nor brake behavior were reported in this study.

The presentation of the few available studies illustrates the relevance to investigate
driver-initiated take-overs and reveals a research gap concerning the effects of such
disengagements. To get an idea of how drivers might behave in these situations, studies on

system-initiated take-overs are considered.
1.3.2 Research on system-initiated take-overs

A large portion of the human factors research has focused on system-initiated take-overs
(see Figure 4) . The addressed research topics are time budget, vehicle dynamics, repeated
experience, take-over scenarios, traffic conditions (e.g. traffic), NDRTs, pre-take-over state
(e.g. fatigue), and the design of the TOR (e.g. modality, see appendix A for the topics and
corresponding studies). In this thesis, I focus on the effects of time budget and vehicle dynamics
on subjective criticality and behavior because it is highly likely that the driving situations will

vary concerning this aspect.
Research on time budget

Time budgets can be experimentally manipulated in system-initiated take-overs by
requesting a take-over when the intended time budget-values are met. A huge portion of
researchers investigated the effects of time budgets. These studies showed that higher time

budgets are associated with

¢ higher situation awareness (van den Beukel & van der Voort, 2013),

e lower criticality ratings (Roche & Brandenburg, 2018, 2020; Yi et al., 2022),

¢ higher comfort ratings (Mok, Johns, Lee, Ive, et al., 2015),

¢ higher trustworthiness ratings (Mok, Johns, Lee, Miller, et al., 2015),

e higher TOTs (Roche & Brandenburg, 2018, 2020),

e lower decelerations (Roche & Brandenburg, 2018, 2020),

e better lateral vehicle control (Mok, Johns, Lee, Ive, et al., 2015; Mok, Johns, Lee,
Miller, et al., 2015),

e smaller steering wheel angles (Roche & Brandenburg, 2018, 2020),

o fewer road departures (Mok, Johns, Lee, Ive, et al., 2015; Mok, Johns, Lee, Miller,
etal., 2015),

e and fewer driving errors (Dambdck et al., 2012; van den Beukel & van der Voort,

2013).
11



1.3 Research on take-overs in automated driving

In contrast to these studies, Walch et al. (2015) found neither subjective nor behavioral
differences between the different time budgets. This may be because they compared situations
with 4 and 6 s time budgets, while others investigated larger ranges, e.g. 3 and 7 s (Roche &
Brandenburg, 2018, 2020). Additionally, Walch et al. (2015) analyzed TOTs and brake
behavior while others found significant differences in steering behavior and driving errors, e.g.

Mok, Johns, Lee, Ive, et al. (2015).

Next to the range, the magnitudes of the investigated time budgets differed between the
studies. The magnitude spans from 0.5 s (van den Beukel & van der Voort, 2013) to unlimited
(Maggi et al., 2020; Payre et al., 2016). Unlimited time budgets indicate no need to take over,
e.g. because no other vehicles or obstacles were present. Van den Beukel and van der Voort
(2013) and Mok, Johns, Lee, Miller, et al. (2015) realized the lowest time budgets of the
presented studies. The former investigated the effects of time-critical brake situations on
collision frequency and situation awareness. They used THWs of 0.5 s, 1.0 s, and 1.5 s
(corresponding to TTCs of 1.5's, 2.2 s, and 2.8 s) to a strongly braking vehicle (-8 m/s?). The
results indicated that more time for a take-over leads to more successful take-overs and higher
situation awareness (van den Beukel & van der Voort, 2013). Mok, Johns, Lee, Miller, et al.
(2015) also investigated take-over situations with low time budgets: 2, 5, or 8 s TTC to a
construction site requiring a lane change. With lower TTCs, steering behavior varied more,
more lane departures occurred, and lower trustworthiness ratings were recorded (Mok, Johns,

Lee, Miller, et al., 2015).

These studies demonstrate that larger time budgets affect subjective experience and
improve take-over behavior. The likelihood to detect effects may depend on the range and
magnitude of the investigated time budgets. However, it is unknown whether drivers react

similarly when they initiate the take-over themselves.
Research on vehicle dynamics

Like time budget, vehicle dynamics can be experimentally manipulated in system-
initiated take-overs. However, only one study is available employing vehicle dynamics as an
independent variable. In a driving simulator, Hu et al. (2019) investigated the passengers’
hazard perception by varying velocity, deceleration, and distance between the ego-vehicle and
an obstacle in a braking maneuver. Decelerations correspond to the vehicle dynamics and were
varied on three levels: -1 m/s?, -3 m/s?, and -6 m/s”. The participants were passengers and rated
the hazard perception after experiencing the situation. Hu et al. (2019) reported that velocity,

deceleration, and distance affected the experience of the driving situations. It should be noted
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that the authors investigated the experience of passengers, not the experience of drivers. Hence,
take-over behavior was not analyzed. Other studies used vehicle dynamics or similar parameters

as dependent variables, e.g. Du et al. (2020) and Gold et al. (2013).

Driving studies on the effects of vehicle dynamics on subjective experience (from the
drivers’ perspective) and take-over behavior are missing. Hence, it is questionable how drivers

experience dynamic driving situations and how they behave when taking over.
1.3.3 Conclusion

The overview over the current state of research showed that driver-initiated take-overs
are mostly neglected while most studies focused on system-initiated ones. Research on the latter
ones demonstrated that low time budgets lead to extreme take-over behavior and may have
serious consequences. Only one study is available that deals with vehicle dynamics. However,
these results cannot simply be transferred to driver-initiated take-overs. Hence, the effects of

situational criticality on perception and behavior of these take-overs are unknown.
1.4 Research on repeatedly taking over vehicle control

In addition to driver-initiated take-overs, investigating the effects of repeatedly taking
over vehicle control is of interest because most driving simulator studies test several trials in
one session with a much higher frequency than in realistic traffic conditions. Familiarity with
the driving simulator, training effects concerning the take-over process, adopted trust in the
ADS, or fatigue may set in (Feldhiitter et al., 2018; Forster et al., 2019; Hergeth et al., 2017;
Roche et al., 2018). Consequently, take-over behavior may adapt. In this case, changes in both
directions are possible. On the one hand, the reactions might improve due to increasing
familiarity with the simulator or training of the take-over process. Participants may learn to
compensate for flaws of the test setting or how to react to specific cues. On the other hand, the
behavior might deteriorate due to increasing fatigue or trust in the system. Hence, observations
of the umpteenth trial might not be as robust as those of the first trials. This will affect the
validity of the results if the change is disregarded.

Some of the selected studies compare the different trials with each other, hence, a first
insight into the effects of the repeated experience of take-over trials is possible. Participants in
Hergeth et al. (2017) experienced two take-overs and rated the criticality afterward. The ratings
decreased, even though, participants experienced system limits (Hergeth et al., 2017). Besides,
TOTs decreased, minimal TTCs increased, and resulting maximal accelerations decreased from

the first to the second take-over. The authors argued that the effects are due to the increasing
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1.5 Criticality assessment of driving situations

familiarity. In line with Hergeth et al. (2017), Payre et al. (2016) observed decreasing TOTs
from the first to the second take-over. In contrast, Brandenburg and Roche (2020) and Roche
et al. (2018) observed different effects. They investigated six take-overs. A change of TOTs
was not observed (Brandenburg & Roche, 2020; Roche et al., 2018), but deceleration increased
from the first to third experience (Brandenburg & Roche, 2020). Forster et al. (2019)
investigated several transitions to higher and lower levels of automated driving. They observed
a decrease of TOTs, experimenter ratings, and error rates within the first trials and stabilization
after three trials for transitions between different levels of automation. When deactivating the

driving automation, no behavioral change was observed.

The studies on the repeated experience of take-overs show that criticality ratings and
behavior change to a certain extent over trials. The trend is sometimes positive, sometimes
negative, sometimes non-existent. However, most of the studies investigated the effects of two
or three trials, the changes over more take-overs were barely researched. Increasing training or
familiarity may be a reason for a change. Besides, the evolution of fatigue was not assessed,
even though Feldhiitter et al. (2018) showed that objective and subjective measures of
sleepiness, i.e. expert rating and eye-tracking, increase when driving automated for a longer
period. Increasing fatigue can in turn impair the take-over quality. Examining more trials may
reveal the long-term changes of behavior and indicate whether the results of driving studies

with repeated measures are valid.
1.5 Criticality assessment of driving situations

In the present thesis, not only the criticality of driving situations but also its assessment
plays a leading role. It would indicate whether the variations of situational parameters such as
time budget and vehicle dynamics are perceived and whether they interact. Assessing the
criticality may support the interpretation of observed take-over behavior. Additionally, different

driving situations might be compared concerning this dimension.

The perceived criticality of driving situations can be assessed by self-reported measures,
e.g. scales. They are easy to handle and their application is economical because no further
equipment is needed than paper and pencil or tablet (Moosbrugger & Kelava, 2020). Also, the
data processing is parsimonious because one value is available per event (Moosbrugger &

Kelava, 2020).

Various scales with different response formats have been used in the past. They can be
summarized into three types: (1) rating, (2) two-step rating, and (3) visual analog scales. All of

them are presented briefly. First, different ratings scales were used by Feldhiitter et al. (2018),
14
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Radlmayr et al. (2018), and Roche and Brandenburg (2018, 2020). Feldhiitter et al. (2018)
assessed the criticality of take-over situations with a 10-points rating scale ranging from ‘not
critical’ to ‘extremely critical’. Radlmayr et al. (2018) used a 7-point Likert scale, but they did
not state whether they labeled the points. Similarly, Roche and Brandenburg (2018, 2020)
surveyed perceived criticality using an 8-point Likert scale ranging from ,not critical’ (0 pts.)
to ,very critical® (7 pts.). They visualized the increasing criticality from left to right with a
triangle (see Figure 5). The wording of the question is available. This scale was already used in
three driving simulator studies of the research group (Brandenburg & Roche, 2020; Roche &
Brandenburg, 2018, 2020).

Second, in Winkler et al. (2018), participants rated the criticality of different driving
situations on a two-step rating scale based on Heller (1982). First, one of five verbal categories
had to be selected ranging from ‘very low’ to ‘very high’. Second, to specify the evaluation,
respondents had to choose one of three subcategories ‘-, ’0’, or ‘+’ (see Figure 6). This resulted
in a 15-points scale (Heller, 1982). Similar to Heller (1982), the Scale of Criticality Assessment
of driving situations (SCA, see Figure 7) is based on a two-step rating procedure. It is a modified
version of the Scale for the Assessment of the Experienced Degree of Disturbance introduced
by Neukum and Kriiger (2003). First, respondents choose one of the verbal categories
‘imperceptible’, ‘harmless’, ‘unpleasant’, ‘dangerous’, and ‘uncontrollable’ (translation based

on Naujoks et al., 2017). Second, they are requested to specify their answer by selecting one of

the numerical subcategories, resulting in an eleven-point rating scale.

Third, Banet and Bellet (2008) used a visual analog scale ranging from ‘not critical’ to
‘high level of criticality’. Evaluations were provided by moving and setting the slider to a value

between 0 to 100 pts. This scale allows for a more granular rating.

Disadvantages of the scales used by Banet and Bellet (2008), Feldhiitter et al. (2018),
and Radlmayr et al. (2018) are that the authors provided neither a visualization of the scales in
their publications nor the wordings of the questions. Hence, these scales are not suited for
further investigation. For the rating scales, visualization and wording are only available for the
one introduced by Roche and Brandenburg (2018, 2020). It reflects a certain granularity of the
criticality rating and establishes an equidistance between the scale points by avoiding additional

verbal labeling. Due to that, it is included in the studies of the present thesis.
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Wie kritisch erlebten Sie die Fahrsituation bei der Ubernahme in diesem Durchgang?

0 1 2 3 4 5 8 7
O O O O O O O O
Nicht kritisch Sehr kritisch

Figure 5: Criticality scale by Roche and Brandenburg (2020, 2018) in German.
Note. Translation of the question into English: ‘How critical did you perceive the driving
situation during the take-over in this trial?’. The poles are labeled ‘not critical’ and ‘very

critical’.

very low | rather low | moderate | rather high | very high

o+ |-|o|+|-]0o|+]|-]0O o+

+

Figure 6: Two-step rating scale used by Winkler et al. (2018, p. 4), based on Heller (1982).

nicht kontrollierbar

gefahrlich

unangenehm

RESENEN- - -

nichts bemerkt

Figure 7: Scale of Criticality Assessment (SCA, Neukum et al., 2008, p. 4).

Note. The translation of the verbal categories into English is ‘imperceptible’, ‘harmless’,

‘unpleasant’, ‘dangerous’, and ‘uncontrollable’ (translation based on Naujoks et al., 2017).
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The SCA developed by Neukum et al. (2008) was already used in several driving studies
(Hergeth et al., 2017; Naujoks et al., 2017; Naujoks & Neukum, 2014; Neukum et al., 2008;
Purucker et al., 2014; Siebert et al., 2014; Tscharn et al., 2018; Worle et al., 2021; Yi et al.,
2022). Furthermore, its visualization is available, and the question of the original scale and an
extensive description of the verbal categories are reported in Neukum and Kriiger (2003).
However, neither an adjusted question nor description is available for the modified version on
criticality. Additionally, the equidistance between numerical values is questionable due to the
verbal categories. For example, the perceived difference of two ratings from one verbal
category (e.g. ‘harmless’ 2 and 3 pts.) might be smaller than the distance of two evaluations
between two categories (e.g. ‘harmless’ 3 and ‘unpleasant’ 4 pts.), even though the numerical
differences are the same. Besides, internal pre-tests showed that instructing the scale and
analyzing the results are time-consuming. And still, the rating is error-prone since participants
partially do not understand the correct usage. Hence, verbal and numerical ratings given by
respondents do not correspond. Finally, even though Neukum et al. (2008) stated that the SCA
was validated in internal studies, no publications on the validation are available. Because this
scale was used more often than the one presented by Winkler et al. (2018), it is selected for

further investigation.

To conclude, various scales have been employed to assess the criticality of driving
situations. However, most of the available publications entail several disadvantages, such as
missing visualization. Additionally, the scales lack validation. Hence, uncertainty persists
which scale is appropriate to assess the criticality of driving situations. Modifying existing
scales and validating them is necessary to overcome this gap. The scales developed by Roche
and Brandenburg (2018, 2020) and the one introduced by Neukum et al. (2008) were selected
to be validated.

1.6 Research question

The presentation of current research showed that driver-initiated take-overs were barely
investigated in the past. Hence, it is unclear how drivers behave when initiating a take-over in
critical and dynamic driving situations. This leads to the main research question (RQ) of the

thesis:

What might happen if drivers take over control in highly time-critical and dynamic driving

situations?

The aspects presented in the introduction were investigated in three driving simulator

studies which form the basis of this thesis. Study 1 was planned in cooperation with Oliver
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Blum. He also performed the data collection. In this experiment, the two criticality rating scales
were validated and the effects of repeatedly taking over control were investigated. Studies 2
and 3 were designed and conducted in the course of the interdisciplinary research project
‘Analysis and Support of Driver Interventions in Dynamic: Critical Situations during Highly
Automated Driving” funded by the German Research Community (Deutsche
Forschungsgemeinschaft, DFG, Grant No. 326727090). The two studies focused on the effects
of driver-initiated take-overs in critical driving situations on subjective criticality and driver
behavior. Jun.-Prof. Dr. Stefan Brandenburg, M. Sc. Sandra Becker, Prof. Dr.-Ing. Steffen
Miiller, M. Sc. Thang Nguyen, and Prof. Dr. Manfred Thiiring supported the design and
preparation of the two experiments. Marc Buchholz, Jan Haentjes, and Philipp Wittke assisted

with data collection.
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2 Empirical studies

The three studies that were conducted to answer the research question are briefly
presented in the following. An overview of the included publications can be found in appendix
B. Details about the methods, materials, exact results, and discussion can be found in the

original publications in appendices C, D, and E.

2.1 Study I: Assessing the criticality of driving situations after automated

driving: Validation of two scales

2.1.1 Introduction

An assessment of the criticality of driving situations is essential to reveal whether its
variations are perceived and how different situational parameters such as time budget and
vehicle dynamics interact. Scales may be used to measure criticality. To ensure that they are
truly measuring what they are supposed to measure (Hartig et al., 2008), they need to be
validated. According to Frey (2018), validity is the most important quality criterion, even more
important than reliability and objectivity. It increases the generalizability of the results. Hence,

a prerequisite to answer a part of the research question was a validated scale.

As section 1.5 showed, several of the scales were used in previous driving studies, but
they entail some disadvantages, such as missing visualization. Additionally, they lack
validation. In study 1, two suitable rating scales were validated. The manuscript is published in

the journal Accident Analysis and Prevention, Volume 159 (Roche, 2021, see appendix C).

The scale developed in 2018 by Roche and Brandenburg (see Figure 5) was revised to
address the discussed disadvantages of existing scales (for more details see 2.1.2 or appendix
C). This revision resulted in the Criticality Rating Scale (CRS, see Figure 8). The validity of
the CRS and the SCA (see Figure 7) was surveyed. Besides, the validities of both scales were

compared. This leads to the following three research questions of study 1:
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2.1 Study 1: Assessing the criticality of driving situations after automated driving: Validation of two
scales

RQ 1: Is the Criticality Rating Scale (CRS) a valid tool for the assessment of the

criticality of driving situations?

RQ 2: Is the Scale of Criticality Assessment of driving situations (SCA) a valid tool for

the assessment of the criticality of driving situations?
RQ 3: Do both scales differ regarding their validity?

Next to the validation, another aspect was considered in study 1. The state of research
showed that criticality ratings and behavior tend to change when drivers take over repeatedly.
Mostly, effects were investigated over two or three trials. In some studies, behavior improved,
while it did not change or deteriorated in others. One study showed that criticality ratings
decreased and take-over behavior improved from the first to the second trial (Hergeth et al.,
2017). Examining the effects of experiencing more than three take-overs will reveal whether
the perceived criticality and behavior changes in the long term. It may enable an estimation of
the validity of the obtained results from driving studies testing several take-overs in a row.
These aspects were addressed in the fourth research question. Additionally, when experiencing
more trials in a row, fatigue may increase leading to a deterioration of take-over behavior.
Assessing the development of sleepiness may help interpret results. Therefore, it was also
considered in the fourth research question. It was operationalized by ratings of effort because
de Waard (2002) stated that progressing fatigue is reflected in increasing effort that is invested

to cope with the situation:

RQ 4: Do drivers’ criticality and effort ratings and take-over behavior change over the

repeated experience of take-overs?

Wie kritisch empfanden Sie die eben erlebte Fahrsituation?

gar nicht kritisch I 1 | 1 | 1 1 1 | I sehr Kritisch

Figure 8: Criticality Rating Scale (CRS), a revised version of the scale used by Roche and
Brandenburg (2018, 2020).

2.1.2 Method

First, the already existing scale developed in-house (see Figure 5) was modified. The
complexity of the question was reduced, as recommended by Moosbrugger and Kevala (2020).

A continuous scale with ten levels was used to collect the responses. The design was inspired
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by the NASA-TLX which is a very frequently used and validated tool for the assessment of
subjective workload (Hart, 2006; Hart & Staveland, 1988). In contrast to the NASA-TLX, a
middle answer category was avoided because it was observed that it is commonly chosen as an
alternative when respondents do not understand the question or refuse to answer (Moosbrugger
& Kelava, 2020). Besides, this measure prevented errors of central tendency (Moosbrugger &
Kelava, 2020). The verbal labeling of the scale poles was based on empirical results from
Rohrmann (1978) demonstrating that the terms ‘gar nicht’ (Engl. ‘not at all’) and ‘sehr’ (Engl.
‘very’) were consistently interpreted as extrema by the participants. To allow an equidistant
gradation of the response format, any further naming or numerical anchors were omitted. The
scale is expected to be rapid in application due to its short instruction. The revision resulted in
the CRS presented in Figure 8. More details concerning the scale construction can be found in

the corresponding publication (see appendix C).

The research questions were investigated in a static driving simulator study of the
Department of Psychology and Ergonomics of Technische Universitdt Berlin. Twenty-five
participants (13 women, 12 men) completed the experiment. After a familiarization and training
phase, they experienced two blocks of five trials, ten in total. The two blocks differed in respect
to the scale that was used to provide the rating: the SCA or CRS. The sequence was balanced
across participants. In each trial, a take-over was necessary due to an obstacle on the
participants’ lane (see Figure 9). As discussed in the section on time budget, TTC is a suitable
measure to describe the criticality of driving situations with a stationary obstacle. Hence, TTC
at the moment of the TOR was used to vary the criticality. Five equidistant TTC-values were
realized: 2.5, 3.0, 3.5, 4.0, and 4.5 s. Over all participants, each TTC was experienced at every
position five times, e.g. TTC 2.5 s was presented first for five participants. Hence, the

experimental design was a 2 (rating scale) x 5 (TTC-value)-within-subjects design.

In each trial, participants followed a lead vehicle in automated driving mode.
Participants had to take over vehicle control upon request and change lanes to avoid a collision
with the obstacle (see Figure 9). With a valid scale, a variation of the criticality of the driving

situations should be reflected in the corresponding ratings.

21
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scales

Lead

Participant Obstacle

Figure 9: Schematic illustration of the lane change situation.
Note. The participants’ vehicle follows the lead vehicle. It changes lanes due to the obstacle in

its lane.

TTCs and criticality ratings for each scale were correlated and evaluated (RQ 1 and 2).
For the comparison between the SCA and CRS, it was tested whether the correlation
coefficients of both scales differed significantly (RQ 3). This approach was based on a method
suggested by Eid et al. (2017). For details, see appendix C, section 2.5. Using this method, the
convergent validity of the scales is investigated. Driving data for each take-over were recorded
to investigate the effects of repeated experience on behavior (RQ 4). Participants provided their
ratings of perceived effort after each trial with the subscale of the NASA TLX (Hart &

Staveland, 1988). Linear mixed-effects models were used to evaluate these effects.
2.1.3 Results and discussion

The ratings of both scales correlated strongly with the TTC-values. This indicated that
the SCA and CRS are valid for the assessment of the criticality of take-over situations (RQ 1
and 2). However, convergent validity was tested only, while other types were not considered.
The reasons were that this type of validity is an important property of assessment tools and in
this case, it was easy to investigate because ratings could be correlated with TTC-values. Future
studies should test further validities such as discriminant validity. Besides, the scales were
validated in lane change situations in which criticality was varied by TTC. Hence, a

generalization to other driving scenarios and other variations of criticalities is debatable.

The comparison revealed that neither the SCA nor the CRS is superior to the other; they
are equally well suited to assess criticality (RQ 3). This is noteworthy because the two scales
use different scale designs and vary concerning the instructions. Internal pre-tests and this
experiment showed that instructing the SCA is more time-consuming. Besides, its application

is more error-prone than the CRS, as sometimes the markings of the first and second rating step
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do not correspond, e.g. a participant marks the verbal category ‘harmless’ and the numerical

subcategory 5. Hence, usage of the CRS is recommended.

Repeatedly taking over did neither affect criticality nor perceived effort ratings nor take-

over behavior. Except maximal brake pedal position decreased over trials (RQ 4).

In retrospect, two aspects of this study should have been done differently. First,
perceived effort was assessed as an indicator of fatigue. However, another tool, e.g. the
Karolinska Sleepiness Scale (Shahid et al., 2011), would have been a more appropriate and
direct way to measure fatigue. Therefore, I would use this scale in future studies. Second, the
change in the criticality ratings over trials was recorded using a scale whose reliability has not
yet been checked. Hence, the results of the criticality ratings concerning repeated take-overs

should be viewed with caution and are not considered further in this thesis.
2.1.4 Conclusion

Based on the results of study 1, it can be concluded that both scales are appropriate to
assess the criticality of take-over situations. The CRS was selected to be applied in studies 2
and 3 because it was observed that it holds a higher test efficiency and lower susceptibility to

errors than the SCA.

Study 1 indicated that neither effort ratings nor take-over behavior of driving simulator

studies are affected by frequent repetitions of take-over situations.
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2.2 Study 2: What happens when drivers of highly automated vehicles

take over control in critical brake situations?

2.2.1 Introduction

Even though automated driving systems (ADS) are designed to relieve the drivers,
driver-initiated take-overs may still occur. This can happen any time because the option to
override the ADS must always be available, also in critical and dynamic driving situations

(United Nations Economic Commission for Europe, 2014).

The presentation of the research demonstrated that driver-initiated take-overs were
hardly examined, although different studies showed that drivers do initiate take-overs. These
control shifts in critical driving situations are of particular interest, as appropriate behavior can
be crucial here to avert worse. Hence, the aim of study 2 was to investigate how drivers perceive
time-critical and dynamic brake situations, and how they behave and perform when initiating a
take-over. The experiment is published in the journal Accident Analysis and Prevention,

Volume 144 (Roche et al., 2020). It can be found in appendix D.
The following three research questions were investigated in study 2:

RQ 1: Does the criticality of the driving situations impact the criticality rating indicating

that drivers can discriminate between the different degrees of criticality?
RQ 2: Does the criticality of the driving situations influence take-over behavior?
RQ 3: Do drivers deliver an appropriate performance when they take over?

RQ 2 refers to take-over behavior. In this thesis, it is understood as the pure observation
of the action without evaluating it. Dependent variables that characterized the behavior are
TOTs and maximal decelerations. RQ 3 deals with the take-over performance which is here
defined as the evaluation and the consequences of the actions. Dependent variables are lane
departures, collisions, and comparisons of deceleration behavior to the actions of the
automation. For the comparison, the maximal deceleration recorded per participant and trial
was subtracted from the data of the automation for the corresponding trial. The comparison was
used to determine whether the extent of decelerations was adequate to avoid collisions with the
merging vehicle. A significantly stronger reaction in comparison to the ADS was interpreted as
an overreaction. This method is a rather novel and unusual approach to evaluate take-over

performance.
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2.2.2 Method

The three research questions were addressed in a study conducted in the driving
simulator of the Department of Automotive Engineering, Technische Universitit Berlin. Forty-
two subjects (19 women, 23 men) took part. After a training session, the participants
experienced nine experimental and six filler trials, 15 in total. In each one, they followed a lead
vehicle in automated driving mode for about 1.5 min. Then, in the experimental trials, another
car merged into the lane between the participants’ and the lead vehicle and braked strongly. An
exemplary presentation of the maneuver is visualized in Figure 10. The criticality of these brake
situations was varied by time budget in terms of time headway (THW) and by vehicle dynamics,
realized by traction usage (TU). THW was defined as the distance between the participants’
and the merging vehicle; three equidistant THW-levels were implemented: 0.34, 0.21, and 0.08
s. TU was defined by the ego vehicle’s deceleration of the advanced emergency braking system,
three levels were realized: 0.44, 0.64, and 0.84. This resulted in a 3 (THW) x 3 (TU) within-
subjects-design. Details on the randomization can be found in the corresponding publication
(see appendix D). Participants were triggered to take over control by an acoustic cue when the
intended combinations of THW and TU were met. The ADS was designed to manage the
situation safely by decelerating appropriately in case the drivers did not take back control. In
the filler trials, participants were either triggered to take over without a merging vehicle, or no

trigger was presented.

Criticality ratings were collected after each trial with the CRS (Roche, 2021) and
behavior was recorded. The effects of THW and TU on criticality ratings, take-over behavior,
and deceleration difference to the automation were analyzed with linear mixed-effects models
(RQ 1, 2, and 3). The frequencies of collisions and lane changes were analyzed with logistic

models (RQ 3).
2.2.3 Results and discussion

The analysis showed that criticality ratings and maximal decelerations increased
significantly when THW or TU became more critical (RQ 1 and 2). No interaction effect on
criticality ratings was observed. The interaction effect on maximal decelerations showed that
the effect of TU was stronger when THW was less critical. In contrast to the expectations, TOTs
were neither affected by THW nor by TU (RQ 2). A reason for this result could be that the
THW-values were too low to cause a difference. Another one might be that the take-overs by

the participants were very fast. Hence, THW or TU could barely affect them because of a floor
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Participant Lead

Figure 10: Schematic illustration of the brake situation.
Note. The participants’ automated vehicle follows the lead vehicle with a constant velocity and

distance. The merging vehicle decelerates as soon as it has merged into the participants’ lane.

The results revealed that participants decelerated significantly more than the automation,
hence, unnecessarily strong (RQ 3). This difference was larger when TU was less critical. These
findings can be interpreted as an overreaction since small deceleration would have been
sufficient to establish a safe distance to the merging vehicle. Besides, lane changes occurred,
even though they were not necessary to avoid a collision. Both findings indicate a hazardous
behavior when taking over because strong decelerations and lane changes may destabilize the
vehicle or result in collisions with following vehicles or on the adjacent lanes (RQ 3). A
collision with the merging vehicle occurred in only three out of 357 trials. Due to the small

number, no statistical analysis was performed on collision frequency.
2.2.4 Conclusion

To conclude, more critical brake situations in terms of low THWs and high TUs lead to
higher criticality ratings and higher maximal decelerations. The variable ‘deviation of the
maximal deceleration from the automation’ revealed that the overreaction was higher when TU
was less critical. However, the variable was not suitable to derive in which conditions

participants decelerated stronger than necessary.

Despite these results, it is questionable whether drivers would behave and perform
similarly when taking over in different driving situations. Investigating further scenarios would
extend the reported findings. This leads to study 3, examining take-overs in lane change

situations.
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2.3 Study 3: What Happens when Drivers of Automated Vehicles Take

Over Control in Critical Lane Change Situations?

2.3.1 Introduction

Study 2 showed that the situational parameters time budget and vehicle dynamics affect
the subjective criticality, the behavior, and the performance when drivers take over in critical
brake situations and that take-overs in critical and dynamic brake situations are dangerous.
However, also the driving conditions themselves may influence the dependent variables.
Therefore, it is questionable whether similar results would be obtained when investigating

different driving situations.

Lane changes are suitable for such an investigation because it is a typical maneuver and
can be critical and dynamic. Due to that, study 3 focuses on lane change situations. In line with
the previous experiment, it investigates how drivers perceive time-critical and dynamic lane
changes, how they behave, and whether they react appropriately when initiating a take-over.
This study is published in the journal Tramsportation Research Part F: Psychology and
Behavior (Roche et al., 2022, see appendix E).

In study 3, the same research questions were investigated as in study 2:

RQ 1: Does the criticality of driving situations impact the criticality ratings indicating

that drivers can discriminate between the different degrees of criticality?
RQ 2: Does the criticality of the driving situations influence take-over behavior?
RQ 3: Do drivers deliver an appropriate performance when they take over?

Like in study 2, RQ 2 refers to take-over behavior, while RQ 3 deals with the
performance. Here, TOTs, maximal steering wheel angles, and maximal deceleration were used
to answer RQ 2. To evaluate take-over performance, lane departures, collisions, and
comparisons of deceleration and steering behavior to the automation were analyzed. Again,

significant deviations from the ADS were interpreted as overreaction.
2.3.2 Method

Study 3 was conducted in the same driving simulator as study 2. After a training session,
sixty participants (28 women, 32 men) experienced 14 double lane change situations, eight
experimental and six filler trials. Each run started with an automated phase. The participants’
car followed a lead vehicle for about 1 min. Then, the preceding car performed a double lane

change because of obstacles in the lanes. The maneuver is schematically presented in 11. In the
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experimental trials, the take-over was either triggered before the first or the second lane change.
The criticality of the driving situations was varied by time budget, here time-to-collision (TTC),
and traction usage (TU). TTC was defined by the distance to the obstacle at the moment of the
trigger. Two TTC-levels were implemented: 2.1 s and 1.2 s. TU was varied by the lateral
acceleration due to the lane change maneuver performed by the ADS. Two TU-levels were
realized: 0.24 and 0.38. The take-overs were provoked by an acoustic cue with the intention
that participants take back vehicle control in comparable driving situations. In the filler trials,
no trigger was presented during the double lane changes. The ADS was designed to manage the
situation safely by steering around the obstacles and following the lead vehicle on the same

trajectory in case the drivers did not take over.

The two lane changes were analyzed separately because they differed in many respects,
e.g. predictability of the take-overs and the event preceding the trigger. This resulted in two 2
(TTC) x 2 (TU) within-subjects-designs, one for the first lane change and one for the second.
Criticality ratings were collected after each trial with the CRS validated in study 1 (Roche,
2021). TOTs, maximal steering wheel angles, maximal decelerations, lane departures, and
collisions were recorded for each trial. The metric variables were examined with linear mixed-
effects models (RQ 1 and 2). The binary ones were analyzed with logistic models (RQ 3). In
contrast to study 2, not the difference to the automation was calculated, but t-tests for each
condition were used to check whether participants’ steering and decelerating deviated from the
automation (RQ 3). This method reveals differences for each condition rather than investigating

how much time budget and vehicle dynamics contribute to the difference.

Lead 2. obstacle

Participant 1. obstacle

Figure 11: Schematic illustration of the double lane change.

Note. “Warning sign” by Alfa Design from Noun Project. “Work in progress sign” by Gleb

Khorunzhiy from Noun Project. Both licensed under CC BY 4.0
Note. The participants’ automated vehicle follows the lead vehicle on the same trajectory. The

trigger was either presented before the first or the second obstacle.
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2.3.3 Results and discussion

The analysis showed that lower TTC and higher TU led to increased criticality ratings.
Only in the first lane change, TTC did not have an effect. On the one hand, this may indicate
that participants truly evaluated the driving situations and, thus, can discriminate between
different degrees of TTC and TU (RQ 1). On the other hand, it could also be that their answers
were influenced by the outcome of their action, e.g. collision or lane departure, since they
provided their rating after each trial. An additional analysis showed that the TOTs correlated
with the ratings. This indicates that critical situations were perceived as such, and participants
reacted accordingly. However, the ratings also correlated with collision frequency, suggesting

that an a-posteriori assessment may be biased by the outcome of the maneuver to some extent.

With more critical TTC and TU, lower take-over times (only in the second lane change),
higher maximal decelerations, and higher maximal steering wheel angles were observed (RQ
2). In the first lane change, more collisions occurred when TTC was less critical and TU was
more critical. In both maneuver parts, participants departed from the lane more often with more
critical TTC. Participants steered more than necessary in most conditions in the first lane change
and in one condition in the second lane change, especially when TTC was more critical. This
might be the reason for the higher lane departure probability with more critical TTCs in both
lane changes. Additionally, participants decelerated more than the automation under all
conditions. In total, the results on collisions, lane departures, steering, and deceleration indicate
a poor and hazardous take-over performance (RQ 3). Especially, the observed lane departures
and collisions deserve attention because they may lead to serious damages and would not have

happened if the driver had not taken over vehicle control.

The observed interactions of criticality ratings, TOTs, maximal steering wheel angles,
and lane departures in the second lane changes showed that the effect of TTC was stronger
when TU was less critical. It could be that more critical TU was perceived as a threat to the
drivers’ safety and, thus, captured attention. Hence, fewer cognitive resources were available
for processing other stimuli such as TTC (Kahneman, 1973). When TU was less critical, more
cognitive resources were free to focus on TTC. Hence, TTC could have a stronger effect on the

dependent variables.
2.3.4 Conclusion

To conclude, the results of study 3 demonstrated that more critical lane change situations
concerning TTC and TU are perceived as such — at least to a certain extent. Take-overs in these

situations lead to more extreme steering and decelerations. In most conditions, drivers tend to
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overreact by steering and deceleration and worsen the situation, i.e. they cause lane departures

and collisions.
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3 Discussion

Previous research intensively investigated system-initiated take-overs. However, driver-
initiated take-overs have barely been studied. The effects of vehicle dynamics on take-over
behavior were not considered at all. Hence, the research question of the present thesis was what
might happen if drivers initiate take-overs in highly time-critical and dynamic driving

situations.

To address the research question, three driving simulator studies were conducted. In
study 1, two rating scales were validated to solidly survey the subjective criticality of the take-
overs in the following studies. In addition, the change of effort ratings and behavior over the
repeated experience was examined. In studies 2 and 3, subjective criticality, take-over behavior,
and performance were investigated in brake (study 2) and lane change situations (study 3) of

varying criticality.

A difference between the three studies should be kept in mind when discussing and
comparing them. In the first and third experiment, lane change maneuvers were investigated.
Here, TTC was varied because it is usually employed to describe the criticality of such
situations (see the section on Time budget). Hence, the reported values in these two studies are
comparable. In the second experiment, brake situations were examined. The time budgets
referred to moving objects, the merging and braking vehicles. Hence, THW was used to vary
and describe the time budgets. Besides, TU was not considered in study 1, while it was altered
in longitudinal direction in study 2 and lateral direction in study 3. Thus, the absolute time
budget- and TU-values of the lane change and the brake maneuvers represent a different

criticality. Hence, the three studies should be compared with caution.
3.1 Discussion of the results

The discussion of the results follows the three main aspects of the present thesis: (1)
criticality assessment, (2) repeatedly taking over, and (3) effects of time budget and vehicle

dynamics in driver-initiated take-overs.
3.1.1 Ciriticality assessment of driving situations

It was demonstrated that the CRS and the SCA are equally valid scales to assess the
criticality of driving situations. This is an important finding because it ensures the quality of
the ratings obtained with the CRS and the SCA. However, validation can only ever be as good

as the method used. Limitations of the study design are presented in the corresponding
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publication (appendix C) and section 3.3. They discuss that there is no doubt that the scales
need to be validated in further driving situations and with different variations of criticality.
Also, testing the discriminant validity, reliability, and objectivity of the scales would increase
the generalizability and value of the results. Besides, validation is not the only requirement to
ensure that the ratings correspond with the perception. Scales also entail several disadvantages

which should be considered.

First, answering a question requires cognitive effort to understand it, recall the relevant
information from memory, evaluate its relevance, and select an appropriate answer (Bogner &
Landrock, 2016). Depending on the difficulty of the question, the cognitive ability of the
respondents, and their motivation to reply truthfully, the answers can be biased (Bogner &

Landrock, 2016).

Second, further response biases of scales are possible. These are the tendencies for
extreme or central responding or interviewer effects (Bogner & Landrock, 2016; Furnham,
1986). Unambiguous and simple wording of the question, closed response format, and no
middle answer category are methods that may counteract the mentioned biases (Bogner &
Landrock, 2016; Moosbrugger & Kelava, 2020). These options to reduce distortion were
considered in the development of the CRS. Additionally, CRS- and SCA-ratings were provided
in absence of the interviewer in the presented studies. Hence, it can be assumed that these

response biases were reduced to a certain extent.

Third, scales do not allow a continuous measurement over time. Measuring perceived
criticality permanently would have been an interesting aspect in the investigated driving
situations because the time budgets and vehicle dynamics changed constantly and were not
static throughout one trial. The reported values of the independent variables only represent the
criticality of one selected moment. Hence, the collected ratings may refer to different
manifestations of time budgets and vehicle dynamics than the intended ones.
Psychophysiological parameters might be suitable for continuous measurement. However, they
also still need to be validated as indicators for situational criticality. Yi et al. (2022) took a first
step in that direction. They showed that more critical take-over situations led to higher skin
conductance levels, higher heart rates, and larger pupil diameter. The psychophysiological
variables correlated with the criticality ratings provided on the SCA (Yi et al., 2022). Future

examinations should pick up here.

Forth, without a continuous measurement, the point of time of the data collection has to

be determined. The additional analysis in study 3 showed that a-posterior criticality ratings
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significantly correlated with TOTs and frequency of collisions (Roche et al., 2022). This means
that the ratings corresponded to the behavior but that the outcome was also considered when
evaluating the driving situation after experiencing it. On the one hand, a bias of the ratings by
the take-over behavior and the outcome of the maneuver cannot be excluded. On the other hand,

a real-time evaluation may be biased by time pressure.

Fifth, individual parameters may also affect the perception of driving situations and,
thus, bias the evaluations. For example, in Banet and Bellet (2008), motorcyclists and car
drivers watched video sequences of driving situations with a certain collision risk and rated its
criticalities. Banet and Bellet (2008) observed that the criticality ratings of car drivers were
significantly higher than those of motorcyclists. They assumed that the latter have a more
pronounced sensation-seeking personality, hence, they accept more critical driving situations
as tolerable. This demonstrates that the collected evaluations in studies 1, 2, and 3 might have

been affected by the individual characteristics of the participants.

Sixth, numerical values are commonly used to process the evaluations and to enable a
statistical analysis (Moosbrugger & Kelava, 2020). In this case, originally ordinal scaled
variables are treated as interval scaled. This is problematic because the assumptions for the
application of these analysis methods are not met (Moosbrugger & Kelava, 2020). However,
Moosbrugger and Kevala (2020) stated that ratings with a response format of five or more scale

levels can be interpreted as approximate interval scaled. This applies to both tested scales.

To conclude, evaluations obtained with scales do not necessarily correspond to the
perception of the driving situations even when they are validated. First, responses may be biased
for several reasons. Second, the statistical analysis may be based on wrong assumptions.
However, some of these aspects may be counteracted by different design methods or neglected
due to their presumably weak influence. Other assessment tools may allow a continuous and

less biased evaluation of the criticality of driving situations, but they are not validated yet.
3.1.2 Repeatedly taking over

The results of study 1 indicate that effort and behavior barely change when repeatedly
taking over vehicle control. Except brake inputs became weaker with increasing experience.
This is in contrast to Brandenburg and Roche (2020), who observed an increase of deceleration
over three trials. Visually inspecting the brake pedal input (see Figure 8f in appendix C) shows
that the mean values per trial vary, indicating no specific trend. Additionally, the marginal

coefficient of determination of this model was very low, suggesting that the factor ‘trial’ did
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not explain much variance. It seems like a linear regression does not approximate the change

of braking adequately.

Perceived effort ratings, TOTs, and maximal steering wheel angles remained stable over
trials. As mentioned in section 2.1.3, the change of criticality ratings are not considered further
because they were assessed with a scale whose reliability has not yet been investigated. There
are two possible reasons for the missing effects of the dependent variables. First, fatigue likely
set in over trials which is assumed to lead to higher effort to stay awake (de Waard, 2002). At
the same time, participants became more trained which probably made it easier for them to take
over. Hence, the increased practice may have compensated for increasing effort to stay alert.
Second, subjective criticality and take-over behavior might have changed during the five
training trials. Or they adopted within the first experimental ones due to increasing practice
with the driving simulator and the take-over scenario and hardly changed after that. A
phenomenon like the one described was observed by Forster et al. (2019). They showed that
take-over performance concerning transitions to SAE-level 2 or 3 fits a learning curve with a
steep increase within the first trials followed by a stabilization (Forster et al., 2019). This curve
is described by the power law of practice which considers training as mandatory to improve
performance, i.e. react faster or make fewer errors, resulting in a noticeable improvement within
the first repetitions (Neves & Anderson, 1981; Newell & Rosenbloom, 1981). But the change
aims toward zero from a certain point of practice (Neves & Anderson, 1981). The first part of
this assumption is supported by the results of different driving simulator studies. The
participants were requested to take over two, three, or six times, respectively. It was observed
that subjective criticality and perceived effort decreased, trust increased, take-overs became
faster, and minimal TTCs increased over the repeated take-overs (Gold et al., 2015; Hergeth et
al., 2015, 2017; Payre et al., 2016; Roche et al., 2018). Interestingly, deceleration increased in
Brandenburg and Roche (2020) while it decreased Hergeth et al. (2017). In study 1, a larger
number of trials (N = 10) compared to previous studies (N = 2, 3, 6) was conducted. Here, the
ratings and behavior might have changed in the first trials and stabilized afterwards. For the
analysis, a linear trend was adopted which might not have been appropriate to represent this

effect.

The findings on repeated take-overs are promising because they suggest that the results
of driving simulator studies that examine several take-overs in a row are relatively valid because
perceived effort and behavior do not change with increasing practice except maybe in the first
take-overs. Using such designs might be necessary for several reasons: test efficiency, limited
pool of participants, or testing within-subjects to control for individual differences between the
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experimental groups. These are valid reasons to take the risk of small behavioral changes when
testing several trials per participant. Nevertheless, it remains essential to systematically balance
the experimental conditions to avoid any order effect. Researchers should also stay aware of

potential behavioral changes when investigating several take-overs in one session.
3.1.3 Effects of time budget and vehicle dynamics

The effects of time budget and vehicle dynamics on criticality ratings, take-over
behavior, and performance were the focus of the present thesis. They were used to evaluate how
drivers perceive, behave, and perform (in) time-critical and dynamic driving situations to
answer the research question what might happen if drivers take over vehicle control in time-

critical and dynamic driving situations.

Kahneman’s capacity model of attention (1973) was used to explain the observed
interactions between time budget and vehicle dynamics in the lane change situations (study 3).
It assumes that the human cognitive potential is generally limited and must be directed to tasks
to be activated. In turn, less capacity is available to carry out further activities. The allocation
is determined by different aspects, among them the involuntary attention to novel or sudden
stimuli (Kahneman, 1973). Transferred to the investigated lane change situations, it seems that
the highly dynamic ones have presented such a trigger because the lateral accelerations were
stronger and a loss of control was more likely. Also, the visual impression of the dynamic lane
changes was intense. Thus, these aspects were processed, while fewer cognitive capacities were
available to process other stimuli such as time budget. Consequently, the time budgets could
hardly affect the dependent variables. It can be assumed that system 1 described by Kahneman
(2011) was strongly involved in these situations. It is one of the two ways the brain works and
is responsible for intuitive, fast thinking. System 1 requires little or no effort and operates
automatically and involuntarily. In contrast, system 2 is associated with slow, effortful
reasoning and concentration. It draws attention to voluntary, cognitively demanding tasks
(Kahneman, 2011). With lower vehicle dynamics, the lateral accelerations were smaller. Hence,
the situations might have appeared less threatening. In these cases, more capacities were
available to pay attention to other aspects. So, the time budget could affect the dependent

variables. System 1 might have been less involved.
Criticality ratings

The present thesis showed that drivers can discriminate between different degrees of
criticality of driving situations realized by time budget and vehicle dynamics — assuming that

the ratings correspond to the driving situation and do not reflect the outcome of the maneuver.
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The effects of time budget are in line with previous studies which demonstrated that lower time

budgets lead to higher criticality ratings (Roche & Brandenburg, 2018, 2020).

The results of the present thesis extend the previously available knowledge that
participants are sensitive to low time budgets and vehicle dynamics. This is a noteworthy
finding as it indicates that drivers do not only perceive temporal differences in driving situations
but also very small ones and variations of vehicle dynamics. The insights generated by the

criticality ratings support the interpretation of observed take-over behavior.
Take-over behavior

Take-over behavior was evaluated by TOTs, deceleration, and steering variables. The
observed means and standard deviations of TOTs for each study are presented in Table 1.
Surprisingly, the means were lowest in the first study, even though, these situations were rated
as least critical. Rather, it was expected that participants would take over slower if they
evaluated the situations as less critical. This disparity may be due to the different simulators
and software that was used in study 1 compared to studies 2 and 3. The setting and sampling
frequency of study 1 may have led to the faster take-overs. But mean TOTs in study 2 were also
lower than in study 3, even though, they were rated as less critical. Studies 2 and 3 were
conducted in the same driving simulator but with different participants. These results indicate
that comparing the absolute criticality ratings between studies and across different respondents
might be misleading. Comparing criticality ratings within one study and with the same set of
participants seems to be adequate as indicated by the higher TOTs and lower criticality ratings

in the second lane changes compared to the first.

Previous studies are consulted to classify the magnitude of the observed TOT-values.
Eriksson and Stanton (2017) reviewed 25 driving simulator studies concerning time budgets
and TOTs. They identified a mean TOT of 2,690 ms (SD = 1,960 ms) ranging from 1,550 s to
15,000 ms (Eriksson & Stanton, 2017). This shows that the take-overs observed in the present

thesis are very fast. There are three possible reasons for this finding.

First, the lower time budgets in the present thesis compared to the studies included in
the review of Eriksson and Stanton (2017) could be the reason for the difference. These lower

time budgets may have elicited the faster take-overs as observed in Zhang et al. (2019).

Second, the participants in studies 1, 2, and 3 did not perform any non-driving related
task (NDRT) and could focus on the environment. Whereas, in most of the studies reported by
Eriksson and Stanton (2017), participants were distracted by a NDRT. The missing distraction

might have led to faster switches from supervising to controlling the vehicle and, hence, to
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lower TOTs. Indeed, Feldhiitter et al. (2017) observed faster take-overs of non-distracted

drivers compared to those performing a NDRT.

Third, in the present thesis, participants were highly trained to take over vehicle control
before the experimental session started. Whereas participants of studies included in the review
of Eriksson and Stanton (2017) experienced no or very little training and fewer experimental
trials, e.g. Gold et al. (2016) or Lorenz et al. (2014). As discussed in the section on repeated
take-overs (see 3.1.2), it could be that TOTs decreased within the first training and experimental

trials due to increasing practice and were, then, on a lower level.

Table 1: Means and standard deviations (SD) of criticality ratings and take-over times (TOTs)

per study.

Study Mean SD Mean SD

criticality criticality TOTSs [ms] TOTSs [ms]
ratings [pts.] ratings [pts.]

Study 1: Lane change 41.44 21.99 543 283

situations

Study 2: Brake 49.64 26.16 567 333

situations

Study 3: First lane 65.42 25.81 825 262

change situations

Study 3: Second lane 56.45 26.05 907 305

change situations
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Study 3 demonstrated that TOTs were only affected by the time budget in the second
lane change. Participants took over more slowly when they had the time to do so. With lower
time budgets, they reacted appropriately by taking over faster. Roche and Brandenburg (2018,
2020) observed comparable effects. Similarly, Zhang et al. (2019) extracted in their meta-
analysis that higher time budgets led to slower take-overs. This indicates that drivers may
recognize when they have more time and use it to initiate the take-over. Whereas they react as
fast as possible when necessary. A reason that the effect was not found in the first lane change
might be its lower predictability. The lead vehicle covered the first obstacle while the second
one was earlier visible. Hence, the first take-over situation appeared more sudden and likely
produced faster reactions irrespective of time budget. This assumption is supported by the
descriptively lower mean TOTs in the first compared to the second lane change (see Table 1).
A floor effect could be the consequence. Therefore, different time budgets would have little or

no influence on TOTs in the first situation.

More critical and dynamic situations were evaluated adequately, as indicated by the
criticality ratings. It seems as if this perception elicited stronger decelerations and steering.
Roche and Brandenburg (2018, 2020) also observed that participants decelerated and steered
more extreme when having less time to take over. These effects may have the following two
reasons. First, with more critical time budgets, participants had less time to process the driving
environment and select an appropriate action. Due to that, participants were probably frightened
and reacted with stronger deceleration and steering as suggested by Davis (1984). However,
such behavior was not necessary to avoid the obstacles. Second, in the more dynamic brake
situations, the merging vehicle decelerated stronger. Hence, extreme deceleration was
necessary and adequate to avoid a collision. Similarly, larger steering in the more dynamic lane

change situations was required because the trajectories to evade the obstacles were steeper.

Only in the second lane change, time budget did not affect maximal decelerations. These
were the situations in which time budget affected TOTs. Hence, it could be that the faster take-
overs reduced the necessity to brake stronger. While in the brake situations and first lane
changes, participants compensated for the missing differences of TOTs by more extreme

braking.

It can be summarized that more critical time budgets and vehicle dynamics act as intense
and adverse stimuli and elicit the corresponding responses (Davis, 1984). Similarly, the
predictability of the take-overs is suspected to affect the intensity of take-over actions.

Additionally, high vehicle dynamics seem to strongly draw attention, activating system 1,
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leaving little cognitive capacities to process other stimuli such as time budget (Kahneman,

1973).
Take-over performance

Deceleration and steering should be strong enough to avoid collisions with the merging
vehicle or the obstacles. But they should be as weak as possible to avoid loss of vehicle control,
lane departures, and rear-end collisions. That way, the respective automation in studies 2 and 3
was designed. Hence, the deceleration and steering in comparison to the automation and the
potential consequences, e.g. lane changes, lane departures, and collisions, were used to evaluate

take-over performance.

The comparison with the automation is a rather novel approach to evaluate performance.
The findings from this are discussed here. In the beginning of the research project, it was unclear
which dependent variable fits best. In study 2, the difference between the deceleration behavior
of the participants and the automation was calculated. The effects of time budget and vehicle
dynamics on the deviation were then analyzed with linear mixed-effects models. In study 3, t-
tests between the participants’ deceleration and steering and the corresponding values of the
automation were calculated for each condition. To evaluate take-over performance, t-tests were
identified to be better suited because they reveal potential overreactions per experimental
condition. This was more useful than investigating the effects of time budget and vehicle
dynamics. However, for the evaluation of the performance, the behavior of the ADS served as
reference. This is questionable because the ADS could have been implemented in many ways
resulting in different data. For future comparisons, it would be advisable to create a truly ideal

reference that meets criteria yet to be defined.

The results of study 2 suggest that participants decelerated strongly almost irrespective
of the vehicle dynamics. Similarly, in study 3, participants braked under all conditions. This
behavior can be interpreted as an overreaction because no deceleration was necessary in study
3. Participants might have considered strong braking as inevitable to avoid a collision with the
merging vehicles or the obstacles. Or they might have preferred to reduce speed for the lane
change maneuver. Either way, strong deceleration is hazardous because it may result in rear-

end collisions and loss of vehicle control.

In the more time-critical and dynamic brake situations (study 2), more lane changes
occurred. Possibly, changing lanes was the participants’ strategy to avoid a collision when less
time for braking was available or when the situation was more dynamic. This strategy was
successful to some extent: Only three collisions (out of 357 trials) occurred in study 2. However,
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3.1 Discussion of the results

it could be that while avoiding the threat to collide with the merging vehicle, participants did
not carefully check the lane they were changing to. In turn, participants risked collisions with
vehicles on the adjacent lanes. Unfortunately, these events were neither simulated nor
investigated in study 2. Recording and analyzing the gaze behavior would have provided more

insights here.

In study 3, more lane departures occurred when drivers had less time to avoid a collision.
In these situations, participants steered more than necessary. Possibly, the stronger steering led
to lane departures, demonstrating that a take-over under these conditions might be dangerous.
Surprisingly, the lane departure frequencies were not affected by vehicle dynamics. It seems
that participants were able to maintain control despite the stronger steering with higher vehicle

dynamics.

In the first lane changes of study 3, 30 collisions took place. Surprisingly, in 26 trials,
participants collided with the first obstacle when they steered back to the left lane too early.
This can be due to the participants’ striving to return to the initial state (here the lane) and to
avoid the second obstacle as fast as possible without carefully checking their surroundings. It
could also be that participants failed to develop an appropriate representation of the vehicle and
the environment because the study was conducted in a driving simulator. The extension of the
body schema to the nearly static vehicle may have been incomplete. Already in 1911, Head and
Holmes identified passive movement as a powerful method to generate a correct body schema
(Head & Holmes, 1911). The movement of the motion seat might not have been sufficient for
that. Besides, it can be assumed that the vehicle in the driving simulator was not fully accepted
as a tool, respectively extension of the body. This phenomenon was reported by Maravita and
Iriki (2004), although in a very different setting. The researchers observed that the neuronal
activity of primates changed after using a rake to get food. The interpretation of their finding
was that the body schema extended through tool use (Maravita & Iriki, 2004). Based on that, it
can be inferred that the experience with the simulated vehicle was insufficient to evoke an
extension of the body schema. In real traffic, it should be easier for the drivers because the
vehicle is truly moving. Consequently, it can be assumed that they would show different

behavior with fewer collisions when steering back to the initial lane.

The evaluation of take-over performance demonstrated that participants decelerate too
much and steer too strong when taking over in such highly time-critical and dynamic driving
situations. This behavior is hazardous because too high decelerations and strong steering

increase the risk of losing vehicle control when the maximal horizontal force is exceeded.
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3 Discussion

Besides, rear-end collisions, collisions with vehicles on the adjacent lanes, and lane departures
are more likely. The observed consequences of take-overs, e.g. collisions, are noteworthy

because none of them would have happened if the drivers had not taken over.
3.2 Development of assistant systems for take-overs

The presented research has shown that driver-initiated take-overs can have serious
consequences. However, drivers always have the right to override the system (United Nations
Economic Commission for Europe, 2014). Hence, ways need to be found to enable such take-
overs while their harmful consequences are prevented. One way is to impede or moderate the
drivers’ actions by assistance systems. It is assumed that the application of such systems

improves the take-over quality and results in safer take-overs (Nguyen & Miiller, 2020).

Researchers introduced different concepts for assistance systems. Wada et al. (2016) and
Saito et al. (2018) suggested a control transition with a smooth transfer, the so-called shared
authority mode. During the take-over, the vehicle control should be gradually handed from the
ADS to the driver while the system may adjust drivers’ extreme steering. This would grant the
drivers more time to gain situation awareness. Walch et al. (2015) proposed different types of
procedures for transferring the control from the ADS to the driver. One type is the immediate
hand-over with a complete control shift once the system detects a driver input. This is the
currently widely implemented form of hand-over procedure. Another type suggested by Walch
et al. (2015) ought to assist the driver during the take-over, the system-monitored hand-over.
The idea of this type is that the system adjusts the drivers’ input in case it would result in a
critical situation (Walch et al., 2015). This procedure may support the driver during the take-

over and as long as needed after it.

In the course of the DFG-research project, the automotive engineers from the Technische
Universitdt Berlin developed two different assistance systems that may operate in brake and
lane change situations (Nguyen & Miiller, 2020). The first is based on a threshold and is a new
concept. Drivers have to overcome a certain value before the ADS is deactivated and their input
is executed (Nguyen & Miiller, 2020). This threshold is lower for low critical and higher for
highly critical driving situations. For example, more brake pedal force is needed to deactivate
the ADS when time budgets are lower or TU is higher. With the second assistance system, the
cooperative assistant, driver input is possible at all times, but the needed momentum to realize
steering or decelerating is higher when the situation is more critical (Nguyen & Miiller, 2020).

Hence, steering demands more torque when the situation is more dynamic, i.e. when such
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behavior is hazardous because a loss of vehicle control is likely. This concept is similar to the

suggested one by Walch et al. (2015).

Nguyen and Miiller (2020) investigated which of their implementations, the threshold
and cooperative assistant, performed best in brake and lane change situations. In a driving
simulator, five participants experienced the most critical brake and lane change situations from
studies 2 and 3, three times. In each trial, one of the two versions of assistance or no assistance
was activated. Nguyen and Miiller (2020) visualized the timely course of time budgets for the
brake situations and the lateral position for the lane change situations. They compared it to the
course of the automation. The visual inspection of the timely courses indicated that participants
with the cooperative assistant deviated less from the automation’s time budgets or path for both
situations than participants with the threshold or without any assistance (Nguyen & Miiller,

2020).

Their results give a first impression that the cooperative assistant might be superior.
However, special configurations of the two assistance systems were implemented with specific
thresholds and settings based on time budget and TU (Nguyen & Miiller, 2020). It is
questionable whether these implementations of the assistance systems would prevent lane
departures or collisions, especially those caused by too early steering back to the initial lane as
observed in study 3. Different realizations of the two concepts might have shown different
results. Furthermore, the versions were tested with only a small number of participants in one
experimental condition per scenario. Besides, the results were not statistically analyzed but
visually inspected. More elaborate testing and investigating different implementations of the
assistance systems are required to consolidate the findings. Moreover, examining the
implementations with more participants in a more realistic environment, e.g. a test track, would
enhance the generalizability of the results. Such a study was conducted on a former military
airfield in February and March 2020 in the course of the DFG-research project (Brandenburg

et al., in preparation).
3.3 Limitations and future studies

The following limitations concerning all studies should be considered. They contribute

to ideas for future investigations.

First, the rating scales were validated for take-over situations in lane change maneuvers
only. Besides, the criticality was varied by time budgets only. Further scenarios and different
variations of the criticality of the driving situations might affect the ratings differently. Hence,

it would enhance the generality of the results if the scales were validated in additional scenarios.
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Second, participants were triggered to take over in studies 2 and 3. This procedure was
necessary to elicit take-overs when the intended values of time budget and TU were met. It
enabled the assignment of trials to experimental conditions and the comparability between
them. However, it should be noted that the intended values were met at the moment of the
trigger. They differed when participants took over because it could not be controlled when they
did so. Besides, the take-over situations were artificially created. Hence, I cannot claim that I
investigated naturalistic driver-initiated take-overs. However, the results indicate what might
happen if drivers took over in these driving situations. This should be noted when transferring
the results to driver-initiated take-overs. Future studies should focus on take-overs truly

initiated by the drivers to be able to observe realistic take-over behavior.

Third, the studies were conducted in fixed-based driving simulators. In study 1, the
simulator consisted of a vehicle mock-up. For studies 2 and 3, a high-fidelity simulator was
used with a motion seat to induce lateral and longitudinal accelerations. It is questionable how
realistic these movements were. This might limit the generalizability of the results. For
example, it could be that the many observed collisions in study 3 were a by-product of the
driving simulator. As discussed in section 3.1.3 on take-over performance, the participants
might have failed to generate an appropriate representation of the vehicle. However,
investigating such highly critical situations on a test track and putting the drivers at high risks
would have been irresponsible. Besides, Eriksson et al. (2017) showed that driving simulators
are highly valid to investigate workload, perceived usefulness, satisfaction, and behavior in
automated driving. And yet, in the course of this DFG-research project, a study was conducted
on a test track (Brandenburg et al., in preparation). Participants were operating a real, automated
vehicle. Virtual obstacles and vehicles were displayed on the drivers’ track. Similar to studies
2 and 3, the in-built automation would have been able to evade the displayed obstacles. But
participants were again triggered to take over. The results are not available yet, but they will
show whether participants behave similarly in more realistic environments and with more

pronounced accelerations.

Fourth, several take-overs were tested in a row. This was due to test efficiency and the
experimental setting. As presented in the introduction, increased practice in taking over may
influence experience and behavior. But the results of study 1 indicated that perceived effort and
behavior barely change over trials. Hence, it can be concluded that the results of studies 2 and
3 are valid, even though, several take-overs were tested in one session. With the findings from
study 1, it would have even been justifiable to exclude the first trials from the analysis of studies
2 and 3 because the behavior stabilizes after the first take-overs (see section 3.1.2).
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The effects of individual parameters were not investigated in the present thesis. Previous
studies demonstrated that characteristics such as drivers’ personality (Banet & Bellet, 2008;
Mesken et al., 2007; Zeeb et al., 2015), age (Korber et al., 2016), or multitasking ability (Korber
et al., 2015) influence ratings and take-over behavior. Hence, open questions remain, such as:
How do drivers’ characteristics influence criticality ratings and take-over behavior in highly

time-critical and dynamic driving situations?

Another aspect in this context has not yet been dealt with in this thesis. These are the
relations between subjective criticality and take-over behavior and performance. On the one
hand, a certain perception of the driving situation likely leads to corresponding behavior and
performance, e.g. a driver who evaluates the driving situation as very critical might brake
stronger than a driver who perceives it as less critical. Hence, an effect of subjective criticality
on take-over behavior and performance is possible. The additional analysis in study 3 partially
supported this assumption by showing that behavior in terms of TOTs correlated with criticality
ratings. On the other hand, as discussed earlier, the timing of the evaluation is crucial. Behavior
resulting in a certain performance might lead to corresponding criticality ratings if they were
collected after the experience, e.g. situations that resulted in collisions might be rated as more
critical. Indeed, study 3 showed that the criticality ratings also correlated with collision
frequency. Hence, the explanatory value of retrospective evaluations concerning take-over
behavior is limited. Investigating this relation may indicate whether the timing of the

assessment of criticality is crucial.
3.4 Conclusion and outlook

The present thesis focused on the effects of driver-initiated take-overs on criticality
ratings, take-over behavior, and performance. Previously, this type of control transfer had
received very little attention. The research question of the thesis can be answered as follows:
Drivers perceive more time-critical and dynamic driving situations as more critical and show
extreme take-over behavior in terms of TOTs, steering, and deceleration. These actions result
in severe consequences: loss of vehicle control, unintentional lane changes, lane departures,
and collisions with the obstacles, vehicles traveling on the adjacent lane, or the crash barrier.

Hence, it can be concluded that driver-initiated take-overs can carry a high risk.

A final search shortly before submitting this thesis revealed that no new studies on the
topic mentioned had been published, other than those that arose as part of this research project.
And this despite the fact that the presented studies showed that there is a high need to deal more

intensively with driver-initiated take-overs. Hence, research should focus on this aspect of

46



3 Discussion

automated driving. Besides, ways must be found and investigated to prevent the serious
consequences, especially as long as the legal regulations require the possibility of driver
intervention at any times. And there are currently no indications that the Vienna convention

will be amended concerning the provisions on automated driving soon.

Only recently, in March 2022, the first Tesla factory in Europe was opened in
Brandenburg, Germany (Hahn, 2022). Tesla is mainly known for its pioneering role in electric
mobility. But the built-in systems also enable automated driving at SAE level 2. In addition,
the company is already equipping its vehicles with hardware that can one day enable fully
automated driving (SAE-level 5) through software updates (Tesla, Inc., 2022). This shows that
the automotive industry is preparing for higher levels of automation, while the technical and
regulatory requirements are not yet in place. This gap should be closed as soon as possible to

be able to benefit from the advantages of automated driving introduced in section 1.
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5 Appendix

A Table 2: Selection of research topics about system-initiated take-overs

and corresponding studies

Research topics Driving studies

Repeated experience of take-overs Brandenburg and Roche (2020)
Gold et al. (2015)
Hergeth et al. (2015, 2017)
Korber et al. (2015)
Payre et al. (2016)
Roche et al. (2018)

Time budget Dambock et al. (2012)
Gold et al. (2013)
Mok, Johns, Lee, Ive, et al. (2015)
Mok, Johns, Lee, Miller, et al. (2015)
Roche and Brandenburg (2018, 2020)
van den Beukel and van der Voort (2013)
Walch et al. (2015)
Yietal. (2022)

Vehicle dynamics Hu et al. (2019)

Take-over scenario Dambdck et al. (2012)
Kerschbaum et al. (2015)
Naujoks et al. (2014)
Zeeb et al. (2017)

Traffic conditions Gold et al. (2016)
Radlmayr et al. (2014)

Non-driving related task Feldhiitter et al. (2017)
Merat et al. (2012)
Radlmayr et al. (2014)
Roche et al. (2018)
Schomig et al. (2015)
Zeeb et al. (2016)
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Zeeb et al. (2017)

Pre-take-over state Agrawal and Peeta (2021)
Du et al. (2020)
Feldhiitter et al. (2018)
Vogelpohl et al. (2019)
Worle et al. (2021)

Design of take-over requests Borojeni et al. (2016)
Brandenburg and Roche (2020)
Forster et al. (2017)
Lorenz et al. (2014)

Ma et al. (2021)
Melcher et al. (2015)
Naujoks et al. (2014)
Petermeijer et al. (2017)
Politis et al. (2015)
Politis et al. (2018)
Roche et al. (2018)

Note. This selection is exemplary and not final. Further research topics on system-initiated take-

overs and more studies on each topic exist.

66



5 Appendix

B Overview of included publications

Publication 1:

e Bibliographical information: Roche, F. (2021). Assessing subjective criticality of take-
over situations after automated driving: Validation of two rating scales. Accident

Analysis & Prevention, 159, 1-13. https://doi.org/10.1016/j.aap.2021.106216

e Version: Publisher version

e (Can be found in appendix C

Publication 2:

e Bibliographical information: Roche, F., Thiiring, M., & Trukenbrod, A. K. (2020).
What happens when drivers of automated vehicles take over control in critical brake
situations? Accident Analysis & Prevention, 144.

https://doi.org/10.1016/j.aap.2020.105588

e Version: Publisher version

¢ Can be found in appendix D

Publication 3:

e Roche, F., Becker, S., & Thiiring, M. (2022). What happens when drivers of
automated vehicles take over control in critical lane change situations? Transportation
Research Part F: Traffic Psychology and Behaviour, 84, 407-422.
https://doi.org/10.1016/j.trf.2021.11.021

e Version: Publisher version

e Can be found in appendix E
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C Publication 1: Assessing the criticality of driving situations after

automated driving: Validation of two scales
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Assessing subjective criticality of take-over situations: Validation of two s
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ARTICLE INFO ABSTRACT

Keywords:

Automated driving
Driver-vehicle interaction
Driver behavior
Criticality

Take-over behavior

Scale validation

Assessing subjective criticality of take-over situations is crucial for understanding of take-over behavior and
comparing studies. However, no validated rating scales exist that assess subjective criticality of take-over situ-
ations. In a driving simulator study, two rating scales, the Scale of Criticality Assessment of driving situations
from Neukum et al. (2008) and the Criticality Rating Scale, were tested on their validity to assess the subjective
criticality of take-over situations. Besides, the subjective and behavioral changes over the repeated experience of
take-over situations were investigated. Twenty-five participants experienced a set of five take-over situations
with varying time-to-collisions (TTC) at the moment of the take-over request, twice. After each of the first five
take-over situations, participants rated the criticality on one scale, after each of the second five situations on the
other scale. Correlation coefficients between TTCs and criticality ratings for each scale were calculated. Also, the
changes of subjective and behavioral measures over the trials were investigated. Correlation coefficients indi-
cated a strong correlation between criticality ratings and TTCs. Hence, both scales are equally valid for the
assessment of the criticality of take-over situations. The repeated experience of the take-over situations did not
affect effort ratings, take-over times, or steering wheel positions. But brake input decreased with increasing
practice, indicating a safer take-over behavior. Hence, results of studies with repeated experience of take-over

situations are relatively valid as only brake behavior changed with increasing practice.

1. Introduction

In the past years, human factors researchers have accumulated an
impressive amount of knowledge, especially on the take-over process
(Gold et al., 2016; Jamson et al., 2013; Korber et al., 2016; Murata et al.,
2013; Politis et al., 2014; Roche et al., 2018; SAE International, 2018). It
was observed that different characteristics of take-over situations may
heavily influence the take-over behavior and subjective experience
(Dambock et al., 2012; Gold et al., 2016, 2013; Radlmayr et al., 2014;
Roche and Brandenburg, 2020, 2018). One of these characteristics is the
objective criticality of the take-over situation which is determined by
situational parameters. For example, take-over situations with low time
budgets are objectively more critical than situations with high time
budgets. The objective criticality affects the take-over behavior and
subjective criticality, e.g. more extreme behavior and higher subjective
criticality when the situation is more critical. There are many options to
assess take-over behavior, such as take-over times or steering behavior.
It provides insights into how drivers behave depending on different
situational parameters. In contrast, to our knowledge, no validated

E-mail address: fabienne.roche@freenet.de.

https://doi.org/10.1016/j.aap.2021.106216

instrument exists to assess the subjective criticality, even though, it
supports the interpretation of observed take-over behavior and may
enable comparisons between different take-over situations. Therefore, in
the present study, two rating scales are validated regarding their suit-
ability to assess the subjective criticality of take-over situations. Besides,
subjective and behavioral changes of the repeated experience of
take-over situations are investigated.

1.1. Objective criticality of driving situations

The objective criticality of a driving situation is ‘the accident risk’
(Rodemerk et al., 2012, p. 1). Hence, a driving situation, in which a
collision is inevitable, constitutes the highest possible objective criti-
cality (Rodemerk et al., 2012). Especially in automated driving, the
objective criticality of a driving situation is crucial since it influences the
take-over behavior (Gold et al., 2013; Roche and Brandenburg, 2020,
2018; Zhang et al., 2019).

The objective criticality of a driving situation may be determined by
situational parameters such as time budget (Junietz et al., 2017), traffic
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density, or visibility. Lower time budgets, higher traffic densities, or
poor visibility lead to a higher objective criticality. In this paper, we
focus on time budget. It can be quantified by time-to-collision (TTC).
TTC describes the available time until a vehicle would collide with a
reference object (Vogel, 2003). A reference object may be a preceding
vehicle or a system boundary, such as an obstacle on the road. Hence,
shorter TTCs indicate a more critical situation. These more critical sit-
uations may emerge in case the automated driving system reaches its
limits or in the case of driver-initiated take-overs (Roche et al., 2020).

TTC is known to influence take-over behavior. Numerous driving
simulator studies varied the TTC in take-over situations. Lower TTCs,
hence more critical take-over situations, were associated with lower
take-over times (Gold et al., 2013; Roche and Brandenburg, 2018, 2020;
Zhang et al., 2019), higher decelerations (Roche et al., 2020; Roche and
Brandenburg, 2018, 2020), and larger steering wheel angles (Roche
et al, 2020; Roche and Brandenburg, 2018, 2020). While lower
take-over times are a desirable behavior, high decelerations and extreme
steering are a threat to the drivers’ safety for the following reasons: This
behavior may result in (a) vehicle instability, (b) rear-end collisions with
following vehicles, (c) collisions with vehicles on neighboring lanes or
(d) lane departures. Indeed, more critical take-over situations in terms of
lower TTCs led to higher error rates, such as collisions or missing lane
changes (Dambock et al., 2012), more lane departures (Mok et al.,
2015a; 2015b), and more collisions (Roche and Brandenburg, 2018).
This impaired performance points at the threat of take-overs in situa-
tions with low TTCs.

1.2. Subjective criticality of driving situations

Analog to the definition of objective criticality, subjective criticality
may be defined as the perceived threat or risk of a driving situation
(Rodemerk et al., 2012). Hence, situations that are objectively more
critical are highly likely to be perceived as more critical. However, next
to the objective criticality, further aspects may affect the subjective
criticality. These are individual parameters such as the driver’s per-
sonality (Banet and Bellet, 2008; Mesken et al., 2007), fatigue (Feld-
hiitter et al., 2018), familiarity with the take-over situation (Hergeth
et al., 2017), or perceived capability (Fuller, 2011). For instance, it has
been demonstrated that fatigued drivers rate the same situations as more
critical than alert drivers indicating that they are more stressed (Feld-
hiitter et al., 2018). And Hergeth et al. (2017) observed that criticality
ratings decreased with increasing familiarity with the take-over
situation.

There are two reasons why it is crucial to assess subjective criticality
of take-over situations. First, situational parameters may have diverse
effects on take-over behavior and may interact. Assessing the subjective
criticality of take-over situations would promote the understanding of
the observed behavior. Second, a criticality rating facilitates the
comparability of driving situations and the evaluation of take-over
behavior. Rodemerk et al. (2012) advocated for the need to compare
driving situations and introduced a general criticality criterion to do so.
Similarly, Jarosch and Bengler (2018) suggested a holistic view to
evaluate the take-over behavior adequately rather than consider the
parameters separately. They argue that, for example, a fast reaction
cannot generally be evaluated as a good reaction, but has to be looked at
in combination with steering and braking behavior. However, both
criteria from Rodemerk et al. (2012) and Jarosch and Bengler (2018) are
based on objective parameters, e.g. collision probability. They do not
include the subjective aspect of a take-over situation. In contrast,
Radlmayr et al. (2018) included a subjective rating parameter to eval-
uate take-over behavior. Together with two further parameters, it ought
to promote the understanding and the comparability of take-over situ-
ations (Radlmayr et al., 2018). In line with Radlmayr et al. (2018), we
argue that a validated and anchored scale to assess subjective criticality
would enable the comparability of different driving situations and the
evaluation of take-over behavior in driving simulator studies and real
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traffic.

In numerous studies, different scales for assessing the subjective
criticality of driving situations have been employed. These are, for
example, a multi-item Likert-scale (Banet and Bellet, 2008), an
eleven-point, single item scale developed by Neukum et al. (2008), or
seven-point Likert-scales (Radlmayr et al., 2018; Roche and Branden-
burg, 2020, 2018). However, to our knowledge, no publication is
available that validates one of them.

1.2.1. Scale of criticality assessment of driving situations

The Scale of Criticality Assessment of driving situations (SCA; Neukum
et al., 2008) is a scale that assesses subjective criticality of a driving
situation (see Fig. 1, left in English, right in German). It was already used
in various studies (Hergeth et al., 2017; Naujoks et al., 2017; Neukum
et al., 2008; Siebert et al., 2014). The scale is a modified version of the
judgment Scale for the Assessment of the Experienced Degree of Disturbance
(Neukum and Kriiger, 2003) that was developed based on the
Cooper-Harper-Scale (Cooper and Harper, 1969). It is an eleven-point,
single item scale and based on a two-step rating procedure. First, par-
ticipants are asked to rate the criticality of the driving situation by
selecting one of the five verbal categories: ‘imperceptible’ (0 pt.),
‘harmless’ (1-3 pts.), ‘unpleasant’ (4-6 pts.), ‘dangerous’ (7-9 pts.),
‘uncontrollable’ (10 pts., translation based on Naujoks et al., 2017).
Participants are instructed that the driving situation shall be rated
concerning the necessary compensatory effort. Second, they are asked to
specify their rating by selecting one of the three numerical subcategories
of each category (right area in Fig. 1). It was assumed that ‘impercep-
tible’ and ‘uncontrollable’ are not divisible any further. Hence, these
both extreme categories have only one subcategory, O respectively 10
pts.

This scale holds advantages and disadvantages. On the one hand,
Neukum et al. (2008) state that an advantage of this scale is the
threshold distinguishing between tolerable and intolerable situations
(rating above 6). The magnitude of ratings should be, therefore, com-
parable between participants. Another advantage is its sensitivity that
allows for differentiated ratings of subjective criticality across different
driving situations (Neukum and Kriiger, 2003). Besides, the original
scale was highly accepted by naive and expert participants (Neukum and
Kriiger, 2003). On the other hand, the scale does not take into account
whether the driver’s perceived capability to deal with the driving situ-
ation affects the rating, as suggested by Fuller (2011). Hence, drivers
that feel very capable might rate a driving situation as tolerable, while
others rate it as intolerable. In addition, it is questionable whether the
differences between the numerical values are equidistant. For example,
it may be assumed that the experienced differences within one category
(e.g. two vs. three) differ from the experienced differences between two
categories (e.g. three vs. four). Also, the effort for the application and
analysis is high because the instruction takes longer and it has to be
ensured that the rating of the verbal category corresponds to the rating
of the numerical subcategory.

1.2.2. Criticality rating scale

The Criticality Rating Scale (CRS) is a modification of a criticality
scale used in previous studies (Roche and Brandenburg, 2018, 2020). It
was modified in the course of this research project aiming at compen-
sating known disadvantages of existing rating scales. In the instruction
of the item, it is clearly stated that the criticality should be rated con-
cerning real driving situations. The wording of the question ‘How critical
did you perceive the experienced driving situation?’ avoids complicated
syntax, specific terms, and ambiguity as recommended by Moosbrugger
and Kelava (2020). The Criticality Rating Scale consists of a single item
rating scale. A continuous scale with tick marks is used to visualize the
gradation of the rating (see Fig. 2). This is in contrast to the SCA, but
similar to the NASA-TLX scale (Hart and Staveland, 1988). The
NASA-TLX is a well-known and widely used tool for the assessment of
perceived workload (Hart, 2006). In line with the NASA-TLX, the CRS is
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Fig. 1. Scale of Criticality Assessment of driving situation (SCA) in English (left, depicted from Naujoks et al., 2017) and in German (right, Neukum et al., 2008). The

German version was used in the present study.

Wie kritisch empfanden Sie die eben erlebte Fahrsituation?

gar nicht kritisch

I I 1

sehr kritisch

Fig. 2. The Criticality Rating Scale (CRS) with poles ‘not critical at all’ (1 pt.) and ‘very critical’ (100 pts.).

designed with 100 points (1-100). The poles are labeled with ‘not
critical at all’ (1 pt., in German ‘gar nicht kritisch’) and ‘very critical’
(100 pts., in German ‘sehr kritisch’). The verbal labeling is based on the
results of Rohrmann’s study on rating scales (Rohrmann, 1978). He
found that the German versions of ‘not at all’ and ‘very’ were rated as the
lowest and highest intensity terms with small scatter among eighteen
terms. To allow the perception of an equidistant gradation, no more
verbal or numerical anchors had been employed. Moosbrugger and
Kelava (2020) recommended to omit a middle answer category because
it is often used as a fallback option when the participant does not un-
derstand the question, refuses to answer, or does not know the answer.
Hence, the number of ticks of the CRS was even to omit a middle answer
category (see Fig. 2). In contrast, the SCA has a middle category (5 pts.).
In doing so, the assumed disadvantages of the SCA shall be addressed.

The advantages of this scale are the following. First, less inter-
individual interpretations are assumed since only the poles are labeled
as opposed to the SCA. Thereby, a different understanding of the used
labels by the raters is less likely. Second, the rating differences between
all scale points should be equidistant since the scale points are not
additionally labeled. Third, the test efficiency is supposed to be higher
than with the SCA due to the short instruction and the familiar rating
system. A potential disadvantage of the CRS is the missing threshold that
would enable comparability of ratings between raters as assumed with
the SCA.

1.3. Test validity

Tests should be valid to ensure they are truly measuring what they
are supposed to measure (Hartig et al., 2008). The Frey (2018) state that
test validity is the most important quality criteria of a test, next to ob-
jectivity and reliability. A test is objective when its result is independent
of the experimenter and analyzer (Hartig et al., 2008). A test is reliable
when it is precise, i.e. an elastic measuring tape would not be reliable
when measuring length (Hartig et al., 2008). Objectivity and reliability
are requirements to ensure test validity. It should be noted that none of
the quality criteria is binary, hence, a test can be more or less valid,
objective, or reliable. For the sake of this study, we assumed that both
scales achieve a certain level of reliability due to their wording and scale

w

design. Besides, we aimed at establishing objectivity when applying the
scales (more details see 2 Method section).

Different types of test validity exist, among them construct validity.
It describes the extent to which a test examines a psychological trait or
construct, as defined by theory (Cronbach and Meehl, 1955). Construct
validity is considered as the most fundamental type of test validity
(Wainer and Braun, 2013) and composes of convergent and discriminant
validity. Convergent validity is present when measurements of a
construct that are recorded with different methods correlate strongly
(Moosbrugger and Kelava, 2020). Usually, a new method is validated by
means of another established method. Discriminant validity is high
when measurements of different constructs that are recorded using the
same or different methods correlate weakly (Moosbrugger and Kelava,
2020). In this study, we focus on investigating the convergent validity of
both scales.

1.4. Repeated experience of take-over situations

The repeated experience of similar take-over situations is quite
common in driving simulator studies due to the experimental setting and
test efficiency. This may lead to subjective and behavioral changes. On
the one hand, it would be plausible that take-over behavior deteriorates
over the course of an experiment. Reasons for deterioration are
increasing fatigue or increasing trust in the system (Hergeth et al.,
2016). Indeed, there are indications that with increasing practice
take-over behavior becomes riskier: maximal deceleration increases
(Brandenburg and Roche, 2020) and observation decreases (Hergeth
et al., 2016; Roche et al., 2018). On the other hand, it could be that
take-over behavior improves due to the increasing practice. This was
demonstrated by Hergeth et al. (2017), Korber et al. (2016), and Payre
et al. (2016) concerning decreasing take-over times, larger TTCs, lower
maximal lateral accelerations, and lower maximal longitudinal de-
celerations. This shows that the evidence regarding the effect of expe-
rience is not unambiguous.

1.5. Research questions

The two rating scales are supposed to measure the subjective
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criticality of take-over situations. Hence, testing their validity requires
checking whether they properly measure criticality. As a first step, the
convergent validity of the scales is tested. Therefore, a variation of
objective criticality in the take-over situations should be represented in
the criticality ratings. Hence, the following research questions (RQ) are
investigated:

o Research question 1: Is the Scale of Criticality Assessment of driving
situations (SCA) a valid tool for the assessment of subjective criti-
cality in take-over situations?

o Research question 2: Is the Criticality Rating Scale (CRS) a valid tool
for the assessment of subjective criticality in take-over situations?

e Research question 3: Do both scales differ regarding their validity?

For this, objective criticality is varied by the time-to-collision, an
established method to vary criticality of take-over situations. In case the
ratings and TTC-values correlate strongly, a high convergent validity
can be assumed.

The repeated experience of similar take-over situations would indi-
cate whether the rating scales are robust in assessing subjective criti-
cality and whether increasing familiarity affects the ratings. In addition,
since our participants experience several monotonous trials, it likely
leads to fatigue and lower arousal. De Waard (2002) stated that passive
fatigue may be compensated by increasing effort. Hence, increasing
perceived effort ratings over the repetition of trials would demonstrate
passive fatigue. Furthermore, the available research on the repeated
experience of take-over situations indicates that behavioral change may
take place. This leads to the fourth research question:

e Research question 4: Do drivers’ criticality and effort ratings and
take-over behavior change over the repeated experience of take-over
situations?

. Method

The objective criticality of the take-over situation is manipulated by
the time-to-collision to a stationary obstacle at the moment of the take-
over request. A lane change was chosen as the take-over situation
because it is one of the most common maneuvers on the highway, where
higher levels of automated driving will be deployed first (Bellem et al.,
2017). In a driving simulator, participants experienced five take-over
situations twice that varied regarding time-to-collisions. After each of
the first five take-over situations, participants rated the criticality on one
scale, after each of the second five situations on the other scale.

2.1. Participants

Twenty-five persons (13 women, 12 men) between 21 and 37 years
of age (M = 27.3 years, SD = 4.8 years) took part in the driving simulator
study. An a-priori power analysis with G*Power (Version 3.1.9.2)
revealed that a sample size of 23 participants was required to detect a
correlation of r = .5 with a given alpha of .05 and a power of .80. With
25 participants, each of the five TTC-values could be presented at each
position across the experiment five times, e.g. five participants experi-
enced the shortest TTC-value in the first trial, five in the second, and so
on. All participants had to be German native or near-native speakers to
follow the German instructions. They were required to have been
holding a driving license for a minimum of two years (M = 9.6 years, SD
= 4.7, Max = 19 years). Twenty participants (80 %) were students. Ten
participants (40 %) reported having experience with advanced driver-
assistance systems, such as adaptive cruise control or lane change
assistance systems. On average, they used their car at 2.8 days per week.
The student participants received course credits as gratification. The
experiment was approved by the ethics committee of the Department of
Psychology and Ergonomics of Technische Universitét Berlin, Germany,
and its conditions complied with the tenets of the Declaration of
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Helsinki. Participants gave their informed consent before the experi-
ment started.

2.2. Materials

The experiment was conducted in a mid-fidelity driving simulator of
the Department of Psychology and Ergonomics of Technische Uni-
versitit Berlin. The same driving simulator was used in Roche and
Brandenburg (2020, 2018). It consists of a Volkswagen™ vehicle
mock-up including Fanatec pedals, a Fanatec steering wheel, a dash-
board, a seat, and a gear shift. Since the simulated vehicle was auto-
matic, the gear shift and clutch pedal were irrelevant for this study.
OpenDS 4.5 was utilized to simulate the driving environment: a two-lane
rural road including a crash barrier and other vehicles on both lanes. The
driving scene was projected on a screen placed at a distance of 0.80 m to
the vehicle mock-up. The size of the projection screen was 3m x 1.70m.
An image resolution of 1920 x 1080 pixels and a frequency of 60 Hz
were used. A rear-view mirror was embedded in the projection (see
Fig. 3). A driving automation corresponding to SAE-level 3 (SAE Inter-
national, 2018) was active once the experimental trial started. It could
be deactivated by a steering wheel or brake pedal input by the driver. A
take-over was detected when the steering wheel positions exceeded 0.14
% or the brake pedal position exceeded 0.1 % (Roche and Brandenburg,
2020, 2018). Driving noise and auditory signals were played back via
two speakers behind the driver seat. An iPad with standard factory
settings was used to administer all questionnaires via the online survey
service SoSci-Survey version 3.1 (www.soscisurvey.de). That way, the
scales were always presented in the same manner and the ratings could
be given without the experimenter being able to see them diminishing
the interviewer effect (Bogner and Landrock, 2016). Due to that, the
application of the scales was objective to a certain extent.

Subjective criticality was assessed with the Scale of Criticality
Assessment of driving situations (SCA; Neukum et al., 2008; see Fig. 1
and section 1.2.1) or the Criticality Rating Scale (CRS; see Fig. 2 and
section 1.2.2), depending on the block.

The effort-subscale of the NASA-TLX was used to assess the perceived
effort (Hart and Staveland, 1988). Participants were asked to answer the
question’ How hard did you have to work to accomplish your level of
performance?’. The scale is a unipolar, single item with tick marks to
visualize the gradation of the rating from ‘low’ (0 pts.) to ‘high’ (100
pts., see Fig. 4). We used the German translation by Sepehr (1988). It
was applied to assess a further aspect of subjective experience and to
investigate possible fatigue over the repetition of trials because driver
fatigue may be compensated by higher effort (de Waard, 2002).

2.3. Procedure and experimental design

The experiment consisted of an instruction phase, a familiarization
phase, a training phase, an experimental phase, and a final interview. In
the instruction phase, participants were welcomed and instructed about
the procedure of the experiment and the handling of personal data.
Then, they were asked to read and sign the informed consent, and
answer a demographic questionnaire, i.e. age and profession. The
questionnaire and all following rating scales and questions were pre-
sented on the iPad.

In the familiarization phase, participants drove on a two-lane high-
way for about 3 min in the driving simulator. They practiced acceler-
ating, decelerating, and lane changing to familiarize themselves with the
driving simulator.

In the training phase, participants were introduced to the automated
system and the driving task. The system was designed to take over
longitudinal and lateral control for specific driving tasks, depicting a
system at SAE-level 3 (SAE International, 2018). Each of the training
trials started with an automatic acceleration of the participant’s vehicle
to 100 km/h. The vehicle drove on the right lane of a two-lane rural
road. Participants were instructed to take hands off the steering wheel
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Fig. 3. Take-over situation with 2.5 s TTC, the crashed vehicle in grey (right), and the lead vehicle in blue (left). The rectangle in the upper-middle represents the

rear-view mirror.

Wie hart mussten Sie arbeiten, um Ihren Grad an Aufgabenerfilllung zu erreichen?

gering I
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Fig. 4. Effort-subscale of the NASA-TLX in German (Hart and Staveland, 1988) ranging from ‘low’ to ‘high’.

and feet off the pedals while driving automated. Upon an acoustic cue,
they were instructed to take back control by steering or braking and
steer around a construction work on their lane. The acoustic cue con-
sisted of two consecutive sounds with a duration of 0.5 s each, a fre-
quency of 780 Hz, and a volume of approximately 80 dB. Five training
trials were driven with varying TTCs at the moment of the acoustic cue:
3.10, 3.35, 3.60, 3.85, and 4.10 s. The TTC-values were on a medium
range and the order was balanced across participants. After the last
training trial, participants rated the subjective criticality on the SCA and
the CRS and their perceived effort on the subscale of the NASA-TLX. The
ratings did not enter into the analysis; they were rather applied so that
the participants got used to the rating scales.

In the experimental phase, the participants experienced two blocks
of five experimental trials each. In each experimental trial, a lane change
served as take-over situation with varying TTCs at the moment of the
take-over request (TOR). In one block, participants rated the criticality
on the SCA, in the other block, on the CRS. The sequence of blocks was
balanced across participants, i.e. 13 participants started rating subjec-
tive criticality on the SCA, 12 participants on the CRS. Similar to the
training trials, the simulated vehicle started in automated mode
executing longitudinal and lateral control. The automation was designed
to accelerate to 100 km/h, keep the speed for the course of the trial, and
drive at the center of the right lane. In all trials, the participant’s vehicle
followed a lead vehicle, a blue coach (see Fig. 3), and maintained a
constant distance of 1.8 s time headway, i.e. the time it will take the
participant’s vehicle to reach the position of the lead vehicle.

After about 1 min in each trial, the take-over situation took place. In
this situation, the participants’ lane was blocked due to a broken vehicle.
As soon as the lead vehicle changed lanes to avoid a collision, the
obstacle became visible to the participant. The automation was able to
detect the obstacle and requested the driver to take over by an acoustic
cue. The same acoustic cue as in the training phase was used. The timing
of the lane change maneuver of the lead vehicle, hence the timing of the
TOR, was varied within-subjects. This resulted in different TTCs con-
cerning the obstacle at the moment of the TOR. Five equidistant TTC-
values were realized: 2.5, 3.0, 3.5, 4.0, 4.5 s. They were presented in a
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balanced order across participants. This means, over all participants,
each TTC-value was presented at each position five times. However, the
sequence of TTC-values between the two blocks was held constant for
each participant to avoid any sequence effects on criticality ratings. The
interval of 0.5 s between the TTC-values was chosen because a pretest
showed that 0.5 s was large enough to cover a certain range of TTCs
without having too many trials. Participants were instructed to take
back control as fast and safely as possible by steering or braking upon the
TOR. After steering around the obstacle or braking to a complete stop in
front of the obstacle, the simulation was switched off and the simulation
was stopped. On the iPad, participants rated the subjective criticality
and the perceived effort. An instruction trial was added before each
block to avoid surprise effects on the criticality ratings (see Fig. 5). For
the instruction trials, a TTC from the medium spectrum was used (3.63
s). This resulted in one instruction and five experimental trials per block,
hence, participants experienced two instruction trails and ten experi-
mental trials in total (see Fig. 5).

In a final interview, participants were asked for their personal pref-
erence regarding the two rating scales. Participants were debriefed of
the scope of the experiment. Overall, the experiment lasted about 90
min.

2.4. Dependent variables

The subjective criticality rating was the main dependent variable. It
was assessed with the SCA [0—10 pts.] or CRS [1-100 pts.] at the end of
each trial. Besides, the effort-subscale of the NASA-TLX [0—100 pts.],
take-over time [ms], maximal steering wheel position [%], and maximal
brake pedal position [%] for each trial served as dependent variables.
Take-over time was measured between the onset of the acoustic cue and
the driver response in terms of the steering wheel or brake pedal input.
For maximal steering wheel position and maximal brake pedal position,
the highest values during the take-over were extracted per participant
and trial.
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Fig. 5. Experimental course. The sequence of TTC-values (A-E) was balanced between-subjects and held constant between blocks (1 and 2). In the first block,
criticality ratings were collected on rating scale A, in the second block, on rating scale B. The order of rating scales was balanced between-subjects.

2.5. Data analysis

For the analysis, R version 3.6.1 (R Core Team, 2019) was used. The
correlation between TTC and the criticality ratings was calculated based
on a method proposed by Bland and Altman (1995). This method ac-
counts for repeated observations as in the present study. It is imple-
mented in the R-package ‘rmcorr’ (Bakdash and Marusich, 2018).
Degrees of freedom were calculated with Bakdash and Marusich’s
method available in rmcorr. In accordance to Hemphill (2003), a cor-
relation coefficient r < 0.21 indicates a weak correlation, between 0.21
and 0.33 a medium correlation, and r > 0.33 a strong correlation. The
correlation coefficients were used to answer the question of whether the
two scales are valid tools for the assessment of criticality of take-over
situations (RQ 1 and 2). Besides, it was tested whether the ratings of
each TTC-value differed from the remaining ratings. Since we had paired
samples and did not expect a normal distribution of the data, the
Friedmann-test is used (Friedman, 1937). In case a significant difference
was found, a post-hoc analysis was calculated using the Nemeyi-test
(Nemenyi, 1962) of the R-package ‘PMCMR’ (Pohlert, 2014). The
Bonferroni-method was used to adjust p-values.

To compare the two rating scales against each other (RQ 3), it was
tested whether the correlation coefficients differed significantly based
on a method suggested by Eid et al. (2017). The method determines a
z-value of the two fisher-Z transformed correlation coefficients that can
be tested on significance.

For the analysis of the change of ratings and behavior over trials (RQ
4), mixed-effects models for each dependent variable were calculated
with the ‘lme4’-package (Bates et al., 2015). The independent variable
‘trial’ served as a linear predictor. We accounted for inter-individual
differences mentioned in the introduction and for the repeated mea-
surement by adding a random intercept for each participant. Degrees of
freedom were estimated with Satterthwaite’s method available in the

‘ImerTest’-package (Kuznetsova et al., 2017). The goodness-of-fit of
each model is characterized by the marginal and conditional coefficient
of determination (Rz, Nakagawa and Schielzeth, 2013).

3. Results

Since participants could rate subjective criticality either on the SCA
or CRS, 125 trials (25 participants x 5 trials) were available for the
analysis of the SCA- and 125 trials for the CRS-ratings. For the analysis of
the perceived effort ratings and the behavioral data, data from ten trials
per participant were available, resulting in 250 trials.

3.1. Correlation of the Scale of Criticality Assessment of driving situations
with time-to-collision (RQ 1)

Fig. 6 visualizes the mean SCA-ratings for all five TTC-values. The
mean SCA-rating across all TTC-values was 4.62 pts. (SD = 1.9). This
mean value corresponds to the verbal category ‘unpleasant’ and is
located at the threshold between tolerable and intolerable situations
defined by Neukum et al. (2008). The ratings decrease with increasing
TTC-values. The minimum (‘imperceptible’, 0 pts.) and maximum
(‘uncontrollable’, 10 pts.) were not chosen by any participant.

The SCA-ratings correlated significantly with the TTC-values
(rrrcsca(99) = -0.59, p < .001). Based on Hemphill (2003), the
magnitude of the correlation coefficient indicates a strong correlation.
The Friedman-test revealed that the SCA-ratings from at least two
TTC-values differed significantly from each other (4%(4) = 35.36, p <
.001). The post-hoc test showed a significant difference between the
most critical TTC-value (2.5 s) and the two least critical ones (4.0 s resp.
4.5 s, see the adjusted p-values for all comparisons in Table 1).
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Fig. 6. Means, standard errors, and raw values of the Scale of Criticality Assessment of driving situations (SCA) for each time-to-collision-value from 2.5 to 4.5 s.
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Table 1
Friedman-test results for the SCA-ratings. Adjusted p-values for post-hoc comparisons of SCA-ratings between all TTC-values.
Time-to-collision 25s 3.0s 35s 40s
3.0s 715
35s 229 1
40s <.001 1 1
45s <.001 *** 1 1 1

Significance symbols: *: p < .05, **: p < .01, ***: p < .001.

3.2. Correlation of the Criticality Rating Scale with time-to-collision (RQ
2)

The mean CRS-rating across all TTC-values was 45.98 pts. (SD =
25.2). Fig. 7 visualizes the means, standard errors, and raw values of the
CRS. As expected, with increasing TTC, the CRS-ratings decreased (see
Fig. 7). The minimum value (‘not critical at all’, 1 pt.) was selected 16
times, while the maximum (‘very critical’, 100 pts.) was never selected.

The correlation between CRS-ratings and TTC-values was highly
significant (ryrc crs(99) = -0.66, p < .001). Again, this represents a
strong correlation. The Friedman-test revealed that at least two CRS-
ratings differed significantly from each other (y2(4) = 46.53, p <
.001). The post-hoc comparisons showed that in four cases the CRS-
ratings differed from each other (see adjusted p-values in Table 2).
These significant differences were between the most critical TTC-value
(2.5 s) and the two less critical ones (4.0 s and 4.5 s), similar to the
SCA-ratings. Also, the CRS-ratings of the TTC-value 3.0 s differed
significantly from 4.0 s and 4.5 s.

3.3. Comparison of both scales (RQ 3)

For the comparison, the two correlation coefficients of the SCA and
the CRS were used. The method suggested by Eid et al. (2017) revealed
that the coefficients of the scales did not differ significantly (z = 0.52, p
=.603).

The final interview showed that 84 % of the participants (N = 21)

preferred the SCA for assessing subjective criticality of a take-over sit-
uation. 42.3 % of the participants (N = 9) reasoned their voting with the
subdivision of the SCA into verbal and numerical categories. 38.1 % of
the participants (N = 8) preferred the SCA due to the better description
of the take-over situation by the verbal categories. Two of the partici-
pants preferring the CRS stated that the labeling of the poles were better
suited for the take-over situation.

3.4. Repeated experience of take-over situations (RQ 4)

Mixed-effect models were calculated to investigate the change of
ratings and take-over behavior over the repeated experience of the
experimental trials. Significant estimates of the factor ‘trial’ would
indicate a change of ratings or take-over behavior over the repeated
experience. The statistical results are presented in Table 3 and the mean-
values and standard errors per trial are plotted in Fig. 8. Only the
maximal brake pedal position decreased significantly over trials.
Descriptively, the SCA-, CRS-, and perceived effort ratings decreased
slightly over the trials (see negative estimates for trial in Table 3 and
Fig. 8). However, the models showed that none of these changes reached
significance (all t < 2, p > .05). Hence, the ratings, take-over times, and
steering wheel positions were not affected by the repeated experience of
take-over situations. For all models, the marginal coefficient of deter-
mination was very small, hence, the variance explained by the fixed
factor ‘trial’ was very low (below 1 %).
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Fig. 7. Means, standard errors, and raw values of the Criticality Rating Scale (CRS) for each time-to-collision-value from 2.5 to 4.5 s.
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Table 2
Friedman-test results for the CRS-ratings. Adjusted p-values for post-hoc comparisons of CRS-ratings between all TTC-values.
Time-to-collision 25s 3.0s 35s 4.0s
30s 1
35s 229 1
4.0s <.001 #** .009 ** 636
45s <.001 #** 014 * 1 1

Significance symbols: *: p < .05, **: p < 0.01, ***: p < .001.

gz::::fry of statistics for the repeated experience of trials of all dependent variables.
Criticality rating on SCA [0-10] Estimate  Std. Error df t-value p-value
Intercept 4.98 0.39 79.65 12.86 <.001 ok
Trial -0.12 0.09 100 -1.32 0.191

Variance explained: R2nargina = 0.8 %, R2conditionat = 41.9 %: Nyiats = 125

Criticality rating on CRS [1-100] Estimate  Std. Error df t-value p-value
Intercept 49.02 5.09 51.97 9.62 <.001
Trial -1.02 0.97 100 -1.05 297

Variance explained: R margina = 0.3 %, Rconditiona = 62.6 %3 Nuriats = 125

Perceived effort rating [0-100] Estimate  Std. Error df t-value p-value
Intercept 41.41 4.05 48.88 10.21 <.001 ##*
Trial -0.41 0.40 225 -1.04 299

Variance explained: Rmargina = 0.2 %, R:onditiona = 44.3 %; Nuiats = 250

Take-over time [ms] Estimate  Std. Error df t-value p-value
Intercept 764.27 3234 43.13 23.63 <.001
Trial -3.37 2.90 225 -1.16 246

Variance explained: RZmarscginat = 0.3 %, Rcondgitiona = 51.2 %03 Niviats = 250

Maximal steering wheel position | Estimate  Std. Error df t-value p-value
[%]

Intercept 0.94 0.06  146.07 16.46 <.001
Trial 0.00 0.01 225 0.24 .809

Variance explained: R nurgina = 0.0 %, RZconditiona = 9.1 %3 Niviats = 250

Maximal brake pedal position [%] | Estimate Std. Error df t-value p-value
Intercept 57.43 4.88 39.79 11.76 <.001 #**
Trial -0.81 0.41 225 -1.99 .048 *

Variance explained: RZnargina = 0.7 %, Ronditional = 56.4 %; Nysiats = 250

Significance symbols: *: p < .05, **: p < .01, ***: p < .001.
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Fig. 8. Means, standard errors, and regression lines of the dependent variables per trial over the repeated experience of take-over situations.
Note. Five trials were evaluated on the SCA, five with the CRS. Concerning the remaining dependent variables, values are available for all ten experimental trials.

4. Discussion take-over times were very small. This could be due to several reasons.
First and in contrast to most other studies, our participants did not
The present study investigated whether two rating scales, the Scale of perform a non-driving related task. Hence, they could focus on the

Criticality Assessment of driving situations (SCA) and the Criticality driving situations. Second, it could be that participants were highly
Rating Scale (CRS), are valid tools for the assessment of subjective trained to take over very fast after the training trials. Third, we assume
criticality of take-over situations (RQ 1 and 2) and whether one is su- that they were highly alert to expect a take-over by its frequent occur-
perior to the other one (RQ 3). Besides, the effects of the repeated rence. Forth, the time budget used in this study was smaller than in most
experience of take-over situations on ratings and take-over behavior (RQ other studies on take-over time (2.5 s—4.5 s in our study vs. 5sand 7 s in
4) were investigated. Participants experienced five experimental take- Gold et al. (2013) or 8.6 s in Roche et al. (2018)). Previous research
over situations twice that differed regarding time-to-collision. They showed that shorter time budgets lead to shorter take-over times.

provided their criticality rating either on the SCA or the CRS. Perceived
effort ratings and take-over behavior were recorded in the ten experi-
mental trials.

Before discussing the research questions, it should be noted that the

77



F. Roche

4.1. Research question 1 and 2: Are the Scale of Criticality Assessment of
driving situations and the Criticality Rating Scale valid tools for the
assessment of subjective criticality in take-over situations?

The study showed that both scales correlate strongly with the TTC-
values that were varied to manipulate objective criticality of the take-
over situations. This indicates that the SCA and the CRS are valid tools
to assess the subjective criticality. The study paved the way of validating
criticality rating scales in driving studies. However, convergent validity
was tested, while different types such as discriminant or criterion val-
idity were not investigated. This should be addressed in future studies.
Furthermore, as mentioned in the introduction, validity is continuous
and cut-off values for correlations for validity testing do not exist.
Hence, one could argue that higher correlations are requested to infer
validity. Besides, the conclusion is limited to a lane change and take-
over situations in which objective criticality is varied by TTC. It is
questionable whether the correlations between objective criticality and
criticality ratings would be equally high in other maneuvers or when
objective criticality is varied by different variables. For example, it could
be that increasing traffic density from low to medium traffic would have
a different effect on criticality ratings than an increase from medium to
high traffic. Also, the rating scales are only validated for time-to-
collisions in take-over situations. A transferability to driving situations
in general is not given. Finally, it should be noted that the scales measure
a general perception of criticality of take-over situations. Specific as-
pects such as collision risk or vehicle stability cannot be extracted. For
this purpose, more comprehensive questionnaires would be necessary.
Hence, future studies should validate the rating scales in different ma-
neuvers and with other situational parameters, e.g. traffic density, to
manipulate objective criticality and test different types of validity.

4.2. Research question 3: Do both scales differ regarding their validity?

Even though the two rating scales use different scale designs, the
comparison of the correlation coefficients demonstrated that they do not
differ regarding evaluation. Hence, the two scales are equally well suited
for the assessment of subjective criticality in this specific take-over sit-
uation with this manipulation of objective criticality.

The results are noteworthy. On the one hand, the SCA is more time-
consuming regarding instruction and processing than the CRS. More
effort has to be put in explaining this scale since it is an unusual design.
When processing the SCA, it has to be checked whether the rating of the
first step (verbal category) corresponds to the rating of the second step
(numerical subcategory). Besides, the correlation coefficient of the CRS
was slightly higher and the CRS could better discriminate between
different TTC-values as indicated by the higher amount of significant
differences of the post-hoc comparisons. On the other hand, more par-
ticipants preferred the SCA when rating subjective criticality of a take-
over situation. Furthermore, as stated by Neukum et al. (2008), an
advantage of the SCA is the threshold between tolerable and intolerable
situations that is supposed to make ratings more comparable between
raters. However, this reason was not yet proven. These aspects should
make an impact on the researchers’ decision on which scale to use in the
future.

Apart from the research question, two additional insights concerning
the two rating scales should be mentioned: First, the criticality ratings of
the SCA and the CRS showed that differences of objective criticality are
rather experienced with the more critical TTCs than with the less critical
TTCs (see Figs. 6 and 7). This is in line with Siebert et al. (2014), who
found rating differences between more critical THWs and no differences
between less critical THWs to a lead vehicle. Siebert et al. (2014)
interpreted this result as a threshold effect for the relation between
objective criticality and subjective variables. While they used a
car-following scenario, we likely observed the same effect in a different
driving situation.

Second, participants neither used the minimum category of the SCA
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(‘imperceptible’) nor the maximum categories of the SCA (‘uncontrol-
lable’) or the CRS (‘very critical’). It seems as the lane change could not
be ignored because no participant selected the minimum category.
Concerning the maximum categories, the impression arises as none of
the TTC-values was small enough to not be coped with because none of
them was rated as maximal critical. It could be that the realization of the
take-over situation did not achieve to cover a wide range of objective
criticality. Hence, future studies may seek to cover a broader range of
criticality.

4.3. Research question 4: Do drivers’ criticality and effort ratings and
take-over behavior change over the repeated experience of take-over
situations?

Neither the ratings nor the take-over behavior changed over the
repeated experience of the ten take-over situations, except maximal
brake pedal position (RQ 4). This might be due to two reasons. First, the
behavior and subjective experience likely changed within the five
training trials. Hence, participants were already highly trained and
habituated when the experiment started. Second, it could also be that
subjective experience and behavior change within the first experimental
trials and does not change in the following. Forster et al. (2019) found
stabilized reaction times after three trials for transitions between
SAE-level 2 and 3. Our analysis across all ten trials might have overruled
a potential effect. In the present study, participants experienced twelve
take-over situations, while participants of other studies experienced
fewer situations, for example two in Hergeth et al. (2016) or six in Roche
et al. (2018).

The criticality ratings of the take-over situations seem to be robust to
a certain extent with the exception that the respondents possibly were
already habituated to the take-over situations. This is a promising
finding, as it suggests that even after the repeated experience of a take-
over situation, the criticality ratings on the SCA and the CRS are still
valid and comparable to the first rating.

Regarding the perceived effort ratings, the results showed that par-
ticipants did not experience increased or decreased effort over trials,
even though, the setting was monotonous with ten similar experimental
and two instruction trials. Based on de Waard (2002), increasing fatigue
due to the monotonous experimental setting may become apparent by
increasing effort to cope with the situation. A reason why no change of
perceived effort over trials was observed is that participants’ increasing
practice had compensated for the increasing passive fatigue. In conse-
quence, participants might not have experienced increasing effort.

In line with Brandenburg and Roche (2020), we neither observed a
change of take-over times nor of steering wheel positions over trials. The
missing effects might be due to three reasons. First, similar to the
perceived effort ratings, participants’ practice likely increased due to the
repeated experience of the ten take-over situations. This would allow
drivers to anticipate future states and, usually, improve their perfor-
mance (Endsley, 1995). Passive fatigue possibly increased at the same
time. Hence, increasing practice and increasing fatigue might have
compensated each other and led to a constant level of behavior. Second,
as indicated earlier, take-over times and steering behavior might have
changed within the training (and first experimental) trials and stabilized
in the following. Such way, a significant change during the experimental
trials was not detectable. Third, it could be that we observed a floor
effect concerning take-over times because they were very small, making
a faster reaction nearly impossible. Similarly, Brandenburg and Roche
(2020) argued that a reason for the missing effect of repeated experience
on take-over times might be a floor effect due to the very fast take-overs.

A decrease of brake pedal position was observed but no other
behavioral change over the repeated experience. In contrast to our re-
sults, Brandenburg and Roche (2020) showed an increase in decelera-
tion. It seems as brake behavior does not adapt as fast as other
behavioral or subjective measures.

To conclude, these results indicate that studies with repeated
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experience of take-over situations are relatively valid as only brake
behavior changed with increasing practice. However, it could be that
subjective experience and behavior already adopted within the training
or first experimental trials. Besides, it should be noted that the marginal
coefficients of determination of all mixed-effect models were very small
while the conditional coefficients of determination were quite high. This
means that the fixed factor ‘trial’ did not explain much variance but the
random intercept ‘participant’ did. Hence, the ratings and take-over
behavior were mainly affected by inter-individual differences to rate
or react rather than by the repeated experience of take-over situations.

4.4. Limitations

The study has some limitations that should be kept in mind when
interpreting the results. First, the investigated take-over scenario was
limited to one scenario: a lane change due to an obstacle in the partic-
ipant’s lane. Hence, the two rating scales have only been validated for
this scenario. Besides, objective criticality was varied by manipulating
TTC at the moment of the take-over request. Other characteristics of a
take-over situation may also affect objective criticality. It should be
tested whether similar correlations would be found if another take-over
situation was used or if objective criticality would have been varied by
different parameters.

Second, it must be noted that the driving simulator was mid-fidelity.
The degree of immersion of the presented scenarios may be low
compared to a high-fidelity simulator and the effect on perception and
take-over behavior might differ from the one in real traffic. However,
driving simulators allow low-cost and low-risk experiments in a
controlled environment, especially for preliminary research (van Nes
et al., 2010).

Third, due to the restrictions of the driving simulator, the lowest
feasible TTC was 2.5 s and, due to the experimental design, the highest
TTC was 4.5 s. However, the ratings show that almost the whole ranges
of both scales were used, except the maximum and minimum categories.
Future studies may aim at covering the whole range of the scales by
presenting more and less objectively critical driving situations.

Forth, participants experienced many take-over situations in a row.
This is an unrealistically high occurrence. Future studies should have a
lower portion of take-over situations per session or more filler trials.

Fifth, the NASA-TLX was used to assess the development of passive
fatigue over the course of the experiment. Rating scales on fatigue, e.g.
Karolinska sleepiness scale (Shahid et al., 2011), would have been more
appropriate.

Sixth, with a mean age of 27 years, the participants of the present
study can be assigned to the younger population. Potential effects that
come along with aging are impaired information processing (Salthouse,
1991) and increased hazard perception times (Horswill et al., 2008)
which may result in slower take-overs. However, Korber et al. (2016)
observed that take-over times did not differ between younger (< 28
years) and older drivers (> 60 years). But the older participants showed
different take-over behavior than the younger ones, i.e. more and
stronger braking and higher TTCs (Korber et al., 2016). Hence, it may be
assumed that the study observed the best possible take-over behavior
because mainly young drivers participated. Older participants might
have shown different take-over behavior, i.e. larger take-over times,
stronger braking, stronger steering.

5. Conclusion

The Scale of Criticality Assessment of driving situations (SCA) and
the Criticality Rating Scale (CRS) are equally valid tools for the assess-
ment of the subjective criticality of take-over situations. The ratings are
robust over time. However, it should be noted that the two scales were
only tested on convergent validity in this specific take-over situation of a
lane change with this specific variation of objective criticality. Valida-
tion tests in other take-over situations and with different variations of
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objective criticality are pending. Besides, different types of validity
should be investigated.

A behavioral change over the repeated experience of experimental
take-over situations was only observed regarding braking. Possibly,
subjective experience and take-over behavior adopted within the
training trials, hence a change was not quantifiable. Effort ratings, take-
over times, and steering wheel positions did not change.

Funding sources

This work has resulted from the interdisciplinary research project
“Analysis and Support of Driver Interventions in Dynamic: Critical Sit-
uations during Highly Automated Driving” funded by the German
Research Community (Deutsche Forschungsgemeinschaft, DFG, Grant
No. 326727090).

Author statement

Roche. Assessing subjective criticality of take-over situations after auto-
mated driving: Validation of two rating scales

Conceptualization: Fabienne Roche

Data curation: Fabienne Roche and Oliver Blum

Formal analysis: Fabienne Roche

Funding acquisition: Fabienne Roche and Manfred Thiiring

Investigation: Fabienne Roche and Oliver Blum

Methodology: Fabienne Roche and Oliver Blum

Project administration: Fabienne Roche and Manfred Thiiring

Resources: Fabienne Roche and Manfred Thiiring

Software: Fabienne Roche and Oliver Blum

Supervision: Fabienne Roche and Manfred Thiiring

Validation: Fabienne Roche

Visualization: Fabienne Roche

Writing - original draft: Fabienne Roche

Writing - review & editing: Fabienne Roche, Manfred Thiiring, and
Stefan Brandenburg

Declaration of Competing Interest

The authors declare no conflict of interest.
Acknowledgements

We thank Oliver Blum for the cooperation regarding study planning
and his careful data collection. We also thank Mario Lasch for his
technical support and Manfred Thiiring and Stefan Brandenburg for
proof reading.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.aap.2021.106216.

References

Bakdash, J.Z., Marusich, L.R., 2018. rmcorr: Repeated Measures Correlation. https://C
RAN.R-project.org/package=rmcorr.

Banet, A., Bellet, T., 2008. Risk and criticality of driving situations:
a comparative study between motorcyclists and car drivers. IET Intell. Transp. Syst. 2
(4), 241. https://doi.org/10.1049/iet-its:20080037.

Bates, D., Maechl 1., Bolker, B., Walke 015. Fitting linear mixed-effects models
using lme4. J. Stat. Softw. 67 (1), 1-48.

Bellem, H., Kliiver, M., Schrauf, M., Schoner, H.-P., Hecht, H., Krems, J.F., 2017. Can we
study autonomous driving comfort in moving-base driving simulators? A validation
study. Hum. Factors J. Hum. Factors Ergon. Soc. 59 (3), 442-456. https://doi.org/
10.1177/0018720816682647.

Bland, J.M., Altman, D.G., 1995. Statistics notes: calculating correlation coefficients with
repeated observations: part 1—correlation within subjects. BMJ 310 (6977), 446.
https://doi.org/10.1136,/bmj.310.6977.446.




F. Roche

Bogner, K., Landrock, U., 2016. Response Biases in Standardised SurveysResponse Biases
in Standardised Surveys. GESIS Survey Guidelines. https://doi.org/10.15465/GESIS-
SG_EN_016.

Brandenburg, S., Roche, F., 2020. Behavioral changes to repeated takeovers in
automated driving: the drivers’ ability to transfer knowledge and the effects of
takeover request process. Transport. Res. Part F: Psychol. Behav. https://doi.org/
10.1016/j.trf.2020.06.002.

Cooper, G.E., Harper, P., 1969. The Use of Pilot Rating in the Evaluation of Aircraft
Handling Qualities, p. 60.

Cronbach, L.J., Meehl, P.E., 1955. Construct validity in psychological tests. Psychol. Bull.
52 (4), 281-302. https://doi.org/10.1037/h0040957.

Dambaock, D., Farid, M., Ténert, L., Bengler, K., 2012. Ubernahmezeiten beim
hochautomatisierten fahren. Tagung Fahrerassistenz 16-28.

de Waard, D., 2002. Mental Workload. In Human Factors for Highway Engineers, 1st ed.
Bingley, pp. 161-175 https://trid.trb.org/view/708725.

Eid, M., Gollwitzer, M., Schmitt, M., 2017. Statistik und Forschungsmethoden (5.). Beltz.

Endsley, M.R., 1995. Toward a theory of situation awareness in dynamic systems. Hum.
Factors J. Hum. Factors Ergon. Soc. 37 (1), 32-64.

Feldhiitter, A., Kroll, D., Bengler, K., 2018. Wake Up and Take Over! The effect of fatigue
on the take-over performance in conditionally automated driving. Proceedings of
2018 21st International Conference on Intelligent Transportation Systems (ITSC)
2080-2085. https://doi.org/10.1109/1TSC.2018.8569545.

Forster, Y., Hergeth, S., Naujoks, F., Beggiato, M., Krems, J.F., Keinath, A., 2019.
Learning to use automation: behavioral changes in interaction with automated
driving systems. Transp. Res. Part F Traffic Psychol. Behav. 62, 599-614. https://
doi.org/10.1016/.trf.2019.02.013.

Friedman, M., 1937. The use of ranks to avoid the assumption of normality implicit in the
analysis of variance. J. Am. Stat. Assoc. 32 (200), 675-701. https://doi.org/
10.1080/01621459.1937.10503522.

Fuller, R., 2011. Driver control theory. From task difficulty homeostasis to risk allostasis.
Handbook of Traffic Psychology. Academic Press. https://doi.org/10.1016/B978-0-
12-381984-0.10002-5.

Gold, C., Dambdéck, D., Lorenz, L., Bengler, K., 2013. Take over!” How long does it take to
get the driver back into the loop?. In: Proceedings of the Human Factors and
Ergonomics Society Annual Meeting, 57, pp. 1938-1942. https://doi.org/10.1177/
1541931213571433.

Gold, C., Korber, M., Lechner, D., Bengler, K., 2016. Taking over control from highly
automated vehicles in complex traffic situations: the role of traffic density. Hum.
Factors 58 (4), 642-652. https://doi.org/10.1177/0018720816634226.

Hart, S.G., 2006. NASA-task load index (NASA-TLX); 20 years later. In: Th ANNUAL
MEETING, 50, pp. 904-908. https://doi.org/10.1177/154193120605000909, 9.
Hart, S.G., Staveland, L.E., 1988. Development of NASA-TLX (Task load index): results of
empirical and theoretical research. Adv. Psychol. 52, 139-183. https://doi.org/

10.1016/50166-4115(08)62386-9.

Hartig, J., Frey, A., Jude, N., 2008. Validitdt. In: Moosbrugger, H., Kelava, A. (Eds.),
Testtheorie und Fragebogenkonstruktion. Springer.

Hemphill, J.F., 2003. Interpreting the magnitudes of correlation coefficients. Am.
Psychol. 58 (1), 78-79. https://doi.org/10.1037/0003-066X.58.1.78.

Hergeth, S., Lorenz, L., Vilimek, R., Krems, J.F., 2016. Keep Your Scanners Peeled: Gaze
Behavior as a Measure of Automation Trust During Highly Automated Driving. Hum.
Factors J. Hum. Factors Ergon. Soc. 58 (3), 509-519. https://doi.org/10.1177/
0018720815625744.

Hergeth, S., Lorenz, L., Krems, J.F., 2017. Prior familiarization with takeover requests
affects drivers’ takeover performance and automation trust. Hum. Factors J. Hum.
Factors Ergon. Soc. 59 (3), 457-470. https://doi.org/10.1177/0018720816678714.

Horswill, M.S., Marrington, S.A., McCullough, C.M., Wood, J., Pachana, N.A.,
McWilliam, J., Raikos, M.K., 2008. The hazard perception ability of older drivers.
J. Gerontol. B Psychol. Sci. Soc. Sci. 63 (4), P212-P218. https://doi.org/10.1093/
geronb/63.4.P212.

Jamson, A.H., Merat, N., Carsten, O.M.J., Lai, F.C.H., 2013. Behavioural changes in
drivers experiencing highly-automated vehicle control in varying traffic conditions.
Transp. Res. Part C Emerg. Technol. 30, 116-125. https://doi.org/10.1016/j.
trc.2013.02.008.

Jarosch, O., Bengler, K., 2018. Rating of take-over performance in conditionally
automated driving using an expert-rating system. In: Stanton, N. (Ed.), Advances in
Human Aspects of Transportation (Vol. 786, Pp. 283-294). Springer International
Publishing. https://doi.org/10.1007/978-3-319-93885-1_26.

Junietz, P., Schneider, J., Winner, H., 2017. Metrik zur Bewertung der Kritikalitat von
Verkehrssituationen und - szenarien, p. 12.

Kérber, M., Gold, C., Lechner, D., Bengler, K., 2016. The influence of age on the take-over
of vehicle control in highly automated driving. Transp. Res. Part F Traffic Psychol.
Behav. 39, 19-32. https://doi.org/10.1016/].trf.2016.03.002.

Kuznetsova, A., Bruun Brockhoff, P., Haub Bojesen Christensen, R., 2017. ImerTest: Tests
in Linear Mixed Effects Models. https://CRAN.R-project.org/package=ImerTest.

Mesken, J., Hagenzieker, M.P., Rothengatter, T., de Waard, D., 2007. Frequency,
determinants, and consequences of different drivers’ emotions: an on-the-road study
using self-reports, (observed) behaviour, and physiology. Transp. Res. Part F Traffic
Psychol. Behav. 10 (6), 458-475. https://doi.org/10.1016/].trf.2007.05.001.

Mok, B.K.-J., Johns, M., Lee, K.J., Ive, H.P., Miller, D., Ju, W., 2015a. Timing of
unstructured transitions of control in automated driving. Intelligent Vehicles
Symposium (IV) 1167-1172. https://doi.org/10.1109/1VS.2015.7225841.

Mok, B.K.-J., Johns, M., Lee, K.J., Miller, D., Sirkin, D., Ive, P., Ju, W., 2015b.
Emergency, automation off: unstructured transition timing for distracted drivers of
automated vehicles. Proceedings of the IEEE 18th Intelligent Transportation Systems
(ITSC) 2458-2464. https://doi.org/10.1109/1TSC.2015.396.

80

C Publication 1: Assessing the criticality of driving situations after automated driving: Validation of
two scales

Accident Analysis and Prevention 159 (2021) 106216

Moosbrugger, Kelava, A., 2020. Testtheorie und Fragebogenkonstruktion. Springer
Berlin Heidelberg. https://doi.org/10.1007/978-3-662-61532-4.

Murata, A., Kanbayashi, M., Hayami, T., 2013. Effectiveness of automotive warning
system presented with multiple sensory modalities. In: Duffy, V.G. (Ed.), Digital
Human Modeling and Applications in Health, Safety, Ergonomics, and Risk
Management. Healthcare and Safety of the Environment and Transport (Vol. 8025,
Pp. 88-97). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-39173-
611.

Nakagawa, S., Schielzeth, H., 2013. A general and simple method for obtaining R 2 from
generalized linear mixed-effects models. Methods Ecol. Evol. 4 (2), 133-142.
https://doi.org/10.1111/j.2041-210x.2012.00261.x.

Naujoks, F., Purucker, C., Wiedemann, K., Neukum, A., Wolter, S., Steiger, R., 2017.
Driving performance at lateral system limits during partially automated driving.
Accid. Anal. Prev. 108, 147-162. https://doi.org/10.1016/j.aap.2017.08.027.

Nemenyi, P., 1962. Distribution-free multiple comparisons. J. Int. Biomet. Soc. 18 (2),
263.

Neukum, A., Kriiger, H.-P., 2003. Fahrrerreaktionen bei Lenksystemstérungen —
Untersuchungsmethodik und Bewertungskriterien. Reifen - Fahrwerk - Fahrbahn.
1791, 297-318.

Neukum, A., Liibbeke, T., Kriiger, H.P., Mayser, C., Steinle, J., 2008. ACC-Stop&Go:
fahrerverhalten an funktionalen Systemgrenzen. Workshop Fahrerassistenzsysteme-
FAS 141-150.

Payre, W., Cestac, J., Delhomme, P., 2016. Fully automated driving: impact of trust and
practice on manual control recovery. Hum. Factors J. Hum. Factors Ergon. Soc. 58
(2), 229-241. https://doi.org/10.1177/0018720815612319.

Pohlert, T., 2014. The Pairwise Multiple Comparison of Mean Ranks Package (PMCMR)
[R]. https://CRAN.R-project.org/package=PMCMR.

Politis, I., Brewster, S., Pollick, F., 2014. Evaluating multimodal driver displays under
varying situational urgency. Proceedings of the SIGCHI Conference on Human
Factors in Computing Systems 4067-4076. https://doi.org/10.1145/
2556288.2556988.

R Core Team, 2019. R: a Language and Environment for Statistical Computing (3.6.1)
[Computer Software]. R Foundation for Statistical Computing. https://www.R-pro
ject.org/.

Radlmayr, J., Gold, C., Lorenz, L., Farid, M., Bengler, K., 2014. How traffic situations and
Non-driving related tasks affect the take-over quality in highly automated driving.
In: Proceedings of the 58th Human Factors and Ergonomics Society Annual Meeting,
58, pp. 2063-2067. https://doi.org/10.1177/1541931214581434,

Radlmayr, J., Ratter, M., Feldhiitter, A., Kérber, M., Prasch, L., Schmidtler, J., Yang, Y.,
Bengler, K., 2018. Take-overs in level 3 automated driving — proposal of the take-
Over performance score (TOPS). In: Bagnara, S., Tartaglia, R., Albolino, S.,
Alexander, T., Fujita, Y. (Eds.), Proceedings of the 20th Congress of the International
Ergonomics Association (IEA 2018) (Vol. 823, Pp. 436-446). Springer International
Publishing. https://doi.org/10.1007/978-3-319-96074-6_46.

Roche, F., Brandenburg, S., 2018. Should the urgency of an auditory-tactile takeover
request match the situational criticality? Proceedings 2018 21st International
Conference on Intelligent Transportation Systems (ITSC) 1035-1040. https://doi.
0rg/10.1109/ITSC.2018.8569650.

Roche, F., Brandenburg, S., 2020. Should the urgency of visual-tactile takeover requests
match the criticality of takeover situations? IEEE Trans. Intell. Veh. 5 (2), 306-313.
https://doi.org/10.1109/TIV.2019.2955906.

Roche, F., Somieski, A., Brandenburg, S., 2018. Behavioral changes to repeated takeovers
in highly automated driving: effects of the takeover request-design and the non-
driving related task-modality. Hum. Factors J. Hum. Factors Ergon. Soc. 61 (5),
839-849. https://doi.org/10.1177/0018720818814963.

Roche, F., Thiiring, M., Trukenbrod, A.K., 2020. What happens when drivers of a highly-
automated vehicle take over control in critical brake situations? Accid. Anal. Prev.
144 https://doi.org/10.1016/j.aap.2020.105588.

Rodemerk, C., Habenicht, S., Weitzel, A., Winner, H., Schmitt, T., 2012. Development of
a general criticality criterion for the risk estimation of driving situations and its
application to a maneuver-based lane change assistance system. 2012 IEEE
Intelligent Vehicles Symposium 264-269. https://doi.org/10.1109/
1VS.2012.6232129.

Rohrmann, B., 1978. Empirische Studien Zur Entwicklung Von Antwortskalen fiir die
sozialwissenschaftliche Forschung. Zeitschrift Fiir Sozialpsychologie 9, 222245,

SAE International, 2018. Taxonomy and Definitions for Terms Related to Driving
Automation Systems for On-Road Motor Vehicles (J3016). https://www.sae.org/st
andards/content/j3016_201806/.

Salthouse, T.A., 1991. Mediation of adult age differences in cognition by reductions in
working memory and speed of processing. Psychol. Sci. 2 (3), 179-183. https://doi.
0rg/10.1111/j.1467-9280.1991.tb00127 .x.

Sepehr, M., 1988. NASA Task Load Index: Deutsche Version (No. 284; pp. 1-16).
Technische Universitét Berlin. https://www.tib.eu/de/suchen/id/TIBKAT%
3A019690789/NASA-Task-Load-Index-deutsche-Version/#.

Shahid, A., Wilkinson, K., Marcu, S., Shapiro, C.M., 2011. Karolinska sleepiness scale
(KSS). In: Shahid, A., Wilkinson, K., Marcu, S., Shapiro, C.M. (Eds.), STOP, THAT and
One Hundred Other Sleep Scales (Pp. 209-210). Springer New York. https://doi.org/
10.1007/978-1-4419-9893-4 47.

Siebert, F.W., Oehl, M., Pfister, H.-R., 2014. The influence of time headway on subjective
driver states in adaptive cruise control. Transp. Res. Part F Traffic Psychol. Behav.
25, 65-73. https://doi.org/10.1016/j.trf.2014.05.005.

van Nes, N., Brandenburg, S., Twisk, D., 2010. Improving homogeneity by dynamic
speed limit systems. Accid. Anal. Prev. 42 (3), 944-952. https://doi.org/10.1016/j.
aap.2009.05.002.




F. Roche

Vogel, K., 2003. A comparison of headway and time to collision as safety indicators.

Accid. Anal. Prev. 35 (3), 427-433. https://doi.org/10.1016/50001-4575(02)
00022-2.
‘Wainer, H., Braun, H.I., 2013. Test validity. Routledge. https://books.google.de/.

81

5 Appendix

Accident Analysis and Prevention 159 (2021) 106216

Zhang, B., de Winter, J., Varotto, S., Happee, R., Martens, M., 2019. Determinants of
take-over time from automated driving: a meta-analysis of 129 studies. Transp. Res.
Part F Traffic Psychol. Behav. 64, 285-307. https://doi.org/10.1016/j.
trf.2019.04.020.



82



5 Appendix

D Publication 2: What happens when drivers of highly automated vehicles

take over control in critical brake situations?

Accident Analysis and Prevention 144 (2020) 105588

Contents lists available at ScienceDirect i

Accident Analysis and Prevention

journal homepage: www.elsevier.com/locate/aap

What happens when drivers of automated vehicles take over control in R |
critical brake situations? L

Fabienne Roche*, Manfred Thiiring, Anna K. Trukenbrod

Technische Universitdt Berlin, Germany

ARTICLE INFO ABSTRACT

Even with automated vehicles, driving situations with short time headways and extreme vehicle dynamics may
arise when unpredictable events occur. If drivers take back control under such conditions, it is uncertain how
they behave and how well they can cope with the situation. This issue has not been investigated yet and is
subject to our study. In a driving simulator, non-distracted participants (N = 42) experienced nine critical si-
tuations caused by a braking vehicle in front of them. Time headway and longitudinal vehicle dynamics were
varied to create different degrees of objective criticality. Participants’ criticality ratings, take-over behavior, and
driving performance were recorded and analyzed. The results indicate that participants were sensitive to changes
in objective criticality and adapted their behavior. Take-over times were very fast under all conditions and
participants showed higher criticality ratings, more intense decelerations, and more lane changes with in-
creasing objective criticality. To avoid a collision, participants decelerated much more than the automation and
changed lanes, even though this was not necessary. Thereby, they raised the risk of vehicle instability, rear-end
collisions, and collisions with overtaking vehicles. To conclude, take-overs in critical brake situations may be a
threat to the safety of drivers and other road users because drivers’ reactions are more pronounced than ne-
cessary. These results suggest that assistive functions are required to support drivers in critical take-over si-
tuations.
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1. Introduction awareness may become a hazard when drivers have to regain control on

short notice. Take-over times and performance after the transition from

After almost a decade of intense psychological and ergonomic re-
search on automated vehicles, it is time to ask what important issues
have not been sufficiently addressed yet. One of these issues concerns
the consequences of transitions of control under safety-critical condi-
tions which result from short time headways and high vehicle dy-
namics. More precisely, in this paper, we investigate what might
happen if drivers decided to take over control under such critical con-
ditions in a brake situation.

An overview of the state-of-the-art reveals that an impressive
amount of knowledge has already been accumulated about human
factors in automated vehicles. For instance, experiments in driving si-
mulators showed that people are very likely to take up non-driving re-
lated tasks (NDRTs) when the automation is switched on (Carsten et al.,
2012; Naujoks et al., 2016). In line with these results, other studies
showed that people are less alert during automated driving (Carsten
et al., 2012; Saxby et al., 2013) and that NDRTs divert attention away
from the traffic situation (Large et al., 2017). This decrease of situation

automated to manual driving have been investigated concerning many
factors, such as different NDRTs (Merat et al., 2012; Roche et al., 2018;
Zeeb et al., 2017), different degrees of traffic density (Gold et al., 2016;
Radlmayr et al., 2014), and different types of take-over requests (Politis
et al., 2014; Roche et al., 2018). Eriksson and Stanton (2017) reviewed
25 experiments on takeover times mostly in urgent situations and re-
ported a range from 1.14s to 15s.

To sum up, the studies show how the cognitive state of the driver,
the surrounding traffic, and the design of the take-over request affect
driving behavior and experience. Hence, psychological and ergonomic
research has already provided much information about the transition of
control from the automated vehicle to the driver. The leading experi-
mental paradigm of this research is to investigate transitions which (1)
must be handled by a distracted driver, (2) are initiated by the automated
vehicle via a take-over request (system-initiated), and (3) take place
under uncritical conditions concerning timing and vehicle dynamics.

Despite the valuable insights that were obtained with this paradigm,
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one issue has been fairly neglected until now: the potential con-
sequences of transitions of control which are initiated by the driver in-
stead of the automation. This kind of transition is called “driver-in-
itiated”* as opposed to “system-initiated” take-over (McCall et al.,
2016). According to the Amendment of Article 8 of the Vienna Con-
vention on Road Traffic, such take-overs must be possible at all times
(United Nations Economic Commission for Europe, 2014). However,
surprisingly little is known about them, since only a few research stu-
dies have addressed this topic.

One of these studies was conducted as a field trial with 38 partici-
pants who drove a Tesla Model S equipped with an automation for
longitudinal and lateral control (Schott et al., 2018). They were allowed
to enable and disable the automation at any time while traveling on a
circular course near Berlin, Germany, which included sections of a
highway and rural roads. It was observed that participants frequently
disabled the automation without being prompted by a take-over re-
quest.

Another study was conducted in a driving simulator with 36 parti-
cipants (Epple and Brandenburg, 2018). The reliability of the system
was varied by exposing the participants to different numbers of auto-
mation failures (0, 1 or 2) in the pre-phase of the experiment. In the
experimental phase, the participants were instructed to regain control
whenever they felt necessary. The phase started in the automated mode
and the participant’s vehicle sped up to 100 km/h. At this speed, it
followed a lead vehicle keeping a distance of 0.50s, 0.75s, 1.00's or
1.25s time headway. The number of driver-initiated take-overs was
surprisingly high over all conditions and amounted to 85% in total. Due
to this ceiling effect, neither reliability and criticality led to significant
differences in the number of take-overs, nor did reliability affect self-
reported trust. It must be noted, however, that driver-initiated take-
overs even took place when time headway was short, though they were
less frequent in these cases.

As these two studies show, drivers take over control rather fre-
quently and they may do so even under critical conditions, like short
time-headways. This may become important in a number of safety-
critical situations. To illustrate this point, imagine the following sce-
nario: While you are traveling in the automated mode, a vehicle passes
your car with a high velocity, squeezes into the lane between you and a
leading vehicle and brakes heavily. The automation of your vehicle
reacts immediately and brakes too to avoid a collision — but is the
braking strong enough? Do you trust the automation to handle this
unusual, hazardous situation? If not, you are likely to take over control
by stepping on the brake pedal thus deactivating the automation. Even
if you were not distracted by a NDRT in this situation, you might fail to
manage the situation better than the automation or you might even
cause a rear-end collision because you do not apply a sufficient braking
force.

In a driving simulator study, we investigate such brake situations by
deliberately deviating from the leading experimental paradigm with
respect to three conditions: (1) Drivers are not distracted during tra-
veling in the automated mode, (2) drivers must react fast if they want to
regain control of the vehicle, and (3) drivers have to cope with take-
over conditions of varying objective criticality. Different degrees of cri-
ticality are obtained by two parameters: Time headway to a vehicle in
front and the vehicle dynamics of the participant’s vehicle.

To our knowledge, this approach is unique and has not been pur-
sued before. The central issue that is thus addressed is: How do drivers
perform when they take over control under highly dynamic conditions of
varying criticality? No other study has investigated this question yet.
However, a review of seven manufacturers’ tests of autonomous ve-
hicles on public roads in California impressively demonstrated the great
importance of ‘autopilot disengagements’ (Lv et al., 2018). The authors

! We use the term ‘driver-initiated’ instead of ‘user-initiated’ as proposed by
McCall et al. (2016).
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distinguish passive disengagements from active disengagement. While
the former ones are initiated by the automation, the latter ones are
initiated by the driver. As the review shows, the reasons for active
disengagements are manifold. Some of them result from unexpected or
reckless behavior of other drivers, or come close to our braking sce-
nario, such as ‘The driver felt a delay in deceleration, so the driver took
over the brake operation.” (Lv et al.,2018, p. 61). Others are quite dif-
ferent, such as ‘The automated vehicle moved uncomfortably close to a
parked car.” (p. 61). As Lv et al. (2018) conclude: ‘Disengagement with
driver take-over is a complex process which is crucial to driving safety
and ride comfort during automated driving.” (p. 65). From this per-
spective, our study provides new knowledge about the transition of
control from the automation to the driver which may inspire the de-
velopment of assistive systems that aim to increase the safety and
comfort of such transitions.

1.1. Two parameters of objective criticality: time headway and vehicle
dynamics

Time headway (THW) is defined as the time until the ego vehicle
reaches the current position of a reference object (Vogel, 2013). A re-
ference object may be a preceding vehicle or a stationary hazard, such
as an obstacle on the road. THW depends on the distance to the re-
ference object deference and the velocity of the ego vehicle v, (see Eq.
1). The shorter THW is, the more critical is the situation.

Dreference

THW =
(€8]

Vehicle dynamics are affected by lateral and longitudinal forces (Fy
and F,). These forces add up to a horizontal force and influence the
traction between road and tire (numerator in Eq. 2). As long as the
actual horizontal force is smaller than the maximal possible force, the
vehicle is stable. The maximal possible force depends on the friction
coefficient |y and the vertical forces F, acting on the tire (denominator
in Eq. 2). The ratio of the actual and the maximal possible force de-
scribes the stability of the vehicle on the road and is termed traction
usage (TU; Rajamani, 2011; see Eq. 2).

Vego

TU = VEE
K @
The maximal possible value of TU is 1. A higher TU caused by in-
creased lateral or longitudinal deceleration or acceleration can result in
slippage (Rajamani, 2011) and may thus lead to a high risk of losing
control over the vehicle. In critical brake situations, TU raises when the
advanced emergency braking system (AEBS) applies a braking force to
avoid an impending collision (SAE International, 2018; United Nations
Economic Commission for Europe, 2018). In case drivers take over
control from an automated vehicle at this moment, they are confronted
with high decelerations. If they increase the braking force or start
steering, the actual traction and thus TU increases as well. As a con-
sequence, the vehicle may become unstable or even uncontrollable.
Combinations of different values of THW and TU constitute brake
situations of varying objective criticality. Although take-overs in such
situations may be hazardous, they must be possible at all times as de-
manded by the Amendment of the Vienna Convention on Road Traffic
(United Nations Economic Commission for Europe, 2014). As long as
legislation is not altered in that respect, several research questions arise
from this circumstance.

1.2. Research questions

In the present study, we investigate how drivers behave and perform
when they take over control in brake situations of different objective
criticality established by varying values of THW and TU. Three research
questions (RQ) are addressed in this context:
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RQ 1: Does the objective criticality impact the subjective criticality
indicating that drivers can discriminate between the different degrees
of criticality?

RQ 2: Does the objective criticality influence take-over behavior?

RQ 3: Do drivers deliver an appropriate performance when they
take over or do they increase the risk by their reaction?

2. Method

To answer the research questions, we used an experimental setup
corresponding to the scenario described in the introduction.
Participants were traveling in the automated mode when a vehicle
passed them at a high velocity and merged into the lane between their
vehicle and a lead vehicle. As soon as the merging was completed, the
vehicle in front started breaking and the automation of the participant’s
vehicle reacted by braking as well. We asked what would happen if
drivers interrupted the automated maneuver by braking themselves,
especially under varying conditions of criticality. To answer this ques-
tion, we established specific values of THW and TU at the time of take-
over. For this purpose, an acoustic cue was employed. It was presented
to trigger a braking response by the participant for the intended com-
binations of THW and TU. Since we used a trigger, it must be empha-
sized that we did not elicit genuinely driver-initiated transitions of
control, but investigated what might happen if drivers intervened under
controlled conditions of varying criticality.

2.1. Participants

Forty-two persons (19 women, 23 men) between 21 and 66 years of
age (M = 29.93 years, SD = 9 years) participated in the driving simu-
lator study. All participants had to be German native or near-native
speakers to follow the German instructions. It was required that they
had been holding a driving license for a minimum of four years
(M = 11.38 years, SD = 7.23, Max = 35 years). Twenty (48%) parti-
cipants reported to have experience with advanced driver-assistance
systems, such as adaptive cruise control or lane change assistance. Each
participant received 10 €/hour or course credits as gratification. The
experiment was approved by the ethics committee of the Department of
Psychology and Ergonomics of Technische Universitét Berlin, Germany,
and its conditions comply with the tenets of the Declaration of Helsinki
(1964). Participants gave their informed consent before the experiment
started.

2.2. Driving simulator

The study was conducted in a fixed-based driving simulator at the
Department of Automotive Engineering at Technische Universitat
Berlin (see Fig. 1). The vehicle was an Audi A4 equipped with a force-
feedback steering wheel, active pedals, original control interfaces, and a
motion seat. The tilt of the seat simulated centrifugal forces, decelera-
tion, and acceleration. The implemented automation had an adaptive
cruise control system and a lane-centering mimicking an automated
vehicle at SAE-level 3 (SAE International, 2018). Three projectors and a
curved canvas enabled a front viewing angle of 180°. One rear projector
in combination with a second canvas was used to ensure the visibility of
the traffic behind the vehicle via the rear-view mirror and the left side
mirror. Driving scenarios were implemented with SILAB 5.0 from the
Wiirzburg Institute of Traffic Sciences GmbH (SILAB, 2014). The ex-
perimental road was a two-lane highway. The model of the vehicle
dynamics was calculated by the commercial program IPG CarMaker
6.0. It estimated TU based on the longitudinal and lateral decelerations
and accelerations, gravity, and friction coefficient (see Eq. 2). Gravity
and friction coefficient were held constant in this study. The decelera-
tions and accelerations were perceptible by the pace of the optical flow
in the simulation and by the tilt of the motion seat. Driving noise was
presented via a loudspeaker and driving vibrations were transmitted by
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a subwoofer. Additional microphones and speakers were used to enable
the communication between the experimenter and the participant.

2.3. Procedure

The experiment consisted of a familiarization phase lasting three
minutes, a training phase with 10 trials and an experimental phase with
15 trials. In the familiarization phase, participants had the opportunity
to get accustomed to the simulator by driving on a rural road with some
curves and little traffic. During the training, they experienced braking
in the manual and the automated mode in five trials each. In the manual
trials, they accelerated the vehicle up to 130 km/h and then drove
through a passage bordered by traffic cones. Upon a trigger, partici-
pants had to reduce their speed to 50 km/h as fast as possible and then
stop at the end of the passage. A tone with a base frequency of 1200 Hz
and a duration of 0.6 s served as the trigger. For the automated trials,
participants were told that the automation would take over longitudinal
and lateral control during the drive. The provided information con-
formed with the description of an automated vehicle which matches
SAE-level 3 (SAE International, 2018). Participants accelerated the
vehicle manually, but at 30 km/h they received the auditory message
“Automation takes over now”. Simultaneously, the automation was
switched on and the participants had to take their hands off the steering
wheel and their feet off the pedals. The vehicle continued accelerating
to 130 km/h and drove through the passage. Upon the trigger, parti-
cipants were instructed to take back control by braking. Again, they had
to reduce their speed to 50 km/h and stopped at the end of the passage.

Prior to the experimental phase, participants were instructed to
drive as safely as possible and to avoid accidents by all means. They
were requested to take over vehicle control as fast as possible when
they heard the trigger. It was emphasized that they should only resume
control when the trigger was given, but not otherwise. This was su-
pervised by the experimenter and called for if necessary. Each partici-
pant completed 15 trials, nine experimental ones (3 THW x 3 TU) and
six filler trials. For each participant, both types were randomly com-
bined to three groups, each consisting of three experimental and two
filler trials to ensure an adequate ratio. The order within and between
groups was randomized to prevent a carry-over effect. The experi-
mental trials represented brake situations of varying objective criti-
cality. Each drive started on the hard shoulder of a two-lane highway
with a lead vehicle placed 50 m ahead on the right lane. Participants
were instructed to accelerate manually and to follow the lead vehicle.
The automation was switched on just like in the training trials. It
continued to accelerate up to 180 km/h? and followed the lead vehicle
with a time headway of 1.8s. In each trial, there was a medium traffic
density on the neighboring lane with 5-7 cars passing the participant’s
vehicle. Number, color, and model of these cars were varied over the
trials. After 1:30 min, a vehicle passed by, merged into the lane between
the participant’s and the lead vehicle and braked (see Fig. 2). The
distance between the participant’s and the merging vehicle as well as
the deceleration varied depending on the experimental conditions (see
Experimental Design). At the moment the vehicle merged into the
participant’s lane, the AEBS of the participant’s vehicle started braking
and the trigger was presented. Upon the trigger, participants were in-
structed to take over control, finished the maneuver and finally stopped
on the hard shoulder. In case they failed to respond to the trigger, the
automation completed the maneuver instead without causing an acci-
dent. The experimental trials were complemented by six filler trials. No
trigger was given in three of these trials when a vehicle merged into the
participant’s lane and three times a trigger was issued without a mer-
ging vehicle. Together, both kinds of fillers served to reduce the pre-
dictability of required responses. After each trial, the participants rated

2For the German sample, a velocity of 180 km/h is not unusual, because
there is no speed limit on many sections of German highways.
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Fig. 1. The driving simulator at the Department of Automotive Engineering at Technische Universitit Berlin.

Merging vehicle

Participant’s vehicle

Lead vehicle

Fig. 2. Schematic illustration of the brake situation. The merging vehicle starts braking as soon as it has merged into the lane between the participant’s and the lead

vehicle.

the criticality of the experienced situation on a single item with a
graphical analog scale, ranging from “not critical at all” (1 pt.) to “very
critical”® (100 pt.). The item was presented on an iPad 1 with standard
factory settings using the online survey service SoSci-Survey version 3.1
(www.soscisurvey.de).

At the end of the experiment, participants provided demographic
information, such as age, gender and driving experience, on the iPad.
All questions and questionnaires were presented in German. Overall,
the experiment lasted about 1.5 h. After each trial, participants had the
opportunity to take a break and were reminded of this option when they
had completed eight trials.

2.4. Experimental design

Different degrees of objective criticality were achieved by two
within-subject factors: time headway (THW) and traction usage (TU).
THW was varied by the distance between the participant’s and the
merging vehicle and had three values: 0.34s (least critical, 17.2m
distance), 0.21 s (medium critical, 10.3 m distance), and 0.08 s (most
critical, 3.9 m distance). TU had three values as well: 0.44 (least cri-
tical), 0.64 (medium critical), and .84 (most critical). These values re-
present the maximal target TU-values which were reached by the AEBS.
The target TU-values resp. the automation’s deceleration were main-
tained for at least 2.5s when the participants did not take over. Each
participant experienced all nine brake situations which resulted from
the combination of the THW- and TU-values.

The dependent variables consisted of the criticality rating, take-over
time [s], maximal deceleration [m/s?], lane change frequency [%], and
collision frequency [%]. The criticality ratings served to investigate

3 Translation from German.
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whether drivers could discriminate between different degrees of ob-
jective criticality (compare RQ 1). Take-over time was defined as the
interval between trigger onset and driver reaction (steering or braking).
Thresholds for a deliberate driver reaction were set to 10N of brake
pedal force and + 1.4° of steering wheel angle, similar to Roche,
Somieski, and Brandenburg (2018). To assess maximal deceleration, the
highest value that was reached during braking was recorded per par-
ticipant and trial. Take-over time and maximal deceleration indicated
how drivers responded to the varying conditions of objective criticality
(RQ 2). Short take-over times were regarded as indicators for a safe
take-over behavior, overly strong decelerations as indicators for a ha-
zardous take-over since they increased the risk of colliding with cars
following in the rear. Trials were coded as collision when the partici-
pant’s vehicle contacted the merging vehicle or the crash barrier. Lane
changes and collisions pointed to situations that the driver could not
handle adequately. They were used to judge the appropriateness of a
take-over since lane changes were unnecessary and collisions could be
avoided by adequate braking (RQ 3). In addition to lane changes and
collisions, we computed the difference between the participant’s max-
imal deceleration and the maximal deceleration that the automation
would have reached without the participant’s intervention. The auto-
mation was designed to decelerate strong enough to prevent a collision
under all circumstances, but also to limit its deceleration to the required
minimum. Hence, deviations from automated deceleration are suited to
indicate suboptimal driver interventions (RQ 3).

2.5. Hypotheses and data analysis
We hypothesize that more critical brake situations lead to higher

criticality ratings and more pronounced take-over behavior in terms of
shorter take-over times and larger maximal decelerations, but also to
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more lane changes and more collisions. The difference between the
deceleration of the participants and the automation, as well as the in-
teraction effects of THW and TU are analyzed exploratively.
Take-over time, maximal deceleration and deceleration difference
are examined with three linear mixed effect models based on the
“lme4”- package (Bates et al., 2015) in R version 3.4.1 (R Core Team,
2017). In addition, logistic models are fitted with the same package for
the two binary variables lane change frequency and collision frequency.
Degrees of freedom are estimated via Satterthwaite’s method with the
“ImerTest”-package (Kuznetsova et al., 2017). Linear mixed effect
models are preferred over analyses of variances because they have a
higher statistical power when missing values occur (Kliegl et al., 2011).
The independent variables THW and TU are entered into the statistical
models as linear predictors with a coding of -1 for the least critical value
of THW resp. TU, a coding of 0 for the medium critical value, and a
coding of 1 for the most critical value. Hence, the intercept of each
model is an estimate of the grand mean. The slopes of the effects of
THW resp. TU represent the estimated difference when these variables
grow more critical by one value. In addition to the fixed effects, the
model also includes a random intercept for each participant to account
for interindividual differences and the repeated measure. The formula
of the model is shown in Eq. 3.1. The distribution assumptions for the
random intercept vj and the error term ;; are shown in Egs. 3.2 and 3.3.

Yy = a + B*THW, + B,*TU; + B*THW*TU; + 7, + & (3.1)
7~ N, a)) (3.2)
g~ N(0,?) (3.3)

Y;; stands for the ith measurement value of person j for the depen-
dent variable, a for the intercept (coded to represent the estimated
grand mean). 3; and [, represent the slopes for THW and TU, and (33
the difference in slopes for the interaction of THW and TU. yj is the
random intercept for each participant and ¢; is the deviation of the
measurement Y;; from the prediction (error term that is not explained
by the model).

For each model, its goodness-of-fit is represented by two coeffi-
cients: the marginal and the conditional coefficient of determination
(R?). The first one describes the proportion of variance explained by the
fixed factors, the second one the proportion of variance explained by
both, the fixed and random factors (Nakagawa and Schielzeth, 2013).

3. Results

Reactions are classified as missing when they occurred either before
the trigger or 2.5s after it. Thirteen single trials (3.4%) are excluded
due to missing reactions and eight single trials (2.1%) due to mea-
surement errors. After data selection, 357 (94.4%) experimental trials
remain for analysis. The results of the linear mixed effects and logistic
models are presented in Table 1. The main effects and significant in-
teractions are shown in Fig. 3.

3.1. RQ 1: Subjective criticality

The criticality ratings were affected by both, THW and TU, simi-
larly. With each increase of objective criticality due to either THW or
TU, the ratings raised by approximately 8-9 rating points (see estimates
for THW and TU on criticality ratings in Table 1 and Fig. 3a & 3b). No
significant interaction between THW and TU was observed.

3.2. RQ 2: Take-over time and maximal deceleration

The intercept of take-over time indicates that participants took over
very fast on average. Neither significant main effects of THW or TU on
take-over time, nor a significant interaction were detected. This in-
dicated that the experimental variations of THW and TU did not affect
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the speed of participants’ take-over.

Significant main effects of both, THW and TU, on maximal decel-
eration” were observed, i.e., participants decelerated stronger, the more
critical the situation was (see Table 1 for detailed results). Fig. 3c resp.
3d show the influence of THW resp. TU on maximal deceleration and
the maximal deceleration of the automation (three dark grey horizontal
lines in Fig. 3c and 3d). Additionally, a significant interaction effect of
THW and TU was found. It indicates that the increase of deceleration
due to increasing TU-criticality was more pronounced when THW was
less critical (see Fig. 3e).

3.3. RQ 3: Deceleration difference, lane changes and collisions

To test whether participants decelerated unlike the automation, we
analyzed the deceleration difference. The significant, positive intercept
indicates that, on average, the participants’ deceleration was stronger
than the deceleration of the automation (see Table 1). The size of this
deviation was not affected by THW, but strongly influenced by TU (see
Fig. 3f and 3g). This effect was, however, part of an interaction with
THW. When comparing the slopes of the THW-values, it is obvious that
the decrease of the deviation due to more critical TU-values was
strongest when THW was most critical (solid line in Fig. 3h).

Lane changes occurred in 52 of 357 trials (14.6%). Both, THW and
TU had an effect on lane change probability.” This probability was
higher, the more critical either THW or TU became (see Fig. 3i and 3j).
The interaction of these variables had no significant effect. Since col-
lisions occurred only in three out of 357 trials (0.8%, two with the crash
barrier, one with the merging vehicle), no statistical analysis was per-
formed. The two collisions with the crash barrier happened because
participants steered strongly to the left, the collision with the merging
vehicle because the participant reacted too late.

4. Discussion

As required by the Vienna Convention on Road Traffic, drivers must
be able to take over control from the automation at all times (United
Nations Economic Commission for Europe, 2014). They may do so for
many reasons, e.g. when they are surprised by an unexpected event,
when they misjudge the current vehicle dynamics or when they think
that the automation may fail to manage a maneuver (compare Lv et al.,
2018 for an overview of such reasons). In this study, we investigated
how drivers behave and perform when they take over control in critical
brake situations after a period of automated driving. More precisely, we
examined whether the objective criticality impacted the subjective
criticality (RQ 1), whether the objective criticality influenced partici-
pants' take-over behavior (RQ 2) and whether their take-over perfor-
mance was appropriate (RQ 3).

4.1. RQ 1 and 2: Does the objective criticality influence subjective criticality
and take-over behavior?

The results show that objective criticality influences subjective cri-
ticality (RQ 1) as well as take-over behavior (RQ 2). This conclusion is
based on the effects of THW and TU on criticality ratings and maximal
decelerations.

In line with our hypotheses, we found main effects of THW on cri-
ticality ratings and maximal decelerations. Higher objective criticality

* Trials resulting in a collision (N = 3 trials) were excluded from the analysis
of deceleration, resulting in 354 trials included in the analysis. However, we
also performed the analysis with all valid trials without observing any changes
in the results.

5 Logistic models calculate the probability of a certain event, e.g. a lane
change, based on the observed frequency. Therefore, we use the term ‘prob-
ability’ instead of ‘frequency’ for reporting statistical results.



F. Roche, et al.
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Summary of statistics for time headway (THW) and traction usage (TU) per dependent variables. Note. The predictors THW and TU were coded with -1 for least, 0 for
medium and 1 for most critical. Significance symbols: * p < .05, ** p < .01, *** p < .001.

Dependent variables Statistics

Criticality rating [1-100] Estimate Std. Error df t-value p-value
Intercept (o) 49.21 2.65 40.81 18.58 < .001 ***
THW (B,) 8.77 1.21 314.17 7.26 < .001 ***
TU (B2) 8.16 1.21 314.20 6.76 < .001 ***
THW : TU (B3) -1.62 1.49 315.48 -1.09 .278
Variance explained: Riargina = 14.1 %, Rinditional = 50.8 % Noiats = 357
Take-over time [s] Estimate Std. Error df t-value p-value
Intercept (a) 0.58 0.04 40.68 14.52 < .001 ***
THW (B,) —0.02 0.02 313.91 -1.62 .106

TU (B2) 0.02 0.02 313.94 1.40 162

THW x TU (B3) 0.00 0.02 314.86 —0.06 .954
Variance explained: Rﬁ,a,giml = 0.6 %, R%nditional = 53.1 % Nyiais = 357
Maximal deceleration [m/s?] Estimate Std. Error df t-value p-value
Intercept (a) 8.43 0.07 40.90 125.31 < .001 ***
THW (1) 0.29 0.05 312.22 5.37 < .00

TU (B2) 0.44 0.05 313.42 8.02 < .00
THW x TU (B3) -0.19 0.07 315.79 —2.88 .004 **
Variance explained: Riarginat = 20.2 %, Rionditional = 31.0 % Niriats = 354
Difference maximal deceleration [m/s?] Estimate Std. Error df t-value p-value
Intercept (a) 1.80 0.07 41.01 26.70 < .001 ***
THW (B,) —0.06 0.06 312.45 -1.09 277

TU (B2) —1.55 0.06 313.71 —27.37 < .001 ***
THW x TU (B3) —0.26 0.07 316.15 —3.66 < .001 ***
Variance explained: Riarginal = 65.8 %, RZonditional = 69.9 % Niriats = 354
Lane change probability (logistic) Estimate Std. Error z-value p-value
Intercept (a) -3.30 0.60 —5.54 < .001 ***
THW (B,) 0.75 0.27 2.76 .006 **

TU (B2) 1.07 0.28 3.79 < .001 ***
THW x TU (B3) 0.49 0.33 1.50 133
Variance explained: Ryarginal = 12.7 %, Reonditional = 8.6 % Neriats = 357

in terms of decreasing THW led to higher criticality ratings and higher
maximal decelerations (see Figs. 3a and 3c). Based on the criticality
ratings, we conclude that drivers can discriminate between different
levels of objective criticality caused by THW. Shorter distances to the
merging vehicle are more critical and should appear as more threa-
tening. This is reflected in our participants’ reactions. They responded
with stronger decelerations when THW became more critical. Their
behavior is an effective strategy to decrease the distance to the merging
vehicle to a comfortable level. In order to reach this level, participants
had to decelerate stronger when the distance was shorter, hence when
THW was more critical.

In a way similar to THW, TU impacted criticality ratings and max-
imal decelerations. This is indicated by the observed main effects. When
TU became more critical, criticality ratings increased and the maximal
deceleration grew higher (see Figs. 3b and 3d). It seems that our par-
ticipants were sensitive to the higher horizontal forces and/or the faster
approaching of the merging vehicle due to its strong deceleration.
Again, this is reflected in deceleration behavior. The participants’
strategy to avoid a collision was to decelerate stronger when the mer-
ging vehicle decelerated stronger in the more critical TU-trials. In these
trials, a strong response was indeed necessary to avoid a collision.

In addition to the reported main effects, an interaction of THW and
TU occurred. When TU became more critical, the maximal deceleration
increased more when THW was larger and, thus, less critical (see
Fig. 3e). For the least critical THW-value (0.34 s), our participants ad-
justed their deceleration to the growth of TU (slope of the dotted curve
in Fig. 3e). On the one hand, it seems that for more critical values of
THW, their deceleration was less influenced by TU (slopes of dashed
and solid lines in Fig. 3e). Hence, when TU was less critical, THW still
made a difference, i.e. stronger decelerations occurred for shorter dis-
tances to the merging vehicle. On the other hand, when TU became
more critical, a strong deceleration was necessary anyway and could
barely get higher than 9 m/s> due to physical restrictions (Kudarauskas,
2007). Such a high level of deceleration typically constitutes an
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emergency braking. It was nearly reached under all conditions when TU
was most critical and led to a ceiling effect, thus potentially concealing
any influence of THW on deceleration that might have occurred.

Contrary to our hypothesis, no significant effects of THW and TU on
take-over times were observed. This might have two reasons. First, it
must be noted that the THW-values in our experiment were much
smaller than in other studies (e.g., 3s and 7s in Roche and
Brandenburg, 2018). Therefore, they might have been too minor to
exert any influence. Second, the participants’ take-overs were very fast
with 567 ms on average, and even smaller than the minimal value re-
ported in the overview by Eriksson and Stanton (2017). The rapidness
of their response suggests that they closely followed the instruction to
take over control as fast as possible when the trigger was presented.
This resulted in a floor effect that may have obscured any influence of
the two independent variables.

The effects we observed are partially in line with the results re-
ported by Roche and Brandenburg (2018, 2019). The authors in-
vestigated the impact of THWs of 3s and 7s on take-over behavior.
Similar to our current study, criticality ratings and brake input in-
creased when time headways were shorter. These results on the relation
between objective and subjective criticality conform with the outcome
of a study by Hu et al. (2019) who investigated the influence of en-
vironmental factors on hazard perception. Hazard perception in traffic
can be defined as the capability to anticipate dangerous situations on
the road (McKenna et al., 2006). As Horswill and McKenna (2004) point
out, it is closely related to a person’s situation awareness (Endsley,
1995), specially to stage three, i.e., the prediction of upcoming events.
In their experiment in a high-fidelity driving simulator, Hu et al. (2019)
confronted 14 participants with 27 scenarios which differed with re-
spect to three ‘kinematic parameters’ (p. 41): velocity and acceleration
of the ego vehicle as well as its distance to an obstacle that occurred on
the road. Hazard perception was assessed with a 7-point rating scale. It
turned out that the interaction of the three factors impacted the hazard
ratings. More precisely, only when the velocity was high (v =100 km/
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h), the interaction of acceleration and distance had a significant influ-
ence on the degree of the perceived hazard.

Obviously, the kinematic parameters in the study by Hu et al.
(2019) share crucial features with the criticality factors of our experi-
ment, especially with THW. Also, the results of the study point in the
same direction as those of the other experiments. They demonstrate

Traction Usage

- Objective criticality + - Objective criticality + - Objective criticality +

Fig. 3. Raw values, means per experimental condition, and regression lines for the dependent variables plotted for time headway (left), traction usage (middle), and
their interaction (right). For each plot, the objective criticality increases from left to right. Only significant interactions are presented. The dark grey horizontal lines
in the maximal deceleration plots (¢ and d) show the maximal deceleration by the automation. Lane change probabilities of 1 indicate a lane change. Note: Error bars
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that drivers recognize changes of objective criticality and that critical
parameters do not function independently from each other, but interact
to constitute different degrees of experienced criticality and the spe-
cifics of hazard perception. Our current experiment expanded these
insights by showing how these parameters additionally affect drivers’
behavior when transitions of control occur during braking.
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4.2. RQ 3: Do drivers deliver an appropriate performance when they take
over or do they increase the risk by their reaction?

So far, the discussion has shown that (a) our participants were
sensitive to changes of objective criticality, (b) reacted much faster than
distracted drivers in other studies when a transition of control was
demanded, and (c) decelerated with higher intensity when the situation
was more critical. At first sight, it seems that their behavior was ap-
propriate to the situation. However, a look at two other dependent
variables reveals that their performance was partially suboptimal and
riskier than necessary.

First, let us take a look at the disparity that shows when comparing
our participants’ deceleration with the deceleration of the automation® .
The intercept of the deceleration difference represents the averaged
difference between the participants' values and the values of the auto-
mation. Since the intercept is significantly higher than zero (see
Table 1), it shows that our participants decelerated stronger than the
automation (with about 1.8 m/s). Their behavior can be qualified as an
overreaction because such intensity was not required to avoid a colli-
sion. Second, let us consider participants’ lane changes. In 15% of the
trials, lanes were changed, although, this was not needed to avoid a
collision and poses the risk of rear-end collisions.

The interpretation of the deceleration difference and the lane
change probability is complemented by the effects of THW and TU on
these two dependent measures. For THW, a main effect on lane change
probability was found (but not on deceleration difference). Participants
adjusted their deceleration to more critical THW-values similar to the
automation (almost horizontal slope in Fig. 3f). However, they de-
celerated 2m/s> more on average than necessary (mean values in
Fig. 3f). Additionally, more lane changes occurred when THW became
more critical (see Fig. 3i). Since the distance to the merging vehicle was
very short under more critical THW conditions, changing lanes prob-
ably appeared as an adequate strategy to avoid a collision when de-
celerating alone was perceived as not sufficient.

For TU, we observed two main effects. The deceleration difference
decreased and lane change probability increased significantly when TU
became more critical (see Fig. 3g and 3j). In brake situations with less
critical TU-values, a weaker deceleration of 4.4 m/s? would have been
sufficient, nevertheless, participants decelerated nearly as strongly as
under the other conditions (~8m/s?, see Fig. 3d). Apparently, they
considered this extent of deceleration as necessary to avoid a collision
in the less critical TU-condition. However, the lane change probability
increased when TU became more critical (see Fig. 3j). It seems that our
participants choose a different behavior — strong braking alone or
supplemented by lane changes — depending on the level of TU.

In addition to the main effects, an interaction of THW and TU af-
fected the deceleration difference. When TU became more critical, it
decreased stronger with more critical THW (slopes in Fig. 3h). In si-
tuations with the least critical TU (0.44), THW had a slight influence on
the deceleration difference in the previously observed direction, i.e.
more critical THW led to higher deceleration. But in take-over situa-
tions with the most critical TU, this effect was reversed because parti-
cipants changed lanes more frequently, instead of decelerating when
THW became more critical, too. Potentially due to that, weaker decel-
erations occurred in this situation.

The observed overreaction regarding deceleration difference is ha-
zardous for two reasons. First, an overly strong deceleration increases
TU and may destabilize the vehicle when the maximal possible force is
approached. This can result in road departures or collisions with the
crash barrier. Second, high decelerations may raise the risk of rear-end
collisions with vehicles following behind. Therefore, a weaker, but
more constant deceleration would be more appropriate.

©The comparison also includes those values which the automation would
have achieved if it had not been interrupted by the participants’ take-over.

90

D Publication 2: What happens when drivers of highly automated vehicles take over control in critical
brake situations?

Accident Analysis and Prevention 144 (2020) 105588

Apart from the deceleration difference, the observed effects of the
lane change probability are noteworthy because drivers may not check
the neighboring lane carefully enough, thus, risking a collision with a
passing car. Moreover, when steering occurs during braking, TU in-
creases further and raises the probability of vehicle instability, loss of
control, and accidents. The two collisions with the crash barrier can be
traced back to strong steering in the last moment to avoid a collision
with the braking vehicle.

To conclude, participants overreacted and showed worse take-over
performance than the automation. Their deceleration was either in-
adequately strong or they even changed lanes without need. But how
relevant are situations as investigated in our experiment at all for
driving performance? At SAE-level 3, drivers are no longer obliged to
monitor the situation. Many of them will use this new freedom to take
up non-driving-related tasks, e.g., reading a newspaper or watching a
video (Carsten et al., 2012). One might argue that such distracted dri-
vers are never confronted with our experimental scenario, because they
fail to recognize the hazard and the automation will handle the situa-
tion without any complication” . While this may be true in some cases,
in others, the drivers’ peripheral attention will enable them to notice a
dangerous object outside their visual focus, especially when it is moving
(Juola, 2016). However, distraction limits situation awareness (Young
et al., 2013) and may delay responses since distracted drivers require
additional time to update their mental model of the situation (Bellet
et al., 2012). Such delays can provoke reactions that are even more
pronounced than those we have observed in our experiment, because
braking late requires a stronger braking force to prevent a collision.
Therefore, the scenario that we investigated constitutes a situation that
may become relevant for distracted drivers as well.

4.3. Limitations

The generalizability of the reported results may be restricted due to
five experimental limitations:

1 Although our primary research interest concerns driver-initiated
take-overs, the participants in our study did not decide themselves
when to regain control over the vehicle. Instead, they responded to a
trigger. Triggering was necessary to control different degrees of
objective criticality that resulted from the combination of varying
values of THW and TU. Triggered take-overs, however, may lead to
different behavior and performance than driver-initiated take-overs.

2 Since our study included hazardous situations, it was conducted in a
driving simulator. Take-over behavior in real traffic — particularly
under critical and dynamic conditions — might differ from the one
that is observed in a simulator. However, a comparative study by
Eriksson et al. (2017) showed that a driving simulator is a valid tool
to investigate the transition of control between driver and auto-
mation.

3 It must be emphasized that the driving simulator was static.
Although a motion seat was employed to generate longitudinal and
lateral forces, the success of this measure might be questionable. It is
not clear how well these forces were perceived and to which degree
they evoked realistic impressions. However, changes of velocity
were as well reflected by changes of the optical flow, so that the
visual channel also provided information about deceleration and
acceleration. Nevertheless, future research should validate our re-
sults in a high-fidelity simulator or under real physical conditions in
a protected space without traffic.

4 Nine brake situations were tested in a row. Compared to everyday
traffic, this is a high frequency and may appear to be unrealistic.
There is evidence that the repeated experience of similar situations —
as in our study - leads to behavioral changes (Roche et al., 2018;

7 We would like to thank an anonymous reviewer for this critical argument.
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Zhang et al., 2019) and may bias experimental findings. In parti-
cular, it appears as likely that our participants got trained by the
trigger and that the repetitions helped them to anticipate when and
how to react. This might explain their ability to avoid collisions even
under highly critical conditions.

5 The experiment was restricted to braking. Other critical situations
resulting from THW or TU may require steering or a combination of
steering and braking. More research is needed to assess the potential
hazards of take-overs for these maneuvers.

5. Conclusion and future work

In contrast to most other studies on transition of control, our study
did not investigate the performance of distracted drivers who respond to
a take-over request when vehicle dynamics are uncritical. Instead, we
focused on situations in which transitions of control were mastered by
undistracted drivers who had to cope with different degrees of criticality
resulting from time headway and traction usage during braking.

Since our participants were attentive and had the opportunity to
train the take-over in the course of the experiment, we probably in-
vestigated the best case for braking under critical conditions during
resp. after a take-over. This might be the reason for the low number of
collisions. Nevertheless, our participants performed worse than the
automation. On average, they decelerated more than necessary and
some of them changed lanes without a cause. These overreactions are
potentially dangerous since they might destabilize the car and increase
the risk of collisions. Due to the limitations of our study, however, it
remains open to what extent these results can be generalized and
whether other maneuvers related to a take-over may also entail ha-
zards.

Against this background, future research should address the fol-
lowing issues. First, studies should create circumstances which elicit
real driver-initiated take-overs. This way, it would be investigated how
often drivers interfere with the automation on their own choice, instead
of responding to a trigger. While our study was restricted to the ques-
tion what might happen if drivers take over control under critical con-
ditions, such experiments would show whether and how often they
actually do so and how well they manage the situation. However, this
will be methodologically challenging because for the variation of cri-
ticality, neither THW nor TU can be strictly controlled without a
trigger. In addition to mere braking, future studies should also in-
vestigate situations which require steering or combinations of braking
and steering. Although ethical reasons prohibit to carry out such ex-
periments in real traffic, it should be conducted under more realistic
conditions, e.g. in a dynamic instead of a static driving simulator.

In our own research, we are currently planning a number of further
studies. Some will take place in a dynamic driving simulator, others in a
mixed reality environment. In this environment, participants will use an
automated test vehicle on a wide, disused airfield. While driving in the
automated mode, virtual objects on a collision course will be displayed.
The automation will start to evade the obstacles, but participants will
have to decide whether they trust their vehicle enough to handle the
situation. As in our simulator study, THW and TU will constitute the
objective criticality of the maneuvers.

The results of our studies will be used by automotive engineers at
Technische Universitat Berlin to develop an assistance system for
driver-initiated take-overs. The basic idea for this system is to permit
such take-overs, but to intervene when parameters like THW or TU
approach critical values. Depending on the current behavior and
maneuver, this could be accomplished by attenuating or intensifying
the driver’s input, e.g. by de- or increasing the braking force or by re-
ducing or enlarging the steering angle. First concepts of assistance for
evading maneuvers have been proposed by Nguyen and Miiller (2019).
However, more research is yet required to develop a comprehensive
assistance system for driver-initiated take-overs.
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ARTICLE INFO ABSTRACT
Keywords: According to legislation, take-overs initiated by the driver must always be possible during
Vehicle automation automated driving. For example, when drivers mistrust the automation to handle a critical and

Simulator study
Take-over situations
Lane change

hazardous lane change, they might intervene and take over control while the automation is
performing the maneuver. In these situations, drivers may have little time to avoid an accident
Criticality and can be exposed to high lateral forces. Due to lacking research, it is yet unknown if they
Driver behavior recognize the criticality of the situation and how they behave and perform to manage it. In a
Evasion maneuver driving simulator study, participants (N = 60) accomplished eight double lane changes to evade
obstacles in their lane. Time-to-collision and traction usage were varied to establish different
degrees of objective criticality. To manipulate these parameters as required, participants were
triggered to take over control by an acoustic cue. This setting shows what might happen if drivers
disable the automation and complete the maneuver themselves. The results of the experiment
demonstrate that drivers rated objectively more critical driving situations as more critical and
responded to the hazard very fast over all experimental conditions. However, their behavior was
more extreme with respect to decelerating and steering than necessary. This impaired driving
performance and increased the risk of lane departures and collisions. The results of the experi-
ment can be used to develop an assistance system that supports driver-initiated take-overs.

1. Introduction

During the past few years, much psychological and ergonomic research has been conducted on automated driving. One important
issue of this research concerned the transition of control. ‘A transition in automated driving is defined as the process during which the
human-automation system changes from one driving state to another...” (Lu, Happee, Cabrall, Kyriakidis, & de Winter, 2016, p. 1). So
far, the main focus of most studies has been on transitions initiated by the automation, so-called ‘system-initiated’ take-overs in
contrast to ‘driver-initiated’ ones (Lu et al., 2016; Martens, Schieben, & Merat, 2007; McCall, McGee, Meschtscherjakov, Louveton, &
Engel, 2016). Only very few studies have been concerned with the latter.

Moreover, the majority of studies focused on take-over situations in which drivers had “sufficient time [...] to respond appro-
priately to the driving situation at hand” (SAE International. (2018), 2018, p. 24). For example, a review from Eriksson and Stanton
(2017) on 25 studies showed that the most frequently used lead time from a take-over request (TOR) to a critical event ranged from 3 s
to 7 s. These values — particularly the higher ones - constitute rather controllable and uncritical conditions. However, it cannot be
excluded that take-over situations with shorter times to a critical event occur, e.g. in case of driver-initiated take-overs.
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To summarize, research has gathered notable knowledge about drivers’ behavior and performance after system-initiated take-over in
uncritical situations, but little is known about the consequences of driver-initiated take-overs under critical conditions. But is this issue
important at all? We claim that it is for two reasons. First of all, the Amendment of Article 8 of the Vienna Convention on Road Traffic
requires that automated functions of a vehicle ‘can be overridden or switched off by the driver’ (United Nations Economic Commission
for Europe, 2014, p. 9). Second, take-overs may happen in critical and dynamic driving situations for various reasons. Drivers may
intervene at any time because they are startled by an unforeseen event or because they doubt that the automation can manage the
current maneuver. If this happens, how well can drivers manage the situation, and how does its criticality affect their take-over
behavior and performance?

Roche, Thiiring, and Trukenbrod (2020) investigated transitions from automated to manual control in critical driving situations
that required braking. Forty-two participants took part in the experiment. They were travelling in an automated vehicle when another
car moved into their lane and started braking heavily. The automation responded immediately and braked to avoid a collision. In this
situation, the transition of control took place under varying conditions of objective criticality established by different values of time
headway and traction usage, varied by longitudinal deceleration. Although the drivers were fully alert (and not distracted as in most
other studies), they worsened the situation by reacting too strong, i.e., they increased the risk of an accident by very strong de-
celerations and unnecessary lane changes.

In other driving situations, transitions of control may occur under conditions which require steering. Imagine the driver of an
automated vehicle who is traveling on the highway while the automated mode is activated. Suddenly, the vehicle ahead of the driver
changes lanes and reveals the view onto a close obstacle in the lane. Two cars have crashed and block the right side of the highway. The
automation of the driver’s vehicle reacts instantly by steering to evade the obstacle. The vehicle lurches to the left towards the crash
barrier. Surprised by the maneuver, the driver intervenes and thus deactivates the automation. But is the steering strong enough or on
the contrary too strong? Do drivers try to stay on course or are they struggling to change the direction? In any case, they must cope with
demanding, short TTCs and with traction usages, which are more extreme than they are used to. If they fail to manage this situation, an
accident can hardly be avoided.

Is the drivers’ behavior appropriate for the criticality of the driving situation or do they react stronger than necessary like in the
study by Roche et al. (2020)? If they do: in which situations, do they need support to avoid the dangerous consequences of their strong
reactions? To answer these questions, we confronted participants with double lane changes in a driving simulator after short periods of
automated driving. As in the study by Roche et al. (2020), different degrees of objective criticality were established by varying time-to-
collision and traction usage, here realized by lateral acceleration. For this purpose, participants were triggered by an acoustic cue to
take over vehicle control when the intended combination of both parameters was met like in Roche et al. (2020). This was accom-
plished at a certain point of time, either during the first or the second lane change. Since the take-over was triggered, it must be
emphasized that we did not investigate real driver-initiated take-overs. Instead, we addressed the question what might happen, if
drivers took over control under certain critical and dynamic conditions.

1.1. Double lane changes and parameters of objective criticality

A double lane change is often used to assess driver performance and the handling of a vehicle (ISO 3888-2, 2011). It is a demanding
maneuver that is likely to occur in real traffic when obstacles appear, or slow vehicles are traveling in the driver’s lane. An analysis of
reasons for automation disengagements on public roads revealed that a lane change was one of many reasons why drivers did take back
control (Lv et al., 2018). Two kinematic parameters affect the objective criticality of this situation (Hu et al., 2019): time-to-collision
and traction usage.

Time-to-collision (TTC) denotes the interval from a certain point of time, e.g. a TOR, until a collision would occur with a reference
object. A reference object can be a vehicle travelling ahead (Vogel, 2003) or a stationary obstacle in the lane (Bosnak & Skrjanc, 2017).
TTC is calculated by the quotient of the distance to the reference object dgistance, the velocity of the vehicle veg, and velocity of the
reference object Vyeference (€€ Eq. (1)). The smaller TTC gets, the more critical the situation becomes.

7TC — ddl,\/wlu’ (1)
Vego — Vreference

Various studies were conducted focusing on the available time for a take-over: the time budget operationalized by TTC or time
headway (THW) at the moment of the take-over request. They showed that early take-over requests improved the driver’s performance
in terms of fewer collisions, fewer lane changes, better lane-keeping, higher time-to-collisions, and more adequate decelerations (Mok
et al., 2015; Roche et al., 2020; Roche & Brandenburg, 2018; Zhang, de Winter, Varotto, Happee, & Martens, 2019). Moreover,
subjective criticality and workload were lower and the experienced comfort was higher. However, the findings also indicated that
drivers take their time to follow an early TOR, thus increasing take-over time (Roche et al., 2020; Roche & Brandenburg, 2018; Zhang
et al., 2019).

Besides TTC, traction usage contributes to the objective criticality of a lane change. Due to the lateral movement during a lane
change, lateral forces Fy act on the vehicle (Rajamani, 2011). Together with longitudinal forces Fy, they constitute the actual horizontal
force; the numerator in Eq. (2). The vehicle is stable as long as the actual horizontal force does not exceed the maximal possible force,
which is calculated by the friction coefficient u¢ and the vertical forces acting on the tire F,. Exceeding the maximal possible force leads
to instability of the vehicle and loss of vehicle control. This is the denominator in Eq. (2). The relation of the actual and the maximal
possible force is called traction usage (TU) or adhesion utilization (Nguyen & Miiller, 2020) and characterizes the stability of the
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vehicle (Rajamani, 2011; see Eq. (2)).

\JF2+F:
TU = +———

2)
U F:

The higher TU gets, the more critical the situation becomes because the vehicle approaches the maximal TU-value of 1 from which
it gets instable, and the driver may lose control. The lateral forces during a lane change vary and depend on the trajectory of the
vehicle. A steeper trajectory is characterized by higher lateral forces which in turn lead to higher TU. Until now, no study focused on
the effects of traction usage on take-over behavior or performance.

1.2. Research questions

Automated driving systems are designed to change lanes safely even under critical conditions. However, in case of a driver-initiated
take-over, such conditions may turn into a dangerous challenge since average drivers are not used to the high lateral forces that are
acting during this maneuver. It is uncertain, how the drivers behave, whether their behavior is adapted to the objective criticality, and
whether they are skilled enough to master such challenges.

As stated above, this study investigated what might happen if drivers took over control during a double lane change of varying
degrees of objective criticality resulting from TTC and TU. In accordance with the study by Roche et al. (2020), three research
questions were addressed:

(a) Does the objective criticality impact the subjective criticality indicating that drivers can discriminate between different degrees of
criticality?

(b) Does criticality influence the take-over behavior?

(c) Do drivers deliver an appropriate performance when they take over during a lane change or do they increase the risk of an ac-
cident by their reaction?

2. Method

For implementing a double lane change, we used an experimental setting close to the scenario described in the introduction. Our
study complied with the tenets of the Declaration of Helsinki (World Medical Association, 1964) and was approved by the ethics
committee of the Department of Psychology and Ergonomics, Technische Universitét Berlin, Germany.

2.1. Participants

Sixty persons (28 women, 32 men) between 20 and 62 years of age (M = 29.1 years, SD = 9.1 years) participated in the experiment.
To ensure that they properly understood the German instructions, they were all German native or near-native speakers. Each of them
had been holding a driver license for at least three years (M = 11.3 years, SD = 8.6, Max = 44 years). Thirty-two participants (53%)
reported driving less than 5,000 km per year, nineteen participants (32%) between 5,000 and 10,000 km, four participants (7%)
between 10,000 and 20,000 km, and five participants (8%) more than 20,000 km. Each participant received 10 €/hour or course
credits as gratification for the experiment. All of them gave their informed consent before the experiment started.

2.2. Driving simulator
A fixed-based driving simulator of the Department of Automotive Engineering at Technische Universitat Berlin served as technical

platform for the experiment. The same simulator had been used in the previous study by Roche et al. (2020) to investigate critical brake
situations. The simulator consisted of an Audi A4 equipped with a force-feedback steering wheel, active pedals, original control

Fig. 1. The driving simulator at the Department of Automotive Engineering at Technische Universitat Berlin, Germany.
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interfaces, and a motion seat. The motion seat was used to generate longitudinal and lateral forces which corresponded to the visual
simulation of the driving. The implemented automation matched an automated driving system at SAE-level 3 (SAE International.
(2018), 2018). It consisted of an adaptive cruise control and a lane-centering system. A comparison of different approaches to design
automotive functions for vehicles had shown that a 5th degree polynomial is best suited to perform lane changes safely and
comfortably (Sledge & Marshek, 1997). This approach was used to configure the automation in this study. This was achieved through
steering; braking did not occur. The threshold for deactivating the automation was set to 18 N of brake pedal force and +1 Nm steering
wheel torque for less critical TU-conditions, resp. £2.5 Nm steering wheel torque for more critical TU-conditions. The different
thresholds accounted for the stronger steering of the automation in the more critical TU-trials.

A front view angle of 180° was enabled by three projectors and a curved canvas (see Fig. 1). The rear view was realized by one rear
projector and a second canvas behind the vehicle. Participants could observe the traffic behind them via the rear-view mirror and the
left side mirror. The visualization was implemented with SILAB 5.0 from the Wiirzburg Institute of Traffic Sciences GmbH (SILAB,
2014). The vehicle model was calculated by the commercial driving dynamics program IPG CarMaker 6.0. According to Eq. (2), TU was
estimated based on the longitudinal and lateral accelerations, gravity, and friction coefficient. The friction coefficient was not varied in
this study. For a more detailed description of the driving simulator, see Nguyen and Miiller (2019a). The experience of lateral ac-
celerations was conveyed by the dynamic visualization of the driven trajectory and by the lateral tilt of the motion seat. Driving noise
was presented via speakers and driving vibrations were transmitted by a subwoofer. To enable the communication between the
participant and the experimenter, the vehicle and the control room were equipped with microphones and speakers.

2.3. Procedure

The experiment consisted of three parts: a familiarization phase of three minutes, a training phase with six trials and an experi-
mental phase with 14 trials. In the familiarization phase, participants drove on a rural road with some curves and little traffic to
accustom themselves to the simulator. A passage bordered by traffic cones formed the route for a double lane change (or evasion
maneuver) in the training phase. The training was split in two parts. First, participants exercised driving and changing lanes manually
in two trials. They accelerated the vehicle up to 80 km/h and drove through the passage while keeping the speed constant. At the end of
the passage, they braked to a stop. In the second half, participants were introduced to the automated driving system at SAE-level 3 (SAE
International, 2018) and received their instructions. They were asked to take their hands off the steering wheel and their feet off the
pedals while the automation managed the longitudinal and lateral control. They were informed that they had to take over control when
they heard an acoustic signal. As the trial started, the vehicle accelerated up to 80 km/h and drove through the passage. When the
acoustic cue sounded, participants took over control. The cue had a base frequency of 1200 Hz and a duration of 0.6 s. It was presented
in two trials before the first obstacle and in two more trials before the second obstacle. After the take-over, participants drove through
the rest of the passage manually and stopped at its end.

Before the experimental phase, participants were instructed to take over control only when they heard the trigger - but not
otherwise - to avoid unwanted or over-hasty reactions. It was emphasized that the take-over should be performed as fast and safely as
possible. Each participant completed eight experimental ones and six filler trials in randomized order. It was precluded that more than
two filler trials were presented in a row and that a filler occurred as last trial. In the experimental trials, participants were traveling in
the automated mode following a lead vehicle in front of them on a two-lane highway at a constant speed of 80 km/h and with a
constant time-to-collision of 2.1 s to the car in front. One to two other vehicles were following the participant’s vehicle in the left or the
right lane. The color and the model of all cars changed from trial to trial. Participants performed no non-driving related task, because
non-distracted drivers are more likely to initiate a take-over. After driving about one minute, the vehicle changed lanes and revealed
the view onto two crashed vehicles in the right lane (see Fig. 2). The automation of the participant’s vehicle reacted immediately by
steering to the left to evade the obstacle. After passing this obstacle, the lead vehicle and the automated ego vehicle performed a second
lane change, now back to the right, to evade road works ahead, thus completing the double lane change maneuver (see Fig. 2). The
obstacles were 100 m apart. Each was 9 m long and 3.7 m wide. The trajectory of the maneuver comprised two symmetric lane
changes. For the systematic variation of objective criticality in this situation, the driver’s take-over was triggered at specific points in
time when the automation was still in control. At these points, defined values of TTC and TU were obtained (for the specific variation of
TTC and TU see Section 2.4). An acoustic cue, which occurred either during the first or the second lane change, served as trigger. The
trigger was presented during the lane change either before the first or before the second obstacle. In case the participants failed to take
over, the automation completed the double lane change without causing an accident. In addition to the experimental trials, partici-
pants experienced six filler trials to reduce the predictability of the situation. In these trials, less critical double lane changes were
performed by the automation and no trigger was presented.

Lead 2. Obstacle

',r""‘--k“"‘\.\ & &

Participant 1. Obstacle

Fig. 2. Schematic illustration of the double lane change. Note. Two crashed vehicles constituted the first obstacle, construction works the sec-
ond one.
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At the end of each trial, the participant stopped the vehicle on the hard shoulder and then rated the experienced criticality of the
situation by a single item (Roche, 2021). The item was implemented with SoSci-Survey version 3.1 (www.soscisurvey.de) and pre-
sented on an iPad 1. When all trials were completed, participants provided demographic information, such as age, gender and driving
experience. The whole experiment lasted no more than 1.5 h, including breaks the participants requested.

2.4. Experimental design and hypotheses

TTC and TU served as within-subject factors in a 2 x 2 design. They were used to describe the criticality of the take-over situation.
TTC and TU were experimentally varied by the timing of the trigger, i.e. the trigger was presented when the pre-defined values were
reached. At this time, the automation was still active and, hence, TTC and TU were independent from the driver’s behavior. The lane
change was not treated as an independent variable because the two differed in many respects: the predictability of the obstacles
(covered by the lead vehicle vs. early visible), the required driver response (steering to the left vs. steering to the right), and the event
preceding the trigger (no lane change vs. first lane change). Therefore, data of the two changes were analyzed separately, based on the
2 x 2 design.

TTC was experimentally varied by the distance between the participant’s vehicle and the obstacle at the moment of the trigger. For
the first lane change, TTC was calculated regarding the first obstacle, for the second lane change, TTC was calculated regarding the
second obstacle. TTC was varied on two levels: 2.1 s (less critical, 46.7 m) and 1.2 s (more critical, 26.7 m). The trigger was presented
when the specific TTC-value was met and the automated driving system started the lane change. Therefore, the lane changes with the
less critical (longer) TTC started earlier than the lane changes with the more critical (shorter) TTC (see Fig. 3).

TU was manipulated by the trajectory driven by the automation. When the automation of the participant’s vehicle had to steer
more, the trajectory was steeper, hence lateral acceleration and TU were higher (see Fig. 3). At the moment of the trigger, TU had one
of two values: 0.24 (less critical) and 0.38 (more critical).

Each participant experienced all eight double lane changes, which resulted from the combination of the lane change (first or
second), the TTC- (more or less critical), and the TU-values (more or less critical). For the whole lane change, it took the automation
2.25 s from the start of steering until driving straight again if the driver did not take over.

Dependent variables were the criticality rating, take-over time [s], maximal steering wheel angle [°], maximal (longitudinal)
deceleration [m/s?], lane departure frequency [%], and collision frequency [%]. The criticality ratings were assessed by a single-item
rating scale ranging from ‘not critical’ (1pt.) to ‘very critical’' (100pt.). Ten markings were inserted between the endpoints to provide
orientation, similar to the NASA-TLX (Hart & Staveland, 1988). The scale had been developed and validated (Roche, 2021) and been
used in previous studies (e.g., Roche et al., 2020). It served to answer research question (a) by capturing the effect of objective criticality
(TTC and TU) on subjective criticality.

Take-over time was measured between the trigger onset and the driver’s response by steering or braking. For maximal steering
wheel angles and maximal deceleration, the highest value during the take-over was extracted per participant and trial. These maxima
pointed out the extent of the participants’ take-over behavior regarding lateral and longitudinal control. Large values indicated
extreme and hazardous behavior. Strong steering increased the risk of destabilizing the vehicle and heavy decelerating the risk of
causing rear-end collisions.

Take-over time, maximal steering wheel angles, and maximal deceleration served to investigate research question (b). They rep-
resented the take-over behavior and indicated how participants reacted to the variations of TTC and TU.

A lane departure was registered when the vehicle crossed the right lane marking by at least 0.5 m. A collision of the participant’s
vehicle could occur with either the first obstacle, the second obstacle, the crash barrier, or the lead vehicle. Lane departures and
collisions served as indicators of take-over performance in answer to research question (c). Together with overly steering and strong
deceleration, they pointed out situations that the driver could not handle adequately.

In line with the results of previous studies (Mok et al., 2015; Roche et al., 2020; Roche & Brandenburg, 2018; Zhang et al., 2019),
we hypothesized that more critical conditions with respect to shorter TTCs and higher TUs would lead to higher criticality ratings and
more extreme take-over behavior in terms of shorter take-over times, larger maximal steering wheel angles, and larger maximal
decelerations. Regarding take-over performance, we expected more lane departures, more collisions as well as stronger steering and
deceleration under the more critical conditions. Since we had no prior assumptions whether the two-way interactions between TTC
and TU might affect the dependent variables, interaction effects were inspected exploratively.

2.5. Data analysis

For criticality ratings, take-over times, maximal steering wheel angles, and maximal decelerations, the main effects and two-way
interactions were tested with linear mixed-effect models computed with the ‘lme4’- package (Bates, Maechler, Bolker, & Walker, 2015)
in R version 3.6.1 (R Core Team, 2019). We used linear mixed-effect models to analyze the results because they have a higher statistical
power when missing values occur than analyses of variances (Kliegl, Wei, Dambacher, Yan, & Zhou, 2011). The assumption of the
normal distribution of the residuals was tested with Shapiro-Wilk-test (Field, Miles, & Field, 2012). In case the residuals were not
normally distributed, we transformed the dependent variable by Box-Cox-power-transformation with the ‘MASS’-package in R

1 Translated from German ‘sehr kritisch’.

411

97



E Publication 3: What Happens when Drivers of Automated Vehicles Take Over Control in Critical
Lane Change Situations?

F. Roche et al. Transportation Research Part F: Psychology and Behaviour 84 (2022) 407-422
2. Obstacle

4 |
E ;
5 Condition
= 5l _ TTC: 245, TU: 0.24
8_ TTC:12s, TU: 0.24
= \ *+ TTC:21s,TU:0.38
) + TTC:12s, TU: 038
2z
o \
-1 5

0 :

1. Obstacle
1450 1500 1550 1600

Distance traveled [m]

Fig. 3. Lateral position of the participant’s automated vehicle. Note. If the participant had not taken over control, one of the four trajectories would
have been driven by the automation, depending on TTC and TU. The vertical solid lines represent the trigger time during the first and the second
lane change. The dark grey rectangles represent the locations of the obstacles.

(Venables & Ripley, 2002), log-transformation, square-root-transformation, and cube-root-transformation. Again, we tested with the
Shapiro-Wilk-test whether the residuals of the transformed data were normally distributed. When transformed data were used to
calculate the model, it is indicated in the corresponding results section and the Tables 3 and 6. These analyses were used to answer
research question (a) concerning the effects of TTC and TU on criticality ratings as well as research question (b) concerning the effects
of TTC and TU on take-over behavior. Logistic models were calculated with the same R-package for the binary variables, i.e. for lane
departure and collision frequency. These analyses served to answer research question (c) concerning take-over performance. Degrees
of freedom were estimated with Satterthwaite’s method available in the ‘lmerTest’-package (Kuznetsova, Bruun Brockhoff, & Chris-
tensen, 2017).

The independent variables TTC and TU were fixed variables and served as linear predictors with the coding of —0.5 for the less
critical value and the coding of 0.5 for the more critical one. Due to the centering of the predictors, the intercepts a of the models
represent the grand mean (see Eq. (4.1)). The estimates f3; resp. 2 constituted the estimated difference in the criteria when TTC resp.
TU grew more critical from the less critical to the more critical value (research question a and b). The estimate f3 represented the two-
way interaction effects of TTC and TU. Besides these fixed effects, a random intercept for each participant y; was added to account for
interindividual differences and the repeated measurement. Egs. (4.2) and (4.3) show the distribution assumptions for the random
intercept y; and the error term &;;.

Yy = a+ B *THW; + p,*TU; + f;*THW*TU, +y; + €; “4.1)
e;~ N(0,02) (4.2)
v~ N(o,gf) 4.3)

Note: Y;j describes the i measurement of person j for the dependent variable. a reflects the intercept (grand mean), #; and Sz the slopes
for TTC and TU, 3 the estimates for the interaction of TTC and TU. y; is the random intercept for each participant and &;; represents the
error term that is not explained by the model.

In case a model failed to converge, the optimizer algorithm ‘Bobyqa’ (Powell, 2009) from the 'minqa’-package (Bates, Mullen,
Nash, & Varadhan, 2014) was added to the model. The goodness-of-fit is represented by the marginal and conditional coefficient of
determination (R?). The marginal coefficient describes the variance explained by the fixed factors TTC and TU. The conditional co-
efficient characterizes the variance explained by the fixed and random factors (Nakagawa & Schielzeth, 2013).

In general, extreme steering or deceleration by the driver would cause high TU-values, thus, increasing the risk of losing control
over the vehicle and of collisions with passing or following vehicles. These modes of behavior can be interpreted as a reaction stronger
than necessary in the course of managing the situation after the take-over. Therefore, the evaluation of the take-over performance
(research question c) investigated the appropriateness of steering and deceleration:
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e The appropriateness of steering was examined by comparing the participants’ maximal values to the calculated maxima that of the
automation would have reached if no take-over had happened. Two-tailed, one sample t-tests were employed to detect significant
differences between these values. The maximal steering wheel angle of the automation amounted to 27.1° for the less critical TU-
trials and to 65.4° for the more critical ones”. The maximal values of the automation were higher in the more critical TU-trials due
to the steeper trajectory in these trials.

Since no deceleration was required to avoid a collision, the automation would have refrained from slowing down under any
condition (see Section 2.2). Accordingly, two-tailed, one sample t-tests were calculated to determine whether the deceleration by
the participants differed from 0.

Together, the t-tests on steering and deceleration revealed whether and in which situations participants reacted more extreme than
necessary.

3. Results

The results chapter is divided into two sections, one for the first lane change (see Tables 1-3 and Fig. 4) and one for the second lane
change (see Tables 4-6 and Fig. 5).

None of the residuals of the models were normally distributed, except those of the criticality ratings of the second lane change. For
most models, the different transformation methods failed to approximate a normal distribution. In these cases, the non-transformed
dependent variables were maintained, since model estimates based on non-transformed data are easier to interpret and robust to
violations of distributional assumptions (Schielzeth et al., 2020). Only the take-over times in the first lane change and the maximal
decelerations in the second lane change were transformed as indicated in the corresponding section.

As mentioned before, data for the first and the second lane change were analyzed separately. For both analyses, trials were excluded
when take-overs had occurred either before the trigger or after the participants’ vehicle had fully passed the obstacle (N = 24; 5%).
And six experimental trials (1%) were excluded because of measurement errors. In total, 450 trials (94%) remained for analysis, 229
for the first and 221 for the second lane change.

3.1. First lane change

3.1.1. Subjective criticality

The analysis of criticality ratings revealed that higher TU led to significantly higher criticality ratings, while TTC did not affect the
ratings (see Table 3). Also, the two-way interaction of both variables reached significance showing that the effect of TTC was more
pronounced when TU was less critical (see Fig. 4a). The conditional variance explained by this model was far higher than the marginal
variance, hence, a large portion of the variance was explained by the individual tendency of the participants to rate the criticality.

3.1.2. Take-over behavior

On average, participants took over after 0.82 s (SD = 0.26, min = 0.45, max = 2.22 s). For the statistical analysis, take-over times
were transformed using the Box-Cox-power transformation (A = —1). Neither TTC or TU nor their interaction had a significant effect on
take-over times. In line with this result, the marginal coefficient of the model showed that TTC and TU hardly explained any variance,
but rather the random intercept ‘participant’.

TTC and TU significantly affected maximal steering wheel angles®, such that the more critical TTC resp. TU led to higher steering
wheel angles (see Fig. 4b and c).

The analysis of maximal deceleration revealed significant main effects of TTC and TU. With the more critical TTC resp. TU, par-
ticipants’ maximal deceleration was higher (see Fig. 4d and e).

3.1.3. Take-over performance

Lane departures occurred in 27 of 229 trials (11.7%, see Table 1 for detailed frequencies). Only TTC had a significant effect on lane
departure probability.* Similar to the criticality ratings, the random intercept ‘participant’ added much to the explanatory value of the
model (see the conditional coefficient in Table 3). This may be due to the small number of events (four trials) included in the model per
participant.

In 30 of 229 trials (13.1%), participants collided with the first obstacle (N = 26) or the crash barrier (N = 4), but never with the
second obstacle or the lead vehicle (see Table 2 for detailed frequencies of TTC and TU). None of the 26 collisions with the obstacle was
a frontal one. Instead, our participants collided with the obstacle when they steered back to the right lane and had almost passed it, i.e.,
in real traffic they would have grazed the obstacle with their right back fender. The logistic model with the two-way interaction failed
to converge, even when the optimizer was added. Therefore, a model without interaction was calculated. The probability of a collision

2 The maximal steering wheel angles of the automation were derived from test trials without a driver take-over.

3 Trials resulting in a lane departure (N = 27 trials) or a collision (N = 30 trials) were excluded from the analysis of maximal steering wheel angles
and maximal deceleration. Including these trials, however, did not change any of the results.

4 Logistic models estimate the probability of an event, e.g. a road departure, based on the observed frequency. Therefore, we use the term
‘probability’ instead of ‘frequency’ when reporting statistical results.
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Table 1
Frequencies of lane departures in the first lane change related to TTC and TU.
Lane departure frequency Less critical TTC More critical TTC Sum
Less critical TU 2 6 8
More critical TU 4 15 19
Sum 6 21 27
Table 2
Frequencies of collisions in the first lane change related to TTC and TU.
Collision frequency Less critical TTC More critical TTC Sum
Less critical TU 2 0 2
More critical TU 26 2 28
Sum 28 2 30
Table 3
Summary of statistics for the first lane change: Main effects and interactions of time-to-collision (TTC) and traction usage (TU) on all dependent
variables.
Criticality rating [1-100] Estimate Std. Error df t-Value p-Value
Intercept 65.05 2.50 58.28 26.06 <0.001***
TTC 0.85 1.98 167.98 0.43 0.668
TU 22.46 1.99 168.63 11.30 <0.001***
TTC x TU —10.54 3.98 168.69 —2.65 0.009**
Variance explained: RZma,gma] = 19.9%, R%onditional = 66.8% Neiais = 229
Take-over time [s] (transformed) Estimate Std. Error df t-Value p-Value
Intercept —0.30 0.03 57.30 —9.57 <0.001***
TTC —0.03 0.03 167.53 -1.03 0.305
TU —0.06 0.03 168.48 -1.97 0.051
TTC x TU —0.03 0.07 168.57 —0.40 0.693
Variance explained: R%parginal = 1.3%, R%conditional = 42.0% Niriais = 229
Maximal steering wheel angle [°] Estimate Std. Error df t-Value p-Value
Intercept 60.24 1.32 49.28 45.54 <0.001
TTC 7.31 1.84 121.02 3.98 <0.001**
TU 35.47 1.85 126.07 19.13 <0.001%***
TTC x TU 6.87 3.67 119.56 1.87 0.063
Variance explained: Rzma,gma] = 64.2%, R%onditional = 74.2% Neiats = 177
Maximal deceleration [m/s?] Estimate Std. Error df t-Value p-Value
Intercept 2.09 0.17 53.82 12.41 <0.001%***
TTC 1.04 0.28 131.36 3.72 <0.001%***
TU 1.60 0.28 137.30 5.71 <0.001
TTC x TU —0.09 0.56 129.82 -0.17 0.866
Variance explained: R’ parginal = 20.1%, R%conditional = 31.7% Nyias = 177
Lane departure probability (logistic) Estimate Std. Error z-Value p-Value
Intercept —4.89 3.19 —1.53 0.126
TTC 2.57 1.27 2.02 0.043*
TU 1.62 0.92 1.77 0.077
TTC x TU 0.75 1.38 0.54 0.589
Variance explained: Rzma,gina, = 10.3%, R2onditional = 57.0% Niiais = 229
Collision probability (logistic) Estimate Std. Error z-Value p-Value
Intercept —3.52 0.66 —5.31 <0.001***
TTC —3.36 0.87 —3.85 <0.001***
TU 3.39 0.87 3.91 <0.001***
Variance explained: R:narginal = 38.5%, Rconditional = 41.1% Niiais = 229

Note. The predictors TTC and TU were coded with —0.5 for the less and 0.5 for the more critical condition. Significance symbols: *p < .05, **p < .01,

**p < .001

was significantly higher when TU was more critical. Surprisingly, the collision probability was significantly higher when TTC was less

critical.

The one sample t-tests showed that the participants’ maximal steering wheel angles were significantly higher than those of the
automation under three of four experimental conditions (df: 42-54, all t > 7.0, all p < .001***). Only when TTC was less critical and
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Fig. 4. Result plots of the dependent variables for time-to-collision (TTC), traction usage (TU), and their interactions for the first lane change. Note.
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Table 4
Frequencies of lane departures in the second lane change related to TTC and TU.
Lane departure frequency Less critical TTC More critical TTC Sum
Less critical TU 1 20 21
More critical TU 4 5 9
Sum 5 25 30
Table 5
Frequencies of collisions in the second lane change related to TTC and TU.
Collision frequency Less critical TTC More critical TTC Sum
Less critical TU 0 0 0
More critical TU 1 1 2
Sum 1 1 2
Table 6
Summary of statistics for the second lane change: Main effects and interactions of time-to-collision (TTC) and traction usage (TU) on all dependent
variables.
Criticality rating [1-100] Estimate Std. Error df t-Value p-Value
Intercept 56.45 2.52 58.31 22.36 <0.001***

TTC 17.11 2.14 162.40 8.00 <0.001

TU 8.27 213 162.02 3.87 <0.001***
TTC x TU —27.06 4.23 160.18 —6.39 <0.001***
Variance explained: RZma,gma] = 20.3%, R%onditional = 65.1% Niriats = 221
Take-over time [s] Estimate Std. Error df t-Value p-Value
Intercept 0.92 0.03 56.23 28.95 <0.001***
TTC -0.16 0.03 160.34 —6.01 <0.001***
TU 0.02 0.03 159.95 0.57 0.566

TTC x TU 0.12 0.05 158.03 2.26 0.025*
Variance explained: R%parginal = 8.3%, R%conditional = 59.0% Niiats = 221
Maximal steering wheel angle [°] Estimate Std. Error df t-Value p-Value
Intercept 50.77 1.25 57.22 40.56 <0.001
TTC 10.93 1.95 146.05 5.59 <0.001**
TU 29.27 1.95 143.37 15.02 <0.001%***
TTC x TU —10.00 3.88 139.99 —2.58 0.011*
Variance explained: R*marginal = 56.4%, R%conditional = 64.2% Niriais = 190
Maximal deceleration [m/s®] (transformed) Estimate Std. Error df t-Value p-Value
Intercept -0.85 0.05 57.99 —18.78 <0.001%***
TTC —0.10 0.07 145.6 —1.44 0.152

TU —0.34 0.07 142.99 —5.06 <0.001
TTC x TU 0.17 0.14 139.75 1.26 0.208
Variance explained: R%marginal = 7.2%, R%conditional = 26.3% Nyiis = 190
Lane departure probability (logistic) Estimate Std. Error z-Value p-Value
Intercept -2.63 0.46 -5.73 <0.001***
TTC 1.89 0.65 2.89 0.004*

TU —0.09 0.65 -0.13 0.894

TTC x TU —-3.32 1.30 —2.56 0.010*
Variance explained: Rzma,gina, = 7.2%, R2conditional = 26.3% Nipiais = 221

Note. The predictors TTC and TU were coded with —0.5 for the less and 0.5 for the more critical condition. Significance symbols: *p < .05, **p < .01,
ok
p < .001.

TU was more critical, their steering wheel angles did not differ from the automation. The steering wheel angles of the automation are
represented by the horizontal lines in Fig. 4b and c.

Four one sample t-tests were calculated for maximal deceleration. They demonstrated that, participants decelerated under all
conditions (df: 28-54, all t > 3.5, all p < .001**%).

3.2. Second lane change

3.2.1. Subjective criticality
The mean rated criticality was 56.03 pts. (SD = 26.05, min = 1pt., max = 100 pts.). The model failed to converge, hence, the
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optimizer was added. The optimized model showed that TTC, TU, and their interaction had a significant effect on criticality ratings.
The ratings increased when TTC resp. TU were more critical and the increase due to TTC was more pronounced with the less critical TU
(see Fig. 5a). Again, the variance explained by TTC and TU was much smaller than the variance explained by those two fixed factors
and the random intercept participant (see marginal and conditional coefficient in Table 6).

3.2.2. Take-over behavior

TTC and the interaction of TTC and TU had a significant effect on take-over time in such a way that the effect of TTC was stronger
when TU was less critical (see Fig. 5b). However, not TTC or TU but the random intercept ‘participant’ contributed most to the
explanatory value of the model (see marginal and conditional coefficient in Table 6).

The analysis of maximal steering wheel angles® revealed that they were significantly affected by TTC, TU, and their interaction.
More critical TTC resp. TU led to higher maximal steering wheel angles. The effect of TTC was stronger when TU was less critical (see
Fig. 5¢).

The maximal decelerations were transformed using the cube-root-transformation. The maximal deceleration was only affected by
TU. Participants decelerated more intensely when TU was more critical (see Fig. 5d).

3.2.3. Take-over performance

In 30 of 221 trials (13.6%), participants departed from the road to the right side (see Table 4 for detailed frequencies). The model
showed that TTC and the interaction of TTC and TU had a significant effect on lane departure probability. More lane departures
occurred when TTC was more critical.

In two of 221 trials (0.9%), participants collided with the second obstacle (N = 1) or with the crash barrier (N = 1, see Table 5 for
detailed frequencies). These occurrences were too few for the calculation of a model.

Four one sample t-tests on maximal steering wheel angles demonstrated that the mean values differed from the steering behavior of
the automation only under one condition (t(39) = 5.245, p < .001***). Participants’ steering was significantly more extreme than that
of the automation when TTC was more and TU less critical.

Although no deceleration was necessary to perform the second lane change, participants’ average maximal deceleration was 1.34
m/s% Four one sample t-tests revealed that this behavior differed significantly from the automation under all conditions (df: 39-56, all
t> 3.5, allp < .001%*).

4. Discussion

Since drivers must have the option to regain control whenever they wish (United Nations Economic Commission for Europe, 2014),
take-overs can happen in any situation. This study explored what might happen if driver-initiated take-overs occur during critical and
dynamic double lane changes. We addressed three research questions, investigating (a) whether the objective criticality operation-
alized by TTC and TU impacts the subjective criticality, (b) whether the objective criticality affects the take-over behavior, and (c)
whether participants show an appropriate take-over performance.

When discussing the results, one should keep in mind that the two parts of a lane change were different in various aspects, hence, a
comparison is problematic. Besides, it should be noted that the distributional assumption was violated by most models which may limit
the reliability of the results.

An interpretation of the observed interactions of the criticality ratings, take-over times, maximal steering wheel angles, and lane
departures may be derived from a general characteristic of human attention, i.e., its limited capacity (Kahneman, 1973). When TU was
critical, it constituted a hazard which was likely to capture the participants’ attention. Since they were suddenly exposed to high
changes of lateral forces and to extreme shifts of the optical flow in their field of view, they probably experienced the situation as very
intense and menacing. Consequently, vestibular perception may have dominated visual perception and captured the participants
attention. The processing of the experienced forces may have required more resources than usual, thus reducing the cognitive capacity
for processing stimuli of other modalities, as the visual stimuli resulting from low TTC. On the other hand, when traction usage was less
critical, more resources were available for appraising such information. In the first case, drivers may have been almost oblivious of any
changes of TTC, while in the second case more capacity should have been available to recognize such changes and process them to
judge the criticality of the situation. Hence, TTC could influence the perception of criticality and take-over behavior when TU was less
critical, but not when it was more critical.

Of course, this is but a preliminary explanation. Together, the two criticality parameters constituted a complex pattern which calls
for more studies to be fully understood. One branch of related research concerns human perception of hazards. For example, Hu et al.
(2019) investigated the effects and interactions of the vehicle’s velocity, acceleration (comparable with TU), and distance to an
obstacle (comparable with TTC) on passengers’ hazard perception. In consistence with our results, they found that the effects of these
three parameters were not independent from each other but interacted and constituted the general impression of a hazard, especially
when the velocity was high. However, they did not find a significant two-way interaction of acceleration and distance as we did.

An explanation for the weaker effects and interactions during the first lane change opposed to the second might be derived from the

® Trials resulting in a lane departure (N = 30 trials) or a collision (N = 2 trials) were excluded from the analysis of maximal steering wheel angles
and maximal deceleration. Including these trials resulted in a highly significant interaction effect of TTC and TU on maximal steering wheel angles,
and a significant effect of TTC and an interaction effect on maximal deceleration.
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situational context. Due to the restricted visibility of the obstacle during the first lane change, the predictability of the course of events
was constrained. Therefore, the situation as such might have appeared as so critical that a smaller TTC did not contribute much more to
the experienced criticality. Or in other words, situational characteristics might have overruled the effect of TTC. This was not observed
for the second lane change, where the obstacle was visible much earlier.

4.1. Research question (a): Does the objective criticality impact the subjective criticality indicating that drivers can discriminate between
different degrees of criticality?

The observed significant effects showed that our participants consistently rated certain situations as more critical than others.
There are two possible reasons for this finding. On the one hand, the participants might have truly evaluated the different criticalities of
the driving situations at the moment of the trigger. In this case, they could have adapted their behavior to their perception of the
situation, i.e. faster take-overs in situations that appeared as more critical. On the other hand, it could also be that the participants’
success or failure in performing the maneuver might have influenced their judgements® since the ratings were completed after each
trial. To check this assumption, we calculated correlations between criticality ratings and (a) take-over times (r = —0.212, p <
.001***), (b) lane departures (r = 0.087, p = .067), and (c) collisions (r = 0.245, p < .001***). The first significant correlation showed
that take-over times were lower when the subjective criticality was higher, indicating that drivers adapted their behavior to perceived
criticality. This would support the assumption that participants really evaluated the criticality of the driving situation. The other two
correlations revealed no significant relation between lane departures and ratings but between collisions and ratings. We can conclude
that the a-posteriori assessment reflects the criticality of the driving situations but may also be biased by the outcome of the maneuver
to some extent — at least when there was a drastic consequence such as a collision involved.

The ability to discriminate between less and more critical situations is crucial for acting adequately when taking over control under
critical conditions. This leads to our second research question.

4.2. Research question (b): Does the objective criticality influence take-over behavior?

The reported main effects on take-over times, maximal steering wheel angles, and maximal decelerations indicated that the par-
ticipants’ take-over behavior was more extreme when TTC resp. TU were more critical. The effects could be explained by the general
finding that more intense and aversive stimuli lead to more intense responses (Davis, 1984), i.e., in our experiment, critical values of
TTC and TU caused more pronounced behavior in terms of the aforementioned dependent variables. Additionally, the shorter time that
was available to act under the more critical TTC-conditions, may have provoked a steering stronger than necessary. This was not
mandatory to avoid a collision (see the two horizontal lines in Fig. 4b), because trajectories of the maneuver under the less and the
more critical TTC-condition were the same, and so were the required steering angles (see Fig. 3). Similarly, stronger decelerations were
observed in the more critical TU-trials, although a higher deceleration was not required to manage these situations.

Since some of the participants’ behavioral parameters were stronger than necessary, the question arises whether this implies an
impairment of driving performance. This issue is addressed in the next section.

4.3. Research question (c): Do drivers deliver an appropriate performance when they take over during a lane change or do they increase the
risk of an accident?

The effects on collision and lane departures frequencies, together with the different steering wheel angles and decelerations applied
by the automation and the drivers showed that drivers tended to react stronger than the automation when they took over control from
the automation (design of the automation see Section 2.2). They steered more extremely than the automation under most conditions
during the first lane change and under one condition during the second lane change. Additionally, they decelerated when taking over
under all conditions, even though no deceleration was necessary to perform the lane change. Strong steering and strong deceleration
can lead to collisions with overtaking vehicles, the crash barrier, the obstacle, or rear-end collisions. It can also cause lane departures or
vehicle instability when drivers steer or brake too much and thus further increase TU. Indeed, the mentioned potential consequences of
such behavior, i.e. collisions and lane departures, occurred.

The total of 32 collisions and 57 lane departures is alarming since none would have occurred if the automation had completed the
maneuver instead of the driver. In the 26 collisions with the first obstacle, participants strived to get back to the right lane as soon as
they got aware of the second obstacle at the expanse of checking their surroundings. Indeed, the take-over times in these trials were
shorter than in the other trials (Mfrontal cotlision = 784 ™S, SDfrontal collision = 142 VS. Mremaining trials = 830 S, SDremaining trials = 273 ms).
Turning their head slightly to the right would have sufficed to recognize that it was too early to steer back.

Surprisingly, collisions were less likely when TTC was more critical in the first lane change. At first sight, this appears as paradox
since usually a short TTC increases the risk of collisions. In this situation however, things were different. To establish the more critical
value, the trigger was presented rather late. Therefore, most of the maneuver was carried out by the automation and the vehicle had
passed most of the obstacle when the participants took over. This left hardly any chance to collide with the obstacle even when the
participants’ responses were fast and pronounced.

 We are grateful to an anonymous reviewer for making us aware of this possibility.
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The effect of TTC on lane departures may be explained by the higher steering wheel angles that were also observed: Higher steering
wheel angles increase the probability of lane departures.

4.4. Limitations
The study had three limitations that should be considered when interpreting our results:

1. Although our research interest concerned driver-initiated instead of system-initiated take-overs, our participants did not decide
themselves to regain control. Instead, a trigger was used to elicit the transition of control from automation to the driver. This was
necessary to create comparable lane change conditions with different degrees of objective criticality resulting from TTC and TU.
Hence, we did not investigate what happens but what might happen, when drivers disengage the automation.

2. Since our study concerned with critical lane changes, it would have been irresponsible to conduct it under real traffic conditions.
Behavior in a driving simulator, however, might deviate from behavior in the field. In our experiment, two conditions might have
caused such deviations:

First of all, the driving simulator was static. Even though we used a motion seat to generate longitudinal and lateral forces, it is
unclear how well these artificially created forces evoked realistic impressions of motion. However, the car movements were also
conveyed by the visual presentation on the screen. The driven trajectory and the speed of the vehicle determined the drivers’
optical flow so that lateral and longitudinal movements as well as decelerations and accelerations were visually perceptible. This
may have compensated unrealistic vestibular information. Moreover, only two participants suffered from simulator sickness
which indicated an adequate consistency of the vestibular stimulation with the visual information.
Secondly, most of the collisions occurred during the first lane change when our participants steered back to the right lane and
contacted the obstacle which they had almost passed. Since the screen of the simulator provided a view of more than 180°, our
participants’ peripheral perception or a side glance should have enabled them to recognize that it was too early to move back into
the right lane. Hence, it seems that the collisions resulted from the drivers’ neglect of important visual information. Another
factor, however, may have also contributed to the accidents: Since the driver’s car was fixed in the simulator and did not really
move, our participants may have failed to develop an adequate representation of its length. Therefore, it is not certain that drivers
would behave the same way under real traffic conditions.

3. Eight similar take-over situations were tested in every session. This was a high frequency compared to realistic traffic conditions.
Previous studies have shown that repeated exposure to take-over situations leads to changes in behavior and experience (Roche,
Somieski, & Brandenburg, 2018; Zhang et al., 2019). Over the trials, our participants may have adapted their behavior to the take-
over situation by learning when to expect them. Moreover, the repetition of the trigger may have trained them to respond
immediately without spending time on decision making and response selection. Therefore, the small take-over times that we
observed, may have resulted from our experimental conditions. They are not comparable to take-over times that are system-
initiated or to those that occur in real traffic

All in all, the discussed limitations may have biased the results of our study in a certain direction. Since our participants were not
distracted by non-driving related tasks, had the chance to form helpful expectations in the course of the experiment, and were trained
by successive trials to perform the required response very fast, we may have investigated the best case of what might happen, if drivers
took over control during double lane changes.

5. Conclusions and future work

The research questions and the experimental setting of our study differed from most others on transitions of control. To our
knowledge, no one has yet varied TTC and TU to investigate drivers’ subjective criticality, behavior and performance during take-overs
except for Roche et al. (2020) in their driving simulator study on braking. So, what new insights have been gained by this approach and
what follows from them?

The results on double lane changes showed that our participants were probably sensitive for higher objective criticality and
appraised the situation accordingly’. They succeeded to take over control remarkably fast, but compared to the performance of the
automation, the subsequent behavioral pattern carries features of a stronger reaction than necessary. This may be hazardous for the
ego driver and passengers but also jeopardize other road users.

Comparable results were reported by Roche et al. (2020). The settings and the design of their experiment were the same as those of
the present study, except for the investigated maneuver. Again, drivers were aware of different degrees of criticality, took over control
very fast and reacted stronger than necessary. They braked heavier than necessary and changed lanes without cause. Collisions
occurred too, but since the brake maneuver was less difficult than the double lane change, the number was much smaller (3 out of 357
trials; 0.8%).

Together the studies on steering and braking investigated what might happen if drivers took over control under dynamic and
safety—critical conditions. This use case is important for traffic safety because drivers must always have the option to deactivate the

7 As discussed in Section 4.1, the appraisal may have been biased to some extent by the participants’ success or failure to complete the lane change
flawlessly.
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automation in order to regain vehicle control (United Nations Economic Commission for Europe. (2014), 2014). Even in dangerous
situations, they might decide to initiate a take-over when it seems necessary. A variety of occasions can trigger such a decision. Drivers
might be startled by the action of another road user, be surprised by an obstacle that suddenly occurs in their lane, or simply have the
impression that the automation does not perform a maneuver appropriately. Whatever the occasion might be, the two studies
demonstrated that a take-over under highly dynamic conditions entails overly pronounced behavior thus impairing the driving per-
formance and increasing the risk of accidents (see also Roche et al., 2020). Since the limitations of both studies were very similar,
impairments probably occurred for the best case of transitions from automated to manual driving. More severe consequences are to be
expected when drivers do not get accustomed to critical take-overs by frequent exposures or when their situation awareness is reduced
due to distraction.

Since it would be illegal to thwart driver-initiated take-overs completely as long as the Amendment of Article 8 of the Vienna
Convention persists, safety can only be increased by an appropriate assistance system. The results of our studies have been used by
automotive engineers at Technische Universitat Berlin to develop the prototype of such a system. Their general approach is to
intervene when TTC or TU reach critical values without suppressing driver-initiated take-overs. Depending on the maneuver, this is
accomplished by adjusting the braking force or the steering angle to an appropriate value (Nguyen & Miiller, 2019a, 2020). The results
of the current study were employed to parameterize the steering assistance of the prototype.

More research, however, is yet necessary to convert the prototype into a comprehensive assistance system for driver-initiated take-
overs. This development should be accompanied by further studies that evaluate the next versions of the system and expand the
empirical basis for the assistance. They should investigate whether our findings can be replicated in a dynamic driving simulator or
outside the laboratory under safe but physically realistic conditions. Especially experiments doing without a trigger are required to
reveal under which conditions real driver-initiated take-overs occur.
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