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Executive Summary

Forward Collision Alarms (FCA) intend to signal hazardous traffic situations and the need for
an immediate corrective driver response. However, data of naturalistic driving studies re-
vealed that approximately the half of all alarms activated by conventional FCA systems repre-
sented unnecessary alarms. In these situations, the alarm activation was correct according to
the implemented algorithm, whereas the alarms led to no or only minimal driver responses.
Psychological research can make an important contribution to understand drivers’ needs

when interacting with driver assistance systems.

The overarching objective of this thesis was to gain a systematic understanding of psycholog-
ical factors and processes that influence drivers’ perceived need for assistance in potential
collision situations. To elucidate under which conditions drivers perceive alarms as unneces-
sary, a theoretical framework of drivers’ subjective alarm evaluation was developed. A further
goal was to investigate the impact of unnecessary alarms on drivers’ responses and ac-
ceptance. Four driving simulator studies were carried out to examine the outlined research

questions.

In line with the hypotheses derived from the theoretical framework, the results suggest that
drivers’ perceived need for assistance is determined by their retrospective subjective hazard
perception. While predictions of conventional FCA systems are exclusively based on physical
measurements resulting in a time to collision, human drivers additionally consider their own
manoeuvre intentions and those attributed to other road users to anticipate the further
course of a potentially critical situation. When drivers anticipate a dissolving outcome of a
potential conflict, they perceive the situation as less hazardous than the system. Based on this
discrepancy, the system would activate an alarm, while drivers’ perceived need for assistance
is low. To sum up, the described factors and processes cause drivers to perceive certain alarms
as unnecessary. Although drivers accept unnecessary alarms less than useful alarms, unnec-
essary alarms do not reduce their overall system acceptance. While unnecessary alarms cause
moderate driver responses in the short term, the intensity of responses decrease with multi-
ple exposures to unnecessary alarms. However, overall, effects of unnecessary alarms on driv-

ers’ alarm responses and acceptance seem to be rather uncritical.

This thesis provides insights into human factors that explain when FCAs are perceived as un-

necessary. These factors might contribute to design FCA systems tailored to drivers’ needs.






Zusammenfassung

Kollisionswarnungen sollen Fahrer auf gefahrliche Situationen aufmerksam machen und ihnen
die Notwendigkeit einer sofortigen Reaktion signalisieren. Feldstudien zeigten jedoch, dass
etwa die Halfte aller Warnungen, die von herkdmmlichen Kollisionswarnsystemen ausgege-
ben wurden, als unnétig einzustufen sind. Diese Warnungen wurden zwar auf Grundlage des
implementierten Algorithmus korrekterweise aktiviert, allerdings fiihrten sie zu keinen oder
nur geringen Fahrerreaktionen. Psychologische Forschung kann einen wichtigen Beitrag zum
Verstandnis des tatsachlichen Assistenzbedarfs der Fahrer im Umgang mit Fahrerassistenzsys-

temen leisten.

Die vorliegende Arbeit untersuchte psychologische Faktoren und Prozesse, die Einfluss auf
den wahrgenommenen Assistenzbedarf des Fahrers in potenziellen Kollisionssituationen ha-
ben. Um Bedingungen identifizieren zu kdnnen, unter denen Fahrer Warnungen als unnétig
bewerten, wurde ein theoretisches Rahmenmodell entwickelt. Des Weiteren wurden die Aus-
wirkungen unnétiger Warnungen auf die Reaktionen und die Akzeptanz der Fahrer unter-

sucht. In diesem Rahmen wurden vier Fahrsimulatorstudien durchgefiihrt.

Die Ergebnisse zeigten, dass der wahrgenommene Assistenzbedarf der Fahrer durch ihre sub-
jektive Gefahrenwahrnehmung vorhergesagt wird. Wahrend das System den weiteren Verlauf
einer potenziell gefahrlichen Situation ausschlielSlich anhand physikalischer Messungen vor-
hersagt, berlicksichtigen Fahrer zuséatzlich ihre eigenen Mandverintentionen und Intentionen,
die sie anderen Verkehrsteilnehmern zuschreiben. Wenn Fahrer vorhersagen kénnen, dass
sich der potenzielle Konflikt im weiteren Verlauf auflésen wird, bewerten sie die Situation un-
gefahrlicher als das System. Eine solche Diskrepanz flihrt dazu, dass das System eine Warnung
ausgibt, obwohl der Assistenzbedarf des Fahrers gering ist. Dadurch wird die Warnung als un-
notig bewertet. Darliber hinaus ist die Akzeptanz fiir unnétige Warnungen geringer als fir
nitzliche, wobei dies keine Auswirkungen auf die Gesamtakzeptanz eines Kollisionswarnsys-
tems hat. Wahrend Fahrer zunachst moderat auf unnoétige Warnungen reagieren, wird die
Intensitat ihrer Reaktionen mit wiederholtem Erleben unnétiger Warnungen geringer. Insge-
samt scheinen die Auswirkungen unndétiger Alarme auf die Alarmreaktionen und die Akzep-
tanz der Fahrer jedoch eher unkritisch zu sein. Die Ergebnisse erklaren, durch welche mensch-
lichen Faktoren Fahrer Kollisionswarnungen als unnétig wahrnehmen. Diese Faktoren konnen

dazu beitragen, Warnungen an den tatsachlichen Assistenzbedarf der Fahrer anzupassen.
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1 | Introduction

1 Introduction

Forward Collision Alarm (FCA) systems aim to intercept driver errors by providing assistance
if necessary. Activated alarms serve to signal a hazardous situation and the need for an imme-
diate corrective driver reaction (International Organization for Standardization, 2016). Alarm
activation of conventional FCA systems depends on physical measurements, more precisely
on the time to collision (TTC) criterion. These strategies were initially developed for the worst-
case scenario in which the driver is visually distracted and, thus, at risk to miss a hazardous
situation. Under this condition, previous research has repeatedly shown that alarms activated
by low TTC values had a positive impact on driver performance in imminent collision situations
(e.g. Lee, McGehee, Brown, & Reyes, 2002; Lees & Lee, 2007). However, under naturalistic
driving conditions, only approximately 50% of all FCAs activated by predefined TTC values
were useful (Flannagan et al., 2016; General Motors Corporation, 2005). These alarms were
associated with a high braking response rate and triggered in predefined use cases for pre-
venting rear-end collisions, such as approaching a stopped or braking lead vehicle. In contrast,
the other half of FCAs resulted in no or only minimal driver responses. In these situations, the
alarm was still activated by a present other vehicle in the same lane. Therefore, the alarm
activation was correct according to the implemented algorithm. It is assumed that drivers per-
ceived these alarms as unnecessary as they seem to have deliberately refrained from respond-
ing to the alarm. Importantly, the absence of driver responses did not cause collisions. Follow-
ing a definition by Lees and Lee (2007), these alarms can be categorized as unnecessary

alarms.

These findings demonstrate that alarm activation strategies of conventional FCA systems do
not always seem to meet drivers’ actual need for assistance. Previous research already aimed
to address this problem by developing adaptive assistance systems that either suppressed
certain alarms, adapted the alarm timing, or alarm design dependent on different adaption
parameters, such as visual attention (e.g. Brouwer & Hoedemaeker, 2005; Hammoud, Smith,
Dufour, Bakowski, & Witt, 2008). However, the selection of adaption parameters was simply
based on their hypothesised impact on drivers’ need for assistance. Therefore, it is important
to take a step back and to examine drivers’ actual need for assistance. Even though the inves-

tigation of effects of FCA systems and their alarm design on driver performance represents a
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1 | Introduction

broad field of human factors research since many years, a systematic understanding of psy-
chological factors and processes that determine drivers’ actual need for assistance in potential
collision situations is still lacking. Moreover, previous research has not yet systematically in-
vestigated the effects of unnecessary alarms on driver responses and their acceptance. This
knowledge would be important to assess the potentially detrimental effects of unnecessary
alarms and the importance of implementing new alarm activation strategies. There are no
consistent data that show under which conditions unnecessary alarms lead to driver ac-
ceptance or annoyance (e.g. Naujoks, Kiesel, & Neukum, 2016; Nodine, Lam, Stevens, Razo, &
Najm, 2011). Additionally, results of driving simulator studies and naturalistic driving studies
provided different results concerning the impact of unnecessary alarms on the intensity of

driver responses (e.g. Flannagan et al., 2016; Lees & Lee, 2007).

The overarching objective of this thesis was to examine which psychological factors and pro-
cesses influence drivers’ perceived need for assistance in potential collision situations. To ad-
dress this research question, a theoretical framework of drivers’ subjective alarm evaluation
was developed that compares human and system situation awareness and evaluation. The
framework served to derive the corresponding hypotheses (Figure 3-1). It was hypothesised
that drivers’ perceived need for assistance would be predicted by their retrospective subjec-
tive hazard perception. Accordingly, unnecessary alarms were assumed to result from situa-
tions judged as critical by the system, while perceived as non-hazardous by the driver. The
theoretical framework further suggested that discrepancies between system risk assessment
and drivers’ subjective hazard perception would result from advantages of the drivers’ situa-
tion awareness over the system. In addition, this thesis aimed to provide insights into drivers’
acceptance of unnecessary alarms. A further goal was to investigate the impact of unnecessary
alarms on driver responses. It was assumed that drivers’ prior experiences with unnecessary
alarms and their ability to anticipate the further course of the situation might influence the
intensity of alarm responses. Four driving simulator studies were carried out to examine the

outlined research questions.
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2 | Theoretical Background

2 Theoretical Background

This chapter provides an overview of previous research and theoretical concepts that address
the challenge of providing driver assistance adapted to drivers’ needs. To understand the de-
mands and cognitive components of unassisted manual driving from a psychological perspec-
tive, Section 2.1 introduces driver models and the construct of situation awareness with the
involved cognitive processes. Section 2.2 focuses on requirements for and the effectiveness
of driver assistance systems, and more specifically alarm systems. To elucidate the difficulty
of alarm systems to reliably discriminate between hazardous and non-hazardous events, Sec-
tion 2.3 refers to the signal detection theory. In this context, the meaning of unnecessary
alarms is introduced. Furthermore, this section collects empirical research that investigated
the effects of unnecessary and false alarms on driver behaviour and drivers’ subjective evalu-
ations. Section 2.4 addresses adaptive assistance systems that offer an approach to increase

perceived system reliability by aiming to reduce the rate of unnecessary alarms.

2.1 The Manual Driving Task

Driving can be considered as a goal-oriented and complex task consisting of several subtasks
with varying demands (McRuer, Allen, Weir, & Klein, 1977). Drivers need to decide which
route to take, steer and accelerate, and to be constantly aware of the environment. Addition-
ally, they have to react quickly to changes in the environment to avoid collisions with other
road users. To understand under which circumstances humans could benefit from system sup-
port while driving, this section delineates the demands of manual driving by introducing two

popular driver models and the construct of situation awareness.

2.1.1 Driver Behaviour Models
To describe human behaviour in driving and the involved psychological processes, driver mod-
els typically divide the driving task into hierarchical levels that differ according to their de-

mands and available time frames.

Rasmussen (1983) proposed three levels of behaviour on which human operators perform
goal-directed behaviour when interacting with technical systems. Task performance on the
three levels demands different levels of attentional control. At the lowest level, skill-based
behaviour represents sensory-motor actions that people perform automatically without con-
scious control, e.g. shifting gears or lane keeping. Demanding medium attentional control,

rule-based behaviour is oriented towards a certain goal and controlled by a set of rules that
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2 | Theoretical Background

have proven successful previously, e.g. when drivers change the lane or turn at an intersec-
tion. On the highest conceptual level, knowledge-based behaviour applies to unfamiliar situa-
tions where no rules from previous encounters are available. To develop a useful plan, this
goal-controlled behaviour requires conscious attentional control and effort. The three levels

interact with each other and are not distinct. Thus, a task can require more than just one level.

Michon (1985) proposed to divide the driving task into three hierarchical levels that differ
according to the required level of control and the available time frame for task duration. The
three levels are hierarchical in the sense that they influence each other in a top-down way.
On the strategic (or planning) level, the driver performs the long-term planning of the driving
trip that requires complex mental processes to evaluate involved costs and risks. For example,
the driver needs to determine the destination of the trip and which route to take. The tactical
(or manoeuvring) level includes controlled action patterns to attain the goals that were set on
the strategic level. In a limited time frame of some seconds, drivers plan and execute driving
manoeuvres such as turning, overtaking, and obstacle avoidance. On the operational (or con-
trol) level, drivers execute automatic action patterns which are controlled in milliseconds. This
level includes subtasks where drivers automatically control the vehicle in response to the en-

vironment, such as steering, handling the clutch, and other interactions with vehicle controls.

Table 2-1

Relation of the Driver Models by Michon (1985) and Rasmussen (1983) with Examples
(Adapted from Hale, Stoop, Hommels, 1990)

Michon
Strategic Tactical Operational

Rasmussen
Knowledge- Navigating in unfamiliar . . L L

g gating Controlling a skid Novice in first lesson
based area

hoi famili . . - - .
Rule-based Choice between familiar Passing other vehicles Driving unfamiliar vehicle
routes
. . L Negotiating familiar inter- . .

Skill-based Daily driving route & & Vehicle control in a curve

section

Table 2-1 shows that the two models can be related to each other in a matrix (Hale, Stoop, &
Hommels, 1990). One dimension represents the three levels of the driving task related to the
time frame for task duration (Michon, 1985) and the other dimension represents the three
levels of behaviour that differ according to their demands (Rasmussen, 1983). Experienced

drivers usually perform strategic tasks with knowledge-based, tactical tasks with rule-based,
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and operational tasks with skill-based behaviour. However, novice drivers without much driv-
ing experience still need conscious control to carry out sensory-motor actions. Hence, they
initially perform operational tasks on a knowledge-based level (upper right cell in Table 2-1).
Additionally, drivers might not be able to perform tactical tasks in non-routine situations on a
rule-based level if there are no available rules from previous encounters. Thus, such situations
require knowledge-based behaviour to compare different action alternatives and select the

most appropriate response.

It is assumed that collision avoidance, in general, takes place on the tactical and operational
level with skill-based and rule-based behaviour. Oriented towards the goal of collision avoid-
ance, drivers need to apply certain learned rules (rule-based behaviour) to anticipate an im-
peding conflict and to trigger the decision for an appropriate driving manoeuvre on the tactical
level. To carry out the corresponding manoeuvre, operational tasks such as braking and steer-
ing are performed automatically on a skill-based level without conscious control. Morando,
Victor, and Dozza (2016) identified two visual cues that help drivers to anticipate a lead vehicle
conflict in manual driving. The first cue is the brake light onset that informs the driver that the
lead vehicle started braking. However, this cue does not contain information about the inten-
sity of the braking manoeuvre. The second cue is visual looming that is referred to as the op-
tical expansion of the lead vehicle in the eye of the driver. Looming objects represent salient
visual stimuli that are associated with behavioural urgency and induce automatic and reflexive
reactions (skill-based behaviour) (Regan & Vincent, 1995). If drivers fail to anticipate an im-
peding critical situation based on these cues, Morando et al. (2016) found that FCAs could
serve as an effective mechanism to orient drivers’ attention to the impeding conflict. In addi-
tion to the visual cues in the traffic environment, visual-auditory alarms can complement the
detection of impeding conflicts by appealing to the auditory sense for relaying information to
drivers. Thus, alarms have the potential to support drivers in performing the complex manual

driving task.

However, prior studies showed that a combination of the cues brake light onset, visual loom-
ing, and FCA did not always trigger strong braking responses as automated stimulus reaction
patterns (Flannagan et al., 2016; General Motors Corporation, 2005). In these situations, ad-
ditional action-relevant cues might have suppressed rules for performing a collision avoidance

manoeuvre and, thus, suppressed automatically activated sensory-motor actions such as
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strong braking. Instead, these cues might have activated alternative rules that did not result
in braking responses, e.g. changing lanes or turning. Section 2.3.4 discusses these scenarios in

more detail.

The driver models by Michon (1985) and Rasmussen (1983) provide an overview of the struc-
ture of the driving task and required levels of attentional control. To describe and understand
the process that leads to decision-making and action performance in dynamic traffic environ-
ments, the following section introduces the construct of situation awareness with the involved

cognitive processes.

2.1.2 Situation Awareness and Involved Cognitive Processes

Safe driving requires the correct processing of a high number of stimuli resulting in
appropriate response decisions with regard to navigation, manoeuvering, or vehicle control.
Human information processing models describe the psychological processes involved in the
driving task (Wickens, Hollands, Banbury, & Parasuraman, 2013). Drivers use their senses, in
particular the visual system, to process relevant elements in the environment. To extract
meaningful events and objects from the sensory input, selective attention is required. The
further processing of attended information can require different levels of cognitive pro-
cessing. In some situations, drivers can use well-learned reaction patterns performed auto-
matically without conscious control (skill-based behaviour; Rasmussen, 1983). More complex
situations require deeper cognitive processing. In this phase, drivers use prior knowledge
stored in long-term memory to comprehend the meaning of the perceived elements with re-
gard to their current goals and predict future actions of these elements (rule- or knowledge-
based level; Rasmussen, 1983). Drivers then select and execute an action, such as steering or
braking. Changes in the environment caused by drivers’ actions, in turn, create new patterns

of information to be sensed.

A construct that describes and integrates the different cognitive processes involved in
interacting with technical systems in dynamic environments is referred to as situation
awareness. Endsley (1988) defined situation awareness as “the perception of the elements in
the environment within a volume of time and space, the comprehension of their meaning,
and the projection of their status in the near future” (p. 97). Figure 2-1 shows the three levels
of situation awareness. On the first level, drivers use their senses to perceive the status,

attributes, and dynamics of relevant elements in the traffic environment, such as the position
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or acceleration of other vehicles (perception level). On the basis of the perceived elements,
drivers use prior knowledge to form a holistic comprehension of the current situation by
interpreting and combining these elements in the light of their current goals (comprehension
level). For example, drivers comprehend the meaning of red traffic lights. Based on the
conscious processing of elements in the situation, drivers are usually able to predict future
events and dynamics, e.g. their own subsequent actions or those of other road users (projec-
tion level). This ability allows for the recognition of events a couple of seconds ahead and helps
drivers to decide on the most favourable course of action to meet their current goals. Through-
out this thesis, the term “anticipation” will be used to refer to “projection” as it is the more
common term in the psychological context (e.g. Hoffmann, 2009; Kunde, Koch, & Hoffmann,
2004; Muhrer & Vollrath, 2011; Schmidt, 2012; Stahl, Donmez, & Jamieson, 2014). As illus-
trated in Figure 2-1, Endsley (1988) understands decision-making and action performance as
two separate stages that directly proceed from situation awareness. Similar to information
processing models, Endsley (1988) proposed a feedback loop between action performance
and the state in the environment. The performance of actions results in changes in the
environment and, thus, a changed status of relevant elements perceived by the driver. As

traffic situations are highly dynamic, drivers must constantly adjust their situation awareness.

/ Feedback \

SITUATION AWARENESS

Action

State in the — Perception Comprehension| Projection
Performance

A Decision
Environment

Level 1 Level 2 Level 3

. )

Figure 2-1. Situation awareness model by Endsley (adapted from Endsley, 1988).

Endsley (2000) emphasises the importance of temporal aspects for situation awareness. The
temporal dynamics of a situation require drivers to comprehend and predict how soon a
certain element will influence their goals and tasks. They need to understand how much time

is available until a certain event occurs or a particular action needs to be performed.

Situation awareness has its roots in human factors research in the field of aviation, but has

also been transferred to the driving context (e.g. Gugerty, 1997, 2011; Rauch, 2009). In
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contrast to car drivers, pilots do not perceive most of the relevant elements directly from the

environment, but via a remote interface.

The three levels of situation awareness, decision-making, and action performance are influ-

enced by cognitive processes which are described in the following paragraphs.

2.1.2.1 Attention

On the perception and comprehension levels, attention allows drivers to selectively attend
only to that information that is important for their current goals and tasks. Lamme (2000)
describes attention “as a set of mechanisms that enable the better routing of sensory inputs
towards the executive systems of the brain” (p. 399). To be able to act in dynamically changing
environments, attention needs to be guided by both top-down and bottom-up mechanisms.
Shinoda, Hayhoe, and Shrivastava (2001) argued that the “visual system must balance the se-
lectivity of ongoing task-specific computations against the need to remain responsive to novel
and unpredictable visual input that may change the task agenda” (p. 3536). Bottom-up mech-
anisms describe an involuntary shift of attention to salient visual stimuli such as red braking
lights of the lead vehicle (e.g. Connor, Egeth, & Yantis, 2004). Top-down mechanisms can di-
rect drivers’ attention voluntarily to environmental elements that are relevant for their cur-
rent goals and tasks (e.g. Connor et al., 2004). Expectations that are based on schemata stored
in long-term memory influence this selection (see also Section 2.1.2.3). With regard to top-
down mechanisms, Gugerty (1997) has found that drivers focused their attention more on
vehicles in front of them than to those behind them or farther away. The focus of attention
seemed to reflect the meaning of these elements concerning drivers’ goals of safe driving.
However, the sensorial perception of a stimulus does not necessarily result in conscious per-
ception. Drivers need to cognitively process the meaning of perceived stimuli. Attention de-
termines the selective processing of incoming sensory information. Following the driver mod-
els by Michon (1985) and Rasmussen (1983), the processing of perceived elements when ex-
ecuting operational tasks would require less attentional control (skill-based behaviour) than
tactical or even strategic driving tasks (rule-based or knowledge-based behaviour). Endsley
(1988) also addressed the role of automaticity as a mechanism to overcome temporary prob-

lems of limited attentional control.
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2.1.2.2 Working Memory

Working memory, and more specifically the central executive, is involved in the process of
constructing, maintaining, and updating situation awareness (Baddeley & Hitch, 1974; Bau-
mann, Petzoldt, Groenewoud, Hogema, & Krems, 2008; Endsley, 1988). Perceived elements
are stored, processed, and kept available in working memory. On the comprehension level,
working memory resources are necessary to combine these elements with existing
knowledge. On the anticipation level, the working memory serves to integrate the perceived
elements into the prediction of their future status. This cognitive process is highly demanding
on working memory. When driving tasks require higher levels of attentional control, working
memory is hypothesised to be the bottleneck for situation awareness (Endsley, 1988; Fracker,

1988).

2.1.2.3 Long-term Memory

Schemata influence all levels of situation awareness (Endsley, 1988). Schemata are cognitive
structures in long-term memory that represent a person's knowledge and the characteristics
of a certain field. Providing a framework to understand and predict traffic situations, schemata
represent active organizations of drivers’ past experiences and reactions (Bartlett, 1932).
Schemata can reduce the demand on working memory. On the perception level, expectations
based on schemata help drivers to direct their attention only to currently relevant elements.
On the comprehension level, certain trigger conditions activate schemata that are organized
hierarchically. While higher levels only consist of basic characteristics of certain situations,
lower levels include a higher amount of concrete characteristics. This enables drivers to iden-
tify stereotypical traffic situations. Using prior knowledge, drivers can integrate multiple and
complex elements into a holistic comprehension of the situation. Additionally, these schemata
allow drivers to form expectations about the probable development of the situation. Antici-
pation requires the recognition of stereotypical traffic situations that are likely to result in

similar future developments from one time to another (Stahl et al., 2014).

2.1.2.4 Intention

Even when not further addressed by Endsley (1988), drivers’ action goals or rather intentions
are assumed to have an important impact on situation awareness as well. Human intention is
defined as “the overarching goal embedded in an action sequence” (Zunino et al., 2017,
p. 591). Driving can be decomposed into various behavioural intentions. Intention is a mental
state associated with the anticipation of future events and has a strong impact on drivers’
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actions in the near future (Malle, Moses, & Baldwin, 2003). In psychology, there are different
theories that aim to describe how intentions evolve and how they influence human behaviour.
The parallel distributed processing model by McClelland and Rumelhart (1986) proposes that
intentions trigger different reactions to the same stimulus. Cohen and Huston (1994) used this
model to explain the Stroop task. Stroop (1935) instructed subjects to either read out a colour
word (e.g, green, red) or to name the colour in which the words appeared. Colour identifica-
tion has been demonstrated to be easier when the colour word and its colour stimulus are
congruent than when they are incongruent. An incongruent stimulus induces two conflicting
reaction tendencies that delay the selection of the correct reaction. Cohen and Huston (1994)
propose two processing pathways between stimulus identification and action selection, one
for word reading and one for colour naming. The processing of the two pathways is modulated
by the activation of the currently intended behaviour (either word reading or colour naming).
With regard to situation awareness in driving, drivers may draw more attention to stimuli that
are relevant for their current intentions. Additionally, dependent on the current driver inten-

tion, the same environmental stimulus can result in different actions.

The ideomotor theory proposes that intentional actions are determined by anticipations of
their own sensory effects, referred to as action-effect relations (e.g. Herbart, 1825; Hoffmann,
2009; James, 1890/1981; Kunde et al., 2004). In other words, before executing a certain ac-
tion, the agent has a mental representation of the related action effects. The anticipation of
action effects addresses the corresponding motor patterns and enables the agent to execute
the action. Thus, intentional actions presuppose knowledge about the effects that can be at-
tained by a certain action and sensory perceptions associated therewith, e.g. the propriocep-
tive perception of hand movements. The ideomotor theory is a conceptual framework for this

learning process of action-effect relations.

It is assumed that drivers do not only consider their own manoeuvre intentions for anticipa-
tion, but also intentions attributed to other road users. People are able to infer others’ inten-
tions from action observations (Malle et al., 2003). The human ability to comprehend inten-
tions and other mental states of other persons by relating observable actions to underlying
mental states is referred to as theory of mind (Meltzoff, 1995; Premack & Woodruff, 1978).

However, for anticipation in driving, drivers need to predict future actions of other road users
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before they are actually executed. In this context, it must be differentiated between early ac-
tivity recognition and intention prediction (Zunino et al., 2017). Early activity recognition de-
notes the ability to recognize an action before it is fully disclosed as an online assessment of
the initial part of the action. It requires the identification of details inherent to the current
observations that would lead to a future action, e.g. recognizing a lateral movement as the
initial part of a lane change (Simon & Bullinger, 2018; Zunino et al., 2017). Intention prediction
describes the ability to anticipate another individual’s unobserved future action prior to real
time, e.g. predicting a lane change intention by turn indicator usage (Simon & Bullinger, 2018;
Zunino et al., 2017). There are motion patterns that are specific of a certain subsequent action
(Zunino et al., 2017). For example, the movement kinematics when a person reaches to grasp
a bottle contain information of the future intention to either pour, displace, throw, or pass
the bottle (Ansuini, Giosa, Turella, Altoe, & Castiello, 2008). A person who observes such
movements senses early differences and is able to discriminate between movements per-
formed with different intentions (Ansuini, Cavallo, Bertone, & Becchio, 2015). The human mir-
ror neuron system enables persons to transform visual information into knowledge about oth-
ers’ intentions (Gallese & Goldman, 1998). Mirror neurons respond to biological movements
performed by others. The activation of these neurons during the observation of an action ex-
ecuted by another person corresponds to the activation of the internal motor representation
of the observed action (Bonini, Ferrari, & Fogassi, 2013). In other words, the observer mirrors
the other’s motor action by activating the corresponding motor representations in his or her
brain. The activation of the same motor representations enables the observer to infer the
other’s underlying intention (Bonini et al., 2013). It has been found that certain mirror neurons
show differential activity during the observation of reach-to grasp movements with different
intentions (Bonini et al., 2010; Fogassi et al., 2005). Future action prediction is often supported
by the scene context (Ansuini et al., 2015; Zunino et al., 2017). Therefore, people use their
knowledge about possible actions associated with the environment in which the agent’s mo-
tions are embedded. Kaplan and lacoboni (2006) showed that there is a mirror neuron area
that is sensitive to the congruency of contextual and kinematic cues. In a study by Simon and
Bullinger (2018), drivers considered the context to predict lane changes of other vehicles. A
visible reason like an obstacle or slower driver in the lane increased the probability to antici-

pate a lane change.
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Even though drivers are often not able to directly observe movements of other persons in
traffic, but of vehicles without the possibility to see the other human driver, they are presum-
ably able to anticipate intentions of other road users by taking their actions, movements, and
the context into account. Dependent on the consideration of drivers’ own manoeuvre inten-
tions and the anticipation of future actions of other road users, the same traffic constellation

might result in different anticipations of future states.

2.1.3 Sources of Incorrect Situation Awareness in Driving

Situation awareness is seen as a crucial prerequisite for effective decision-making and execu-
tion of actions in dynamic traffic environments. The process to achieve a correct situation
awareness, and to derive appropriate decisions and actions, is very demanding and contains

error potential on different levels.

According to the task capability interface by Fuller (2000), drivers are at risk of making errors
when current task demands exceed drivers’ momentary capability. Capability refers to drivers’
current ability to deliver their level of competence. While the current ability is influenced by
states such as drowsiness, distraction, or motivation, the general level of competence de-
pends on drivers’ knowledge and skills gained through experience, education, and training.
The following paragraphs describe how drivers’ limited capabilities in combination with a cer-
tain level of task demand impair situation awareness and, thus, decision-making and action in

driving.

Jones and Endsley (1996) used the aviation safety reporting system to analyse sources of 262
situation awareness errors made by pilots or controllers. When errors fit to more than one
level of situation awareness, they were coded at the lowest level considering that errors on
lower levels result in subsequent errors on higher levels. They found that 76.3 % of all errors
in aviation were perception errors, 20.3 % were comprehension errors, and 3.4 % were antici-
pation errors. Additionally, results of a naturalistic driving study with more than 3,500 partic-
ipants that lasted three years provided insights into factors that caused crashes and near-
crashes by their impairing effect on situation awareness (Dingus et al., 2016). Near-crash sig-
nifies that there were observable factors that could have led to a crash, but the driver exe-

cuted a successful evasive manoeuvre.

According to Jones and Endsley (1996), the majority of all errors on the perception level (and
35% of all errors) were associated with “a failure to monitor or observe relevant data that
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were clearly present in the situation” (p. 509) mainly caused by distraction. In line with this
finding, Dingus et al. (2016) reported that observable driver distraction had a high prevalence
of 51.9% and increased the overall crash risk by two times. Inappropriate visual search strat-
egies due to incomplete or incorrect schemata represent another explanation for this error
type. Prior research showed that experienced drivers fixated more often on environmental
elements classified as potential hazards than unexperienced drivers (Falkmer & Gregersen,
2005; Lee et al., 2008). Other perception errors in aviation resulted from information that was
needed but currently not available (example in driving: sight obstruction), elements that were
hard to detect or discriminate (example in driving: bad visibility conditions), misperceptions
(example in driving: misperception of curve radius), and memory loss (example in driving: for-

getting the speed limit drivers had previously been aware of) (Jones & Endsley, 1996).

On the comprehension level, errors in aviation were found to be caused by incomplete or
incorrect mental models (Jones & Endsley, 1996). Mental models represent knowledge struc-
tures that enable operators to understand and predict system states (Rouse & Morris, 1986).
As pilots perceive the environment through the system and manual drivers perceive the envi-
ronment directly with their senses, the term mental model needs to be replaced by the term
schema. When transferring these errors types to manual driving, incorrect or incomplete sche-
mata may lead to failures to integrate the perceived elements in the environment into a ho-
listic understanding of the situation. Incorrect schemata can cause situations in which persons
are not able to identify a relevant element as it seemed to be irrelevant in their schema (Jones
& Endsley, 2000). With regard to incomplete schemata, experienced drivers have stored much
more experiences with certain traffic constellations in long-term memory than novice drivers.
Therefore, they have advantages to comprehend that a situation is or can become hazardous
(Lee et al., 2008; Underwood, Ngai, & Underwood, 2013). Even if an appropriate schema is
available, comprehension can be impaired by working memory limitations. Each task imposes
mental workload on the limited information processing capacity (Wickens et al., 2013). When
cognitively distracted, drivers assign cognitive resources to competing tasks and their remain-
ing working memory capacity cannot afford to connect the perceived elements to prior
knowledge (Baumann & Krems, 2007; Baumann et al., 2008). Apart from cognitive distraction,
working memory capacity can be limited by drugs, alcohol, drowsiness, and strong emotions.
Dingus et al. (2016) revealed that these variables increased the overall risk of a crash by five

times. In situations with impaired capacity, drivers are not able to further process elements

25



2 | Theoretical Background

that they have perceived visually. This phenomenon is referred to as “looked-but-failed-to-

see” (Simons, 2000).

Jones and Endsley (1996) found that a lack of schemata or incomplete schemata can lead to
anticipation errors even if persons were able to perceive and comprehend the relevant ele-
ments in the environment. Prior research revealed the impact of driving experience on the
ability to anticipate hazardous outcomes. Experienced drivers outperformed novice drivers in
hazard anticipation and, thus, in adequately responding to hazards (Crundall, 2016; Garay-
Vega & Fisher, 2005; Jackson, Chapman, & Crundall, 2009). Analogously to the comprehension
level, cognitive distraction has a detrimental effect on drivers’ ability to anticipate the future
development of the current traffic situation (Baumann et al., 2008; Mihl & Baumann, 2018;

Muhrer & Vollrath, 2011).

It is possible that a person has developed an accurate situation awareness, but makes a poor
decision or an action performance error nonetheless. In the study by Jones and Endsley (1996),
4 of 17 registered accidents were caused by decision errors. Dingus et al. (2016) referred to
these errors as judgement errors such as aggressive driving, speeding, and tailgating with a

prevalence of 4% and an increased overall risk of a crash by 11 times.

Moreover, drivers who made a correct decision, can still fail to correctly execute the action.
Even if errors in vehicle operation caused by inexperience with the vehicle or road way were
very rare (0.07 %), they resulted in an overall crash risk increased by 204 times (Dingus et al.,

2016).

Summarized, there are many different sources that can result in incorrect situation awareness.
In turn, incorrect situation awareness can lead to negative consequences, such as collisions.
In the driving context, advanced driver assistance systems (ADAS) have the potential to miti-

gate driver errors which can be caused on each stage of situation awareness.

2.2 Assisted Driving
This section provides an overview about the aims and functionalities of ADAS, focuses on
alarms with their purposes and requirements, and reports on studies that demonstrated the

effectiveness of alarms provided by reliably working ADAS.
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2.2.1 Driver Assistance Systems

To improve safe and efficient driving, ADAS intend to intercept driver errors by providing sup-
port if necessary. They assist drivers with information, alarms, or take over a part or several
parts of the driving task. Assistance means that drivers are supported by the system, but still

need to execute the larger part of the driving task.

The international society of automotive engineers (SAE International) suggests six levels of
driving automation (SAE International, 2018). On Levels 0 to 2, human drivers perform the
entire dynamic driving task or parts of it. Thus, they need to monitor the driving environment
while being supported by varying degrees of system support. Consequently, drivers need to
remain attentive and retain responsibility. On Level O (no driving automation), drivers have to
perform all aspects of the driving task while alarm or intervention systems provide momentary
support during potentially hazardous situations. For example, collision avoidance systems ac-
tivate an alarm if drivers are at risk to collide with another road user. When the collision be-
comes imminent, these systems are mostly able to brake autonomously without driver input.
Furthermore, lane departure warning (LDW) systems warn the driver in case of unsafe lateral
positions, while lane keep assistance systems actively intervene with subtle forces on the
steering wheel. These systems interact with the driver to a high degree and, therefore, have
an active impact on the processes involved in the driving task. On Level 1 (driver assistance),
ADAS continuously either execute parts of the longitudinal (acceleration and deceleration) or
of the lateral driving task (steering) while drivers have to permanently control the other parts
of the driving task. For example, the adaptive cruise control feature continuously controls the
longitudinal driving task. After drivers have set the desired speed, the system keeps a set fol-
lowing distance relative to the vehicle ahead by automatically adjusting the vehicle’s speed
(International Organization for Standardization, 2002). While drivers are still responsible for
steering, they are allowed to release the brake and accelerator pedals. On Level 2 (partial
driving automation), one or more ADAS execute the lateral as well as the longitudinal driving
task at the same time, e.g. the traffic jam assist. On Level 3 and above, automated driving
system features perform the entire dynamic driving task, at least in a specific operational de-
sign domain. Thus, the system undertakes the monitoring task of the environment. Level 3 is
referred to as conditional driving automation, Level 4 as high driving automation, and Level 5

as full driving automation. The development and realisation of automated driving functions
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precedes in large steps. However, vehicles with lower levels of automation will keep their

place on the road for many further years.

Even if alarm systems are implemented to series vehicles since many years, there are still open
guestions and problems that need to be addressed from a human factors standpoint. As long
as drivers are responsible to perform either the entire driving task or parts of it, human factors
research remains an important topic for the development of ADAS. The consideration of users’
needs when interacting with technological systems is one of the most relevant issues for sys-

tem development (Cacciabue, 2007).

This thesis focuses on driver assistance on SAE Level 0, and more specifically on collision
alarms. The following section elucidates the purposes of alarms and requirements for their

effectiveness.

2.2.2 Alarms
According to Laughery and Wogalter (2006), warnings have the purposes ...

... to make the world safer by improving health and reducing accidents and injuries,
... to provide information about hazard and potential negative consequences,

... to influence or control behaviour of the person to whom it is directed, and

... to serve as a reminder to call the hazard into awareness.

Warnings can be either static or dynamic (Laughery & Wogalter, 2006). Static warnings are
constantly present and usually visual, such as warnings in product manuals and on medical
packaging. Dynamic warnings are only triggered when a system detects a hazardous event in
the environment. As traffic environments are highly dynamic, ADAS must provide dynamic
warnings. According to the International Organization for Standardization (2016), ADAS are
responsible for detecting hazardous events and notifying drivers of these external hazards
(ISO 18682). The issued warning requests immediate evasive action. According to the taxon-
omy of emergency signal terms by Bliss and Gilson (1998), the term “alarm” seems to be more
applicable to the field of ADAS than “warning”. While warnings provide information that a
hazard may exist under certain circumstances, alarms indicate a hazardous situation at the
present time and serve to take immediate corrective action to avoid negative consequences.

Throughout this thesis, the term “alarm” will be used to refer to dynamic warnings.
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An essential requirement for effective alarms is that they must be designed salient enough to
capture attention, as people usually do not actively search for alarms (Bustamante, 2008;
Laughery & Wogalter, 2006). With regard to the sensory modality of alarms, it has been found
that reaction times are shorter and detection rates are higher with auditory and tactile stimuli
than with visual stimuli (Hershenson, 1962; Sklar & Sarter, 1999). Results by Todd (1912) re-
vealed that the reaction time to a primary (visual) stimulus paired with an accessory (auditory)
stimulus was shorter than to the primary stimulus alone, even though participants were in-
structed not to respond to the accessory stimulus when it occurs alone. There are further
evidences that a presentation of signals via two or more processing channels (multimodal
presentation) speeds up reaction times compared to a single signal (Hershenson, 1962; Miller,
1982; Raab, 1962; Selcon, Taylor, & McKenna, 1995). This phenomenon is referred to as “re-
dundancy gain” (e.g. Wickens, Prinet, Hutchins, Sarter, & Sebok, 2011) or “intersensory facili-
tation” (Hershenson, 1962) and can be explained in different ways. According to the assump-
tion of separate activation, signals on different channels produce separate response activation
processes. Redundant signals decrease the reaction time because one sensory modality may
be processed faster than the other modality (Miller, 1982; Raab, 1962). Alternatively, coacti-
vation models suggest that two or more signals jointly contribute to the process of producing
a reaction (Miller, 1982). A study by Miller (1982) provided evidence for the coactivation as-
sumption. Studies in the context of assisted driving also found positive effects of multimodal
alarms on reaction time and response accuracy (Ho, Reed, & Spence, 2007; Liu & Jhuang, 2012;
Reinmueller, Koehler, & Steinhauser, 2018). Furthermore, the physical intensity of an alarm,
e.g. operationalised by acoustic parameters such as fundamental frequency or pitch range, or
by visual parameters such as size and blink frequency, increases the receiver’s perceived in-
tensity, respectively urgency, and the alarm detection rate (e.g. Braun & Shaver, 1999; Edwor-
thy, Loxley, & Dennis, 1991). The approach of matching the urgency conveyed by the alarm to
the urgency of the indicated event has been also referred to as urgency mapping (Hellier &
Edworthy, 1999). Perez, Kiefer, Haskins, and Hankey (2009) investigated the effectiveness of
visual FCAs with different levels of visual intensity (operationalised by location, luminance,
and size). Figure 2-2 illustrates the different types (left panel) and locations (right panel) of
the tested visual alarms. Each alarm was flashed at 4 Hz. With regard to alarm detection time,

results favoured the reflected Head-up Display (HUD) consisting of a strip of 10 horizontally
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aligned red light-emitting diodes (LEDs) positioned at the driver centreline (HUD-10 in Fig-

ure 2-2).

\

Head-Up

~ = High Head-Down

Instrument Panel

Figure 2-2. Close-up views of visual component of FCAs that were compared by Perez et al.
(2009). HHDD = high head-down display positioned, HUD = Head-up display, IP = Instrument
Panel. The numbers in the left panel reflect the number of consisting elements (e.g. LEDs).

A further requirement for alarms to be effective is their ability to detect hazardous events
(Bustamante, 2008). In order to provide alarms in response to hazardous events, ADAS repre-
sent sensor-based systems that activate alarms when thresholds predefined by the system
designer are violated (Bliss & Gilson, 1998). Within the alarm activation process, the ADAS has
to sense, analyse, predict, and assess the risk of events in the environment as a basis for alarm
activation. This process is illustrated on the left panel of Figure 3-1. On the sensing level, the
ADAS uses its sensors (e.g. radio detection and ranging (radar), camera) to continuously mon-
itor the environment around the vehicle, such as the distance to other road users and their
velocity. Additionally, vehicle-to-vehicle and vehicle-to-infrastructure (V2X) communication
technology enable the system to be aware of upcoming changes in the environment that are
not yet perceptible for the driver, e.g. an approaching vehicle at an intersection or a changing
traffic light status. Concurrently, in-vehicle sensors measure the ego vehicle’s dynamic state
(e.g. velocity and yaw rate) and input control information (e.g. steering wheel angle and pedal
position). On the level of situation analysis, objects and parameters measured by different
sensors are merged to a holistic representation of the situation. Based on the situation analy-

sis, the system predicts a future status within the next few seconds (prediction level). FCA
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systems use the TTC criterion as physical measurement to predict the position of the ego ve-
hicle in relation to other objects. The TTC represents the time required for two road users to
collide if they remain on the same path at constant speed. It is calculated by the distance
between two road users divided by their relative velocity (Janssen & Nilsson, 1991). In a situ-
ation with a decelerating lead vehicle, the so-called Enhanced TTC (ETTC) calculation addition-
ally considers the relative deceleration (Winner, Hakuli, Lotz, & Singer, 2015). To assess the
risk of the current situation, the system compares currently measured values to threshold val-
ues that system designers have predefined as critical. As soon as current values fall below
predefined thresholds, the system evaluates the situation as critical. As a consequence, the
system issues an alarm. Environmental events with identical physical measurements result in

the same level of risk assessment every time they fall below a predefined threshold.

This section demonstrated that prior research has already clarified how to develop alarms that
effectively attract drivers’ attention and provoke quick reactions. Moreover, alarms must be
associated with hazardous events. The following section provides an overview of the effec-
tiveness of alarms provided by ADAS under the condition that the system was able to reliably

detect an external hazard.

2.2.3 Effects of Alarms on Driving Performance

This section reports research results that provided insights into the circumstances under
which drivers benefit from alarms provided by ADAS. In the reported studies, alarms were
always associated with an actual hazardous event or, at least, with the instruction to immedi-
ately respond to the alarm. The findings are reported separately on the three levels of situa-

tion awareness (perception, comprehension, and anticipation).

In contrast to human perception, system sensing with sensors is independent of monitoring
failures, such as visual distraction (see Section 2.1.3; Jones & Endsley, 1996). Additionally, V2X
communication technology and radar sensors enable the system to sense upcoming changes
in the environment that are not yet perceptible for the driver, e.g. due to sight obstructions
or bad visibility conditions. Prior research has found that visually distracted drivers benefited
from FCAs. Compared to non-assisted driving, FCAs reduced the number of collisions (Kramer,
Cassavaugh, Horrey, Becic, & Mayhugh, 2007; Lee et al., 2002), the accelerator release time
in response to a hazard (Kramer et al., 2007; Lees & Lee, 2007), and the collision velocity (Lee

et al., 2002). Additionally, FCAs increased the safety margin to the lead vehicle in safety critical
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situations measured by headway and minimum TTC (Dingus et al., 1997; Lee et al., 2002; Maltz
& Shinar, 2007). In some of the reported studies, alarms even improved driving performance
in comparison to non-assisted driving when drivers were visually attentive (Kramer et al.,
2007; Lee et al., 2002). Moreover, Naujoks, Grattenthaler, Neukum, Weidl, and Petrich (2015)
found that alarms reduced the number of critical encounters with obstructed as well as with
free view on the opposing road user compared to non-assisted driving. Concerning bad visi-
bility conditions, alarms could increase safety margins to a lead vehicle in clear as well as in
bad visibility conditions in comparison to non-assisted driving (Janssen & Thomas, 1997). In
summary, alarms improved driver performance when the system had advantages over drivers’
perception and also when drivers were able to perceive a hazardous event independently of

the system.

In contrast to the system’s situation analysis, human comprehension can be impaired by mis-
takes in cognitive processing caused by incomplete and incorrect schemata or cognitive dis-
tractions (see Section 2.1.3; Jones & Endsley, 1996). Reinmueller et al. (2018) found that driv-
ers who were cognitively distracted by a passenger conversation reacted faster to multimodal
alarms (vibrotactile-auditory) than to unimodal alarms (auditory-only). However, the same ef-
fect was found when drivers were not engaged in a passenger conversation. As there was no
control group without assistance, the study did not provide knowledge if alarms improved the
performance of cognitively distracted drivers compared to non-assisted driving. Stahl, Don-
mez, and Jamieson (2016) examined the effect of an assistance system that intended to sup-
port drivers’ comprehension (conscious perception) of relevant environmental cues on driving
performance of experienced and novice drivers. The system highlighted relevant cues and dis-
played a warning message on a display (e.g. “Slow Tractor Ahead!”). While the assistance had
no impact on driving performance of experienced drivers, it improved performance of novice
drivers compared to non-assisted driving. When being assisted by the system, the driving per-
formance of novice drivers matched those of experienced drivers. Additionally, novice drivers
rated the system to be more useful than experienced drivers. The findings suggested that only
those drivers whose schemata were incomplete (novice drivers) benefited from the assis-
tance. The assistance could not further increase the performance of experienced drivers as
they already had well-developed schemata which enabled them to direct their attention to
relevant cues and to process their meaning (see Section 2.1.2.3). To sum up, drivers benefited

from driver assistance when the system had advantages over drivers’ comprehension due to
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cognitive distraction and incomplete schemata. When drivers’ comprehension was not im-
paired, the reported studies provided inconsistent results on the effectiveness of driver assis-

tance.

While the system bases its prediction on physical measurements, human anticipation might
be impaired by previous expectations that are not met in the current situation or by incorrect
or incomplete schemata (see Section 2.1.3; Jones & Endsley, 1996). As long as drivers were
able to anticipate conflict situations, Schmidt (2012) found that non-assisted drivers reacted
as fast and as good as assisted drivers to a lead vehicle conflict. When the anticipation of an
upcoming conflict was difficult because the conflict partner’s behaviour contradicted drivers’
initial expectations or the conflict suddenly arose without previous cues, alarms reduced re-
action times and the frequency of safety critical encounters compared to non-assisted driving
(Naujoks et al., 2015; Schmidt, 2012). The study by Stahl et al. (2016) (see previous paragraph)
additionally examined the effect of an assistance system that intended to support drivers’ an-
ticipation of future developments on driving behaviour. Therefore, an interface displayed
likely consequences of a certain event (e.g. “Slow Tractor Ahead! Be aware of Braking Vehi-
cles!”). While the system improved the driving performance of novice drivers compared to
non-assisted driving, it had no impact on performance of experienced drivers. With system
support, the driving performance of novice drivers matched those of experienced drivers. Ad-
ditionally, novice drivers rated the system to be more useful than experienced drivers. The
results suggested that assistance could complement novice drivers’ incomplete schemata
about stereotypical traffic situations that allow for the anticipation of certain events in the
near future. As these schemata of experienced drivers were already complete, their perfor-
mance did not differ with and without assistance (see Section 2.1.2.3). Taken together, the
results provide evidence that alarms improved driver performance when the system had ad-
vantages over drivers’ anticipation. Alarms did not improve the performance of drivers who

were able to anticipate an upcoming hazardous event themselves.

In conclusion, prior research showed that alarms improved driver performance when the sys-
tem had advantages over drivers’ perception, comprehension, or anticipation. However, driv-
ers still benefited from alarms when they were able to perceive a hazardous event inde-
pendently of the system. When drivers’ comprehension was not impaired, two studies pro-

vided contradictory results concerning the effectiveness of driver assistance (Reinmueller et

33



2 | Theoretical Background

al., 2018; Stahl et al., 2016). Drivers who were able to anticipate an upcoming hazardous event
themselves did not benefit from alarms (Schmidt, 2012; Stahl et al., 2016). The reported stud-
ies investigated the effectiveness of perfectly reliable alarm systems. However, the develop-
ment of reliable alarm systems whose alarms are always associated with a real hazardous
event is very challenging. The following section addresses this challenge and provides insights
into the effects of unreliable systems on operators’ alarm responses and their subjective eval-

uations.

2.3 Alarm Systems with Low Reliability

Given a perfectly reliable alarm system, alarms have a positive effect on driver performance.
Ideally, systems should only activate alarms in presence of an actual hazard. However, pre-
sent-day alarm activation algorithms are not perfectly reliable in detecting truly hazardous
events. Section 2.3.1 refers to the signal detection theory to describe the alarm system’s per-
formance to discriminate between hazardous and non-hazardous events. Moreover, the fol-
lowing sections deal with the effects of perceived system reliability influenced by unnecessary

and false alarms on drivers’ behaviour and their subjective evaluations.

2.3.1 Signal Detection Theory

The Signal Detection Theory (SDT) can be utilized to describe the performance of an alarm
system to discern between hazardous and non-hazardous events (Green & Swets, 1966). Orig-
inally, the SDT was developed to determine absolute thresholds with regard to questions of
psychophysics. Later, this theory was applied to describe human sensory discrimination
(Swets, 2014). The aim was to quantify sensory thresholds, more specifically the ability of a
human to detect a signal (e.g. tone) embedded in noise (background interference). This ability
is described by the sensitivity parameter d’. The human needs to set a response criterion along
a probabilistic decision variable which is referred to as beta f. Dependent on the two param-
eters d’ and S, there are four possible outcomes shown in the left panel of Figure 2-3. Correct
responses represent either a hit when a present signal is detected or a correct rejection when
an absent signal is not detected. Two types of errors may occur. A miss indicates the outcome
when a present signal is not detected. A false alarm occurs when an absent signal is detected

by mistake.
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This theory can be applied to ADAS that need to detect hazardous events (signal-plus-noise)
in non-hazardous normal conditions (noise-alone). This ability represents the sensitivity pa-
rameter d’ of the classic SDT and depends basically on the sensor quality. Analogously to the
original sensory discrimination task, a response criterion f must be set. In the context of alarm
systems, “decision threshold” seems to be the more appropriate term. Human observers set
their response criterion in accordance with perceptions of prior probabilities. In contrast,
ADAS use decision thresholds that were pre-set by system designers. The performance of the
alarm system (right panel of Figure 2-3) is dependent on the combination of the ability to
detect a hazardous event (d’) and the decision threshold (£). A hit would be classified as an
alarm associated with a hazardous driving situation. A correct rejection occurs when the sys-
tem does not issue an alarm while no hazardous event takes place. The situation when sensors
fail to detect a hazardous event and the system does not issue an alarm is referred to as a
miss. Sources of this error type may be poor visibility caused by darkness or rain. False alarms
are triggered in absence of a hazardous event and are usually activated by sensor noise or
system malfunction without apparent trigger. Therefore, their activation is usually not com-

prehensible for drivers (Lees & Lee, 2007).
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Figure 2-3. Classic signal detection theory used for human sensory discrimination (left) and
hazard discrimination of ADAS (right).

Based on SDT, there exists a trade-off between misses and false alarms. When setting the
decision threshold of an alarm system, the cost of a miss versus a false alarm needs to be
considered (Parasuraman, Hancock, & Olofinboba, 1997). As no alarm system is perfectly re-

liable, system engineers have to decide which type of error is more tolerable. In a safety-re-
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lated environment, misses are often considered to be more dangerous than false alarms (Ler-
ner, Dekker, Steinberg, & Huey, 1996). For example, a smoke detector that fails to detect the
smoke (miss) has much higher negative consequences than a smoke detector that triggers a
false alarm. Abe, Itoh, and Tanaka (2002) showed that misses decrease system trust more
seriously than false alarms. However, other studies revealed a detrimental effect of false
alarms on performance during subsequent events (see Section 2.3.4). Therefore, some re-
searchers have recommended avoiding false alarms with the same or even higher priority than
misses (Chancey, Bliss, Liechty, & Proaps, 2016; Dixon, Wickens, & McCarley, 2007; Navarro
et al., 2018). In practice, however, system designers tend to follow the so-called “engineering
fail-safe approach” by setting the decision threshold of alarm systems low enough to alert
operators of even the slightest possibility of a hazardous event (Swets, 1992). This approach
leads to the problem that minimizing the probability of misses inevitably increases the proba-
bility of false alarms. High false alarm rates do not only result from a liberal decision threshold,
but also from a low base rate of real-world hazardous events (Parasuraman et al., 1997). Far-
ber and Paley (1993) estimated a base rate of 173 crashes for every million lead vehicle stops
for freeway driving. According to data published by the German Federal Statistical Office
(2017), there are about 12 million kilometres between two accidents involving personal injury

on German motorways.

In terms of SDT, the system reliability represents the percentage of events that the system
correctly identified as hazardous or non-hazardous. More specifically, it is defined by the rel-
ative proportion of hits and correct rejections out of all possible events (Wiczorek & Manzey,
2010). The alarm reliability is referred to as the “positive predictive value” and describes the
probability that an alarm truly indicates a hazardous event (ratio of hits over all alarms; Getty,
Swets, Pickett, & Gonthier, 1995). System reliability and the positive predictive value of an
alarm decrease with an increasing number of false alarms. When talking about system relia-
bility, it is necessary to discern between subjectively perceived and objective system reliabil-
ity. The following section addresses this differentiation and introduces the meaning of unnec-

essary alarms.
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2.3.2 Perceived System Reliability: Unnecessary Alarms

Based on the classical SDT, objective system reliability depends on the system’s ability to cor-
rectly discriminate between hazardous and non-hazardous events and on the pre-set decision
threshold. However, objective system reliability might diverge from operators’ subjectively
perceived system reliability (Sullivan, Tsimhoni, & Bogard, 2008). If operators believe that cer-
tain activated alarms occurred in absence of credible hazardous situations, their perceived
system reliability might be low even though the alarm activation was correct according to the
implemented system algorithm (Lerner et al., 1996; Sullivan et al., 2008). The system would
classify these alarms as hits, while they are subjectively perceived as unnecessary by the hu-

man operator.

Unnecessary alarms are “associated with a situation judged hazardous by the designer,
but not by the driver. The driver can understand what triggered the alert” (Lees & Lee,

2007, p. 1267).

Unnecessary alarms could be caused by the system’s sensitivity parameter d’ as well as by its
decision threshold f. Additional to the sensor quality, the sensitivity parameter depends on
the parameters selected by the system designer to define a hazardous event. It is conceivable
that drivers consider other or additional parameters than the system to detect a hazardous
situation. Moreover, the system’s decision threshold to activate alarms does not necessarily
always match operators’ decision criterion regarding hazardous events. Table 2-2 demon-
strates that unnecessary alarms result from a mismatch between the system’s and the driver’s
hazard classification and evaluation of activated alarms. While objective system reliability only
takes real false alarm rates into account, operators’ perceived system reliability considers false

as well as unnecessary alarms.
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Table 2-2

Comparison of Hazard Classification and Evaluation of Activated Alarms between System and
Driver

System Driver

Hazard classification Alarm evaluation Hazard classification Alarm evaluation

= Event hazardous Correct alarm
Event hazardous Correct alarm

# Event non-hazardous Unnecessary alarm
# Event hazardous Correct alarm

Event non-hazardous False alarm
= Event non-hazardous False alarm

The following paragraphs describe results of interview studies and naturalistic driving studies
that provided insights into the prevalence of unnecessary collision alarms under naturalistic

driving conditions.

In three different interview studies, owners of vehicles equipped with FCA systems were asked
about their experiences. In a study by Braitman, McCartt, Zuby, and Singer (2010), 43 % of the
380 participants reported that they received FCAs perceived as false or unnecessary. The au-
thors concluded that it was “clear that the systems sometimes warn when drivers do not think
the warnings are necessary” (Braitman et al., 2010, p. 276). In another study, 37 % of the 155
respondents commented that they received FCAs while not perceiving a crash risk (Eichel-
berger & McCartt, 2014). Analysing interviews with 183 additional drivers, Eichelberger and
McCartt (2016) found that the likelihood to perceive certain FCAs as unnecessary differed by
driver age and gender. While 36 % of drivers younger than 41 years indicated having received
unnecessary alarms, only 12 % of drivers older than 60 years made this experience. Men were
more likely than women to indicate that they have perceived FCAs as unnecessary (21% of
male and 8% of female participants). Additionally, 63 % of 108 participants who took partin a
naturalistic driving study with an integrated FCA system reported that they received alarms
when they did not need them (Nodine et al., 2011). A shortcoming of all studies was that it
was not possible to determine how many of the mentioned alarms were, by definition, false

or unnecessary.

A naturalistic driving study by General Motors Corporation (2005) analysed 137,000 miles of

driving of 96 participants who used an FCA system over a period of 12 months. To understand
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system performance and drivers’ alarm responses, the context surrounding imminent FCAs
was classified into different scenarios. Results revealed that only 27% of all FCAs could be
categorized as useful correct alarms. In these situations, the lead vehicle decelerated or
stopped and remained in the same lane as the ego vehicle. Drivers responded to these alarms
with braking in 88 % of the time. According the definition by Lees and Lee (2007), 32% of all
FCAs could be roughly classified as unnecessary. In these situations, a lead vehicle has been
present as apparent alarm trigger and the TTC fell below the alarm activation threshold. Thus,
alarm activation was correct according to the implemented algorithm. However, the potential
conflict usually dissolved through a divergence in the paths of the two involved vehicles.
Shortly after the alarm has been activated, either the ego or the lead vehicle changed lanes or
turned (Figure 2-4). Drivers braked in response to these alarms in only 30% of the time. Most
remaining alarms have been activated by roadside objects that did actually never lie in the
path of the ego vehicle. These potential conflicts dissolved by lateral movements of the ego
vehicle. According to Lees and Lee (2007), these alarms can be classified as nuisance alarms.
In contrast to unnecessary alarms, nuisance alarms are not intended by the system designer
and are typically triggered by out-of-path objects. In a focus group that was executed after
study participation, participants frequently reported that they received more FCAs than they

believed were truly necessary.

Figure 2-4. lllustration of two possible reasons for activations of unnecessary collision alarms
identified in the naturalistic driving studies. Either the ego vehicle (= Option 1) or the lead
vehicle (= Option 2) turned or changed lanes. Ego vehicle = green; lead vehicle = grey.

Ten years later, another naturalistic driving study with almost 2000 participants and 200,000
recorded events was conducted over a period of 12 months (Flannagan et al., 2016). Table 2-3
provides an overview of FCA rates and braking response rates of this study compared to the
study by General Motors Corporation (2005). The results showed that only 19.4% of all FCAs
were useful correct alarms as they were issued in predefined use cases for preventing rear-
end collisions, particularly when approaching a stopped or braking lead vehicle. In response

to these alarms, drivers braked in 76 to 81 % of the time. 47 % of all FCAs could be categorized
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as unnecessary alarms activated in situations in which either the ego or the lead vehicle turned
or changed lanes within four seconds after the FCA (see explanation in previous paragraph
and Figure 2-4). Drivers responded to these alarms with braking in only 19% of the time with
average decelerations of only 0.4 m/s%. The rate of nuisance alarms (2 %) activated by out-of-
path events reduced to a large extent in comparison to the previous study by General Motors
Corporation (2005). The remaining FCAs were triggered when approaching a slower or accel-
erating lead vehicle (31%). These alarms can neither be clearly categorized as hits nor as un-

necessary alarms.

Table 2-3

Comparison of FCA Rates and Braking Response Rates between Different Scenarios in the Nat-
uralistic Driving Studies by General Motors Corporation (2005) and Flannagan et al. (2016)

General Motors Corporation Flannagan et al. (2016)
(2005)
Scenarios FCA rate Braking FCA rate Braking
response rate response rate

EV and LV remained in the same 27% 88%
lane

LV stopped or decelerated (= Hit) 19.4% 76 -81%

No differentiation between

LV was slower or accelerated these sub-scenarios 31% 46%

EV or LV left the common lane 32% 30% 47 % 19%

(=Unnecessary alarm)

Out-of-path object or vehicle 36% n/a 2% 34%
(= Nuisance alarm)

Other 5% n/a n/a n/a

Note. EV = ego vehicle, LV = lead vehicle.

To sum up, the results of the interview studies and naturalistic driving studies suggested that
drivers regularly experience unnecessary alarms when interacting with FCA systems. Data of
the naturalistic driving studies revealed that drivers’ alarm responses to the same alarm type
greatly varied dependent on the context. The following section describes the decision-making

process for alarm response execution and provides a categorization of alarm responses.
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2.3.3 Decision-making Process for Alarm Response Execution

Dependent on the detection performance of an alarm system, there are different actions an
operator can take in response to an absent or present alarm. This section elucidates the deci-
sion-making process for alarm response selection and provides an overview about possible

alarm responses.

Sorkin and Woods (2009) consider the successful use of an automated alarm system as a com-
bination of the correct detection of both the system and the operator. This approach is re-
ferred to as two-stage detection system (Sorkin & Woods, 2009). First, SDT can be used to
describe the performance of an alarm system with regard to hazard detection. As a next step,
the output of the system serves as input for the operator. Operators’ alarm response is based
on two cognitive processes: detection and decision (Swets, 2014). As alarm signals in immi-
nent situations are usually designed to be salient enough to attract operators’ attention, de-
tection does not play an important role to describe alarm response selection (Bustamante,
2008; Edworthy & Stanton, 1995). In the following, it is always assumed that the operator has

successfully detected the alarm.

Decision-making plays an important role in alarm response selection (Bustamante, 2008).
Every time the alarm system issues an alarm, the operator has to decide whether and how to
respond. Selecting an appropriate alarm response to different types of alarms requires atten-
tion management in order to dynamically prioritize and allocate attentional resources to sev-
eral parallel threads of activity (Woods, 1995). Once an alarm has been successfully detected,
the receiver has to combine the alarm with additional information extracted from the envi-
ronment and with knowledge stored in long-term memory to analyse the nature of the alarm
and the underlying alarm trigger (Wogalter, Deloy, & Laughery, 1999). In consideration of all
available information, receivers need to cross-check the validity of the alarm and evaluate the
expected value of the outcome of different possible actions (Meyer, 2004; Wiczorek & Man-
zey, 2011). This cross-check is often difficult and time consuming and is, therefore, associated
with effort (Wiczorek & Manzey, 2011). Due to incomplete available information, alarm re-
sponse selection is usually a decision under uncertainty (Meyer, 2004). In some situations,

there are no further available information to cross-check the validity of the alarm. Finally, the
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receiver selects the action with the highest expected value of a positive outcome and the low-
est probability of a negative outcome. The most appropriate alarm response is highly depend-

ent on the classification of an alarm as hit, false alarm, or unnecessary alarm.

Hazard present Hazard absent

Alarm present

Hit / Correct alarm

Alarm absent
Miss

Alarm present

False alarm

Alarm absent

Correct rejection

(1) Necessary

(3) Necessary

(5) Unnecessary

(7) Unnecessary

Response present response: response: response: response:
Correct Correct Commission error Error
(2) Missing (4) Missing (6) No unneces- (8) No unneces-
Response absent response: response: sary response: sary response:
Error Omission error Correct Omission Correct

Figure 2-5. Categorization of operators’ alarm response dependent on the system’s previous
hazard detection performance.

According to Sorkin and Woods (2009), SDT can also be used to categorize driver reactions in
situations with and without an alarm. Figure 2-5 displays the categorization of operators’ re-
sponses dependent on the system’s previous hazard detection performance. According to
Meyer (2004), there are two forms of responses to alarm systems: compliance and reliance.
The response when drivers act according the alarm signal and take an evasive action is re-
ferred to as compliance. Reliance means that operators refrain from performing an action as
long as the alarm system does not issue an alarm. Reliance and compliance can cause correct
as well as erroneous alarm responses. Under the condition that neither a hazard nor an alarm
is present (correct rejection), reliance leads to the correct response to not take any action
(Cell 8 in Figure 2-5). However, reliance can also cause so-called omission errors (Cell 4 in Fig-
ure 2-5) which denote an absent response to a hazardous event not detected by the alarm
system (Mosier & Skitka, 1996). Reliance will not be further addressed in this thesis. Compli-
ance can cause operators to take an evasive action in response to a hit which represents a
correct and necessary response (Cell 1 in Figure 2-5). However, taking an evasive action in
response to false alarms can be denoted as erroneous unnecessary response (Cell 5 in Fig-
ure 2-5). Actions in which operators incorrectly follow activated alarms without verifying it
against other available information are defined as commission errors, e.g. when a driver
brakes in response to a false collision alarm (Mosier & Skitka, 1996). Instead, the correct re-
sponse to false alarms would be to ignore the alarm and to refrain from taking evasive actions.

This response is referred to as correct omission in this thesis (Cell 6 in Figure 2-5). A lack of
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compliance can cause an erroneous response when the operator ignores a correct alarm
(Cell 2 in Figure 2-5). Not responding to correct alarms in hazardous situations usually has
harmful consequences. The phenomenon when people rely too strongly on the detection per-
formance of an alarm system and ignore other information resulting in commission and omis-
sion errors is also referred to as complacency (Parasuraman, Molloy, & Singh, 1993), misuse
of automation (Parasuraman & Riley, 1997), or automation bias (Mosier, Skitka, Heers, & Bur-

dick, 1998).

Consequently, it does not necessarily reflect safe behaviour to unconditionally take evasive
actions in response to an alarm and to not take an action in absence of an alarm. However, it
must be considered that a binary categorization of alarm responses as absent or present is a
simplified representation of the real world. In the driving context, drivers do not always simply
decide to either ignore or to respond to an alarm. Alarm responses can vary from light and
short to strong and prolonged braking. With a binary decision, both responses would be
equally classified as present response. Therefore, the classification table in Figure 2-5 includes
an arrow next to the alarm response cells to illustrate that operator responses to alarms can

be better quantified on a continuum than with a binary decision criterion.

With regard to unnecessary alarms, the most desirable alarm response would be a response
omission (Cell 6 in Figure 2-5). Analogously to false alarms, evasive actions in response to un-
necessary alarms could be interpreted as commission errors (Cell 5 in Figure 2-5). However, it
is important to consider that unnecessary alarms are activated by an apparent alarm trigger,
such as another vehicle (Lees & Lee, 2007). Therefore, drivers may perform an unnecessary
alarm response because the cost of missing a necessary evasive action would be very high.
Making a “commission error” in response to unnecessary alarms is not necessarily an errone-
ous response. It depends on the intensity of the alarm response. An alarm response that con-
stitutes releasing the accelerator pedal or a light braking response would be less hazardous as
abrupt and strong braking. Nevertheless, unnecessary alarms may provoke evasive actions

which drivers would not have taken without being warned in a certain situation.

The following section provides an overview of empirical research which investigated the im-

pact of false and unnecessary alarms on drivers’ alarm responses.
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2.3.4 The Effects of False and Unnecessary Alarms on Driver Behaviour

Previous research showed that operators’ compliance with alarms is likely to change over time
(for a definition of compliance, see Section 2.3.3). Various studies in the driving context found
an effect of frequently issued false alarms on drivers’ compliance with correct alarms. Low
compliance was manifested through longer reaction times (e.g. Sullivan et al., 2008; Yamada
& Kuchar, 2006), decreased reaction rates (Bliss & Acton, 2003), and reduced reaction inten-
sity to correct alarms (Lees & Lee, 2007). This phenomenon is referred to as cry wolf effect
(Breznitz, 1984). It has been named after the story of “the shepherd who cried wolf” that ap-
pears in Aesop’s Fables. The fable is about a shepherd boy (= alarm system) who has warned
the villagers (= system operators) of the wolf (= hazardous event) that wanted to enter the
village to kill their sheep (= harmful consequence) for many times. However, the villagers
never saw the wolf because it ran back to its hiding place (= false alarms). At the beginning,
the villagers complied with the shepherd’s alarms and came unnecessarily to defend their
sheep (= commission error; Cell 5 in Figure 2-5). One day, the shepherd cried wolf again but
nobody else came to help him in order to defend the sheep (= missing response to correct
alarm; Cell 2 in Figure 2-5). On that day the wolf made his move. Operators’ compliance with
alarms is assumed to change over time due to adaptive learning processes (Meyer, 2001). On
the first exposure to an alarm system, operators have initial beliefs and prior knowledge about
the system and its reliability. The interaction with low-reliable systems shape their beliefs and
knowledge about the system (Meyer, 2001; Sullivan et al., 2008). Dependent on the propor-
tion of alarms that truly require an evasive action due to a present hazardous event (positive
predictive value), operators adjust their response criterion d’ over time by adopting a lower
setting (Maltz & Shinar, 2004; Meyer, 2001). Therefore, their compliance decreases and alarm

responses become less likely and intense.

The cry wolf effect could be psychologically explained by the experienced contingency be-
tween alarm presentation and the need for reaction. In their study, Kiesel and Miller (2007)
varied the contingencies between accessory tones and the need for reaction in a reaction time
task. Participants were instructed to respond as quickly as possible to a visual stimulus (go
trials) and to not respond when no visual stimulus was presented (no-go trials). To vary the
contingency of accessory stimulation with response, one group received the accessory tone in
75% of all go trials and in 25 % of all no-go trials. For the other group, this ratio was reversed.

Response times to accessory tones were much faster in the group with a more frequent
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presentation of accessory tones in go trials than in the group with a more frequent presenta-
tion in no-go trials. Therefore, accessory stimuli slowed down reaction times when they usu-
ally occurred together with the no-go trials compared to a more frequent combination with
go trials. Alarm systems with a low contingency between issued alarms and operators’ need
to respond to the alarm could similarly slow down response times to correct alarms (= go tri-
als). Accessory stimuli in no-go trials have similarities with false alarms and in go trials with

correct alarms.

Studies that examined the effect of unnecessary alarms on compliance with correct alarms
provided contradictory results. In a driving simulator study by Cotté, Meyer, and Coughlin
(2001), drivers either received unnecessary alarms with objects on the roadside as alarm trig-
gers or false alarms without apparent alarm triggers. Low-reliable alarm systems with a high
rate of unnecessary alarms as well as false alarms decreased compliance compared to a high-
reliable system with less frequent malfunctions. Moreover, a naturalistic driving study by Sul-
livan et al. (2008) aimed to investigate if drivers’ perceived reliability of prior system perfor-
mance determines their response time to subsequent alarms. Therefore, responses of 42 driv-
ers to LDWs over a 3-week interval were measured. Alarms could be defined as unnecessary
when drivers crossed the lane marking, but no steering response to the alarm was observed
with a 6-s time window. Drivers responded faster to LDWs when they had previously experi-
enced a correct alarm rather than an unnecessary alarm. The authors concluded that the per-
ceived reliability of the alarm system has influenced the latency to initiate an alarm response.
The results by Sullivan et al. (2008) suggested that, in a naturalistic driving set, the experience
of unnecessary LDWs negatively influenced compliance with subsequent alarms in terms of
longer alarm response times. In contrast, in two driving simulator studies, compliance with
correct alarms was even higher for drivers who experienced a system that regularly issued
unnecessary alarms than for drivers who used a perfectly reliable system (Lees & Lee, 2007;
Naujoks et al., 2016). Compliance was measured by brake reaction time, brake response fre-
guency, and the magnitude of speed reduction. In both studies, unnecessary alarms were
caused by another road user whose behaviour was neither predictable for the system nor for
the driver. For example, a vehicle was arriving from the side and finally stopped before it could
have taken the participant’s right of way. The authors assumed that this finding might be ex-
plained by drivers’ opportunity to understand the process involved in the activation of an un-

necessary alarm, particularly the activation strategy. Their assumption is supported by the
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results of a study by Gérard and Manzey (2010). Participants were given the opportunity to
check the validity of issued alarms with available raw data. Even when interacting with a false
alarm prone system, results did not reveal an evidence for the cry wolf effect. Analogously,
operators who see and understand the trigger of an unnecessary alarm can cross-check the

alarm validity.

Apart from the effects of false and unnecessary alarms on operators’ alarm responses to cor-
rect alarms, it is important to examine operators’ direct responses to these alarm types. Are
operators able to ignore false and unnecessary alarms (= correct omission) or do they make
commission errors (Figure 2-5)? According to Posner, Nissen, and Klein (1976), urgent alarm
signals that include auditory accessory stimuli may cause an increase in commission errors.
Rather than considering all available information to cross-check the validity of the given alarm,
the arousing effect of auditory accessory stimulus may cause the operator “to respond sooner
to the information building up in his memory system” (Posner et al., 1976, p. 161). Addition-
ally, auditory accessory stimuli have been shown to affect response force indicating their in-
fluence on motor output processes (Miller, Franz, & Ulrich, 1999). Research on operators’ re-
sponses to false alarms revealed their general ability to behaviourally discriminate between
false and correct alarms. Compared to correct alarms, responses to false alarms are slower
(Abe et al., 2002; Maltz & Shinar, 2004), less frequent (Lees & Lee, 2007; Maltz & Shinar,
2007), and less intense (Lees & Lee, 2007). These effects were already present after short-
term exposure to the alarm systems. Moreover, it was found that the number of commission
errors increased with an increasing number of false alarms. When driving with a system that
issued false alarms in 25 % of the time, almost all false alarms (98.3 %) remained without driver
reactions (Cummings, Kilgore, Wang, Tijerina, & Kochhar, 2007). The correct omission rate
dropped to 60.7% with a false alarm rate of 75%. Similarly, Maltz and Shinar (2004) found
that an increased number of false alarms resulted in more unnecessary braking responses. In
both studies, decision accuracy was negatively related to system reliability. Operators’ re-
sponse criterion £ shifted downward with an increasing number of false alarms (see Sec-
tion 2.3.1). These findings show a tendency towards increased caution and, at the same time,

contradict the cry wolf effect.

A driving simulator study by Lees and Lee (2007) revealed short-term effects of unnecessary

alarms on alarm responses. The results showed that these alarms caused drivers to brake
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more often and more intensively than drivers who received false alarms or who did not receive
alarms in the same traffic situations. More specifically, drivers responded to unnecessary
alarms in 82% of the time with speed reductions of 12 km/h on average (speed limit of 56
km/h). In a study by Zarife (2014), drivers braked in 66 % of the time in response to a (generic)
unnecessary FCA. The study lacks a comparison to driver behaviour in the same situations
without unnecessary alarm. In both studies, unnecessary alarms were caused by other road
users whose behaviour was neither predictable for the system nor for the driver. For example,
a cyclist was approaching the road from the side and finally turned and drove along the side-

walk before it could have crossed the driver’s way (Figure 2-6).

Figure 2-6. Example of an unpredictable unnecessary alarm scenario in the study by Zarife
(2014).

Two naturalistic driving studies provided insights into driver responses to unnecessary alarms
for long-term system exposure (Flannagan et al., 2016; General Motors Corporation, 2005). In
the study by Flannagan et al. (2016), drivers responded with braking in only 19 % of the time
with average decelerations of 0.4 m/s?. The study by General Motors Corporation (2005)
found a braking response rate of 30% to unnecessary alarms. Importantly, the absence of
driver responses did not result in collisions. According to the implemented algorithm, unnec-
essary alarms were triggered by a stopped or braking lead vehicle (grey vehicle in Figure 2-7).
However, the ego and the lead vehicle did not remain in the same lane within four seconds

after the FCA. Data suggested that the ego driver (green vehicle in Figure 2-7) either ...

1. ...intentionally approached the lead vehicle as a prelude to change lanes or to turn (green

arrow in Figure 2-7) or

2. ... approached the lead vehicle as he or she was able to predict the other’s intention to

change lanes or to turn out of the lane in the near future (grey arrow in Figure 2-7).
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It is assumed that the ego driver could anticipate a dissolving outcome of the inter-vehicle

conflict and, thus, did not or only minimally respond to FCAs in these constellations.

Figure 2-7. lllustration of two possible reasons for activations of unnecessary collision alarms
identified in the naturalistic driving studies. Either the ego vehicle (= Option 1) or the lead
vehicle (= Option 2) turned or changed lanes. Ego vehicle = green; lead vehicle = grey.

Findings of the cited driving simulator studies and naturalistic driving studies might diverge
for two reasons. First, drivers’ ability to anticipate a dissolving outcome of a potential inter-
vehicle conflict might influence braking responses to unnecessary alarms. In the simulator
studies, drivers could not anticipate the behaviour of the other road users (Lees & Lee, 2007;
Zarife, 2014). In the field studies, drivers were presumably able to predict their own subse-
guent actions and those of other road users (Flannagan et al., 2016; General Motors Corpora-
tion, 2005). Second, long-term system experience might change the way drivers respond to
unnecessary alarms. In the short term, the process of validating an alarm might be more de-
manding for unnecessary than for false alarms. In contrast to false alarms, there is an apparent
alarm trigger for an unnecessary alarm (Lees & Lee, 2007). Therefore, drivers need to addi-
tionally comprehend and anticipate if the alarm trigger constitutes a hazard within the next
few seconds or not. Prior research showed that the process of validating an alarm requires
cognitive resources (Gérard & Manzey, 2010). Without prior experience with situations that
usually activate unnecessary alarms, braking responses of moderate intensity might appear to
have a lower probability of a negative outcome than not responding to the alarm and taking
the risk of a missing response. Such an automated alarm response represents skill-based be-
haviour (Rasmussen, 1983) and does not require much cognitive resources (see Section 2.1.1).
However, as the number of experienced unnecessary alarm situations increases, drivers might
develop a schema consisting of traffic constellations that typically activate unnecessary
alarms. As a consequence, the process of cross-checking the validity of unnecessary alarms
might require less cognitive resources when already expecting a potential alarm activation.
Thus, drivers might learn to select a less intense alarm response or to completely ignore the

alarm. This assumption is supported by the finding that alarm rates decreased over time in
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the scenarios where the ego and the lead vehicle did not remain in the same lane after the
FCA was issued (Flannagan et al., 2016). The authors argued that drivers were able to antici-

pate these scenarios and adjusted their behaviour to avoid setting off an alarm.

In conclusion, the research reported in this section showed clear effects of false alarms on
drivers’ compliance with correct alarms and that drivers are generally able to discriminate
their alarm responses to false and correct alarms. However, the impact of unnecessary alarms
on driver behaviour remains unclear. Overall, unnecessary alarms seem to have a less negative
impact on driver behaviour than false alarms. However, it was shown that unnecessary alarms
can result in unnecessary braking reactions under certain circumstances. The following section
provides an overview of studies that examined how drivers subjectively perceive and evaluate

receiving false and unnecessary alarms.

2.3.5 Subjective Evaluations of False and Unnecessary Alarms

Previous research showed that frequently issued false alarms reduce operators’ trust in the
system (Abe et al., 2002; Chancey, 2016; Madhavan, Wiegmann, & Lacson, 2006; Naujoks et
al., 2016; Wiczorek & Manzey, 2010), system acceptance (Lerner et al., 1996), perceived ease
of use, and perceived usefulness (Naujoks et al., 2016). Additionally, operators are annoyed
by false alarm prone systems (Lerner et al., 1996; Navarro et al., 2016). Systems with higher
reliability are perceived as safer, more pleasing, and agreeable than low-reliable systems (Na-
varro et al., 2016; Yamada & Kuchar, 2006). These results might be explained by findings of
cognitive psychology. Humans are more likely to efficiently process and recall information or
experiences that are inconsistent with their initial expectations (schemata) than consistent
information (Ruble & Stangor, 1986; Smith & Graesser, 1981). Therefore, errors made by an
alarm system might negatively influence operators’ subjective evaluations of this system if
they initially possessed a schema in which the system works perfectly. However, in a study by
Naujoks et al. (2016), false alarms had no impact on participants’ intention to use the alarm

system.

The impact of unnecessary alarms on drivers’ subjective evaluations is less clear than that of
false alarms. In a driving simulator study by Naujoks et al. (2016), both unnecessary and false
alarms resulted in lower ratings of subjective system reliability compared to a perfectly relia-
ble system. However, in comparison to a perfectly reliable system, unnecessary alarms did not

decrease perceived ease of use, usefulness, and trust, while false alarms had a negative impact
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on these variables. In another driving simulator study, Zarife (2014) found that unnecessary
alarms were subjectively rated as very little or little useful. In this study, unnecessary alarms
were either generic or combined with information about the alarm object cue. Unnecessary
alarms with object cues resulted in higher acceptance ratings than generic unnecessary alarms
as the cues might have helped drivers to identify the possibly hazardous object. In line with
this finding, Cotté et al. (2001) reported that the ability to see the trigger of unnecessary
alarms led older drivers to express greater subjective tolerance for this kind of alarm than for
false alarms. Overall, the tendency to perceive unnecessary alarms as less negative than false
alarms might be caused by drivers’ ability to understand what triggered the alarm in order to

verify its validity.

In an interview study by Braitman et al. (2010), 21% of all respondents indicated that they
disliked receiving false or unnecessary alarms. In a naturalistic driving study by Nodine et al.
(2011), the rate of annoyance due to unnecessary alarms differed dependent on drivers’ age.
While 56 % of younger and 42 % of middle-aged drivers who reported to have received unnec-
essary alarms were annoyed by these alarms, only 17 % of older drivers reported annoyance.
Younger drivers were also more likely to report that they received too many unnecessary

alarms than older drivers.

The authors of another naturalistic driving study assumed that alarms issued in situations with
a dissolving conflict (= unnecessary alarms) were associated with negative ratings of useful-
ness and acceptance of the FCA system (General Motors Corporation, 2005). As suggestions
for improvement, the two ideas most frequently mentioned in a focus group discussion con-
ducted after study participation were to reduce the rate of nuisance and false (= unnecessary)
alarms, and to provide the possibility to turn the FCA system off under certain traffic condi-
tions. Another suggestion was that drivers could tell the system which alarms they felt were
false or unnecessary. Hence, the system could adapt to their personal driving styles. Flannagan
et al. (2016) defined the system deactivation rate (off setting choice) as the primary measure
of system acceptance in the field. The results suggested that the number of issued alarms, the
alarm modality, and driven miles (odometer) with the LDW system influenced drivers’ choice
to deactivate the system. The odds ratio of system deactivation increased by 4 percent with

every additional alarm on a trip. The LDW system off time was 38 % with haptic seat and 71%
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with auditory alarm. The deactivation rate was lower for the FCA than for the LDW system.

The FCA system off time was 6 % with haptic seat and 17 % with auditory alarms.

Farber and Paley (1993) argued that a hit rate of 100% and a false alarm rate of 0% is not
desirable. When using a perfectly reliable system, drivers would experience the first alarm just
before a potential collision. Thus, drivers might not be able to understand the alarm and,
hence, would potentially not react fast enough to such an infrequent event. According to Far-
ber and Paley (1993), an ideal detection algorithm might issue alarms in collision-possible sit-
uations even though drivers would probably be able to avoid the crash. Following this line of
thought, not all unnecessary alarms would be harmful. However, an occurrence of the de-
scribed problem does not seem to become real as alarm systems will probably never reach a

reliability of 100%.

This section demonstrated that unnecessary alarms seem to have a less negative impact on
subjective evaluations of alarm systems than false alarms. However, drivers usually recognize
receiving unnecessary alarms and prefer a system that is more tailored to their needs. While
a large amount of false alarms has already been reduced by technological improvements,
there is still a high rate of unnecessary alarms in present-day FCA systems (Flannagan et al.,
2016). There is a lack of systematic investigations that compare drivers’ acceptance of unnec-
essary alarms to that of correct alarms and that examine if systems with low perceived relia-

bility influence drivers’ overall system acceptance.

In sum, the knowledge built up in Section 2.3 emphasizes the need to investigate the impact
of unnecessary alarms on driver performance and acceptance. Moreover, based on the high
rate of unnecessary alarms activated by present-day FCA systems, there is a need to improve
the perceived system reliability by reducing the rate of unnecessary alarms. As described in

the following paragraph, this challenge can be addressed by adaptive assistance systems.

2.4 Adaptive Assistance Systems

The previous section has described the problems that arise with low-reliable alarm systems or
rather systems with low perceived reliability. Most of ADAS’ present-day alarm activation al-
gorithms do not sufficiently consider whether the driver currently actually needs assistance.

In order to increase the perceived system reliability by reducing the rate of unnecessary
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alarms, systems need to tailor alarm activation to drivers’ needs (Petersson, Fletcher, Barnes,

& Zelinsky, 2004).

Adaptive assistance systems adjust system behaviour to consider drivers’ changing need for
assistance when performing complex tasks in dynamic environments (Feigh, Dorneich, &
Hayes, 2012). These systems are often compared to a skilled human co-driver who warns the
driver only if necessary to avoid information overload and annoyance (Feigh et al., 2012;
Inagaki, 2008; Petersson et al., 2004). This comparison assumes that the human co-driver has
an overall understanding of the traffic situation. This includes the comprehension of an evolv-
ing critical situation outside the vehicle and observing the driver’s current state, awareness,
intentions, and reactions inside the vehicle. An unobtrusive co-driver would only warn the

driver when expecting a missing, delayed, or inappropriate driver reaction.

For the implementation of adaptive systems, it must be defined how, when, and to which
parameters the system behaviour should be adapted. Section 2.4.1 provides an overview of
different adaption strategies that specify when and how to adapt system behaviour. Sec-
tion 2.4.2 takes a closer look at different adaption parameters that can determine system be-

haviour.

2.4.1 Adaption Strategies

“The ideal goal is to give the drivers the information they need, at the right moment, in the
right situation and in the right way” (Simon, 2005, p. 40). This quote already provides indica-
tions of different adaption strategies. The points “the information they need” and “in the right
situation” can be assigned to negative adaption strategies, “at the right moment” to positive
adaption strategies, and “in the right way” to neutral adaption strategies. The following para-
graphs and Table 2-4 provide an overview of adaption strategies using visual attention as ex-

emplary adaption parameter.

A negative adaption strategy aims to reduce the rate of unnecessary alarms by suppressing
alarms that are deemed unnecessary (Smith, Witt, Bakowski, LeBlanc, & Lee, 2008, p. 510).
Alarm suppression is associated with drivers’ currently low need for assistance, e.g. when their
visual attention is directed towards the road. It is assumed that the strategy of suppressing
alarms during periods of low need for assistance is unlikely to reduce safety (Smith et al.,
2008). Studies that applied this strategy by suppressing LDWs and FCAs when drivers were
visually attentive have found a significant reduction of alarm rates (Hammoud et al., 2008;
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Trefflich, 2010). In the study by Hammoud et al. (2008), drivers rated the adaptive FCA and
LDW systems as more useful than the non-adaptive system and indicated a preference for the

adaptive systems. The most common reason for this preference was the lower alarm rate.

Table 2-4

Adaption Strategies Related to Visual Attention as Adaption Parameter

Adaption parameter (visual attention)

Low need for assistance High need for assistance
Adaption Strategy (eyes on the road) (eyes off the road)
Negative No Alarm Baseline alarm
Positive Baseline alarm Earlier alarm
Neutral Less urgent alarm Baseline alarm

Note. Baseline alarm represents the alarm as it would be activated by a non-adaptive system.

A positive adaption strategy adapts the alarm timing to an adaption parameter, such as driv-
ers’ current level of visual attention towards the road (Smith et al., 2008). When drivers’ need
for assistance is assumed to be low, the original alarm activation threshold remains at a con-
stant level. Alarms are activated earlier during periods where need for assistance is assumed
to be high, e.g. when the driver is visually distracted. The goal of this strategy is to improve
the safety strategy of assistance systems (Smith et al., 2008). However, this strategy inevitably
increases the total number of alarms. Additionally, the earlier alarms are activated, the more
likely they are interpreted as unnecessary (Brouwer & Hoedemaeker, 2005). Studies that used
this adaption strategy to provide earlier collision alarms for visually distracted drivers showed
that drivers accepted these alarm systems less or as much as non-adaptive alarm systems
(Brouwer & Hoedemaeker, 2005; Brown, Marshall, Moeckli, & Smyser, 2007). These findings
suggested that positive adaption strategies are not applicable to improve the perceived relia-

bility of an assistance system. Therefore, this strategy is not further considered in this thesis.

A third category of adaption strategies is referred to as neutral adaption strategy in this thesis.
In contrast to negative and positive adaption strategies, a neutral adaption strategy does not
influence the total number of alarms as it only adapts the alarm design in order to provide
information on the alarm significance and meaning. The roots of this adaption strategy lie in

the concept of likelihood alarm systems (LAS) that were originally studied in complex human-
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machine systems in which the operator has the role of a supervisory control (Sorkin, Kanto-
witz, & Kantowitz, 1988). These systems do not only alert the operator to a possible critical
event but compute the likelihood of its occurrence. The likelihood of a critical situation and,
thus, also the urgency of an alarm response is encoded into varying levels of alarm signals on
three or more stages, e.g. by using different word messages (Sorkin et al., 1988; Wickens &
Colcombe, 2007), loudness or pitch of auditory alarms (Lee, Hoffman, & Hayes, 2004), inten-
sity and frequency of haptic alarms (Ho & Sarter, 2016; Lee et al., 2004), colours of visual
alarms (Petersson et al., 2004; Sorkin et al., 1988; Wickens & Colcombe, 2007; Wiczorek
& Manzey, 2011), or combinations (Bustamante, 2008). Research showed that LAS improved
operators’ decision-making accuracy and increased the number of correct alarm responses
compared to a conventional binary alarm system (Bustamante, 2008; Wiczorek & Manzey,
2011). These results might be explained by a supportive effect of the LAS on operators’ atten-
tion management in terms of efficient allocation of information-processing resources (Sorkin
et al., 1988). By providing information about the urgency of alarm responses, alarms of LAS
are supposed to support users’ preattentive evaluation of the alarm and, thereby, reduce un-
desired alarm responses (Sarter, 2005; Woods, 1995). While low-priority alarms do not require
an immediate shift of attention away from the primary task, high-priority alarms intend to
automatically shift operators’ attention to the critical event. Operators can attend and re-
spond to a low-priority alarm after some delay or completely ignore it, while they need to

immediately respond to high-priority alarms.

Lee et al. (2004) compared graded collision alarms with three levels to binary alarms. Partici-
pants experienced either visual-auditory alarms with varying levels of loudness or visual-hap-
tic alarms with negligible, moderate, and severe intensity and frequency. Graded collision
alarms provided greater safety margins and induced fewer inappropriate braking responses
than binary alarms. Differences in subjective ratings were not only dependent on the alarm
strategy but also on modality. Drivers indicated higher trust in graded haptic alarms than in
graded auditory and single-stage auditory alarms. Binary auditory alarms were rated as more
annoying than binary and graded haptic alarms. Maltz and Shinar (2007) compared auditory
collision alarms with graded intensity dependent on the headway to the lead vehicle with bi-
nary alarms on different levels of system reliability. In the high-reliable condition, no partici-
pant perceived the binary alarm system as annoying, while the graded alarms were perceived

as annoying by 30 % of the participants. This result may be related to the fact that participants

54



2 | Theoretical Background

received a higher number of alarms with the graded than with the binary alarm system in this
condition. Additionally, the binary alarm system exclusively issued correct alarms. In the low-
reliable condition, the rate of annoyed participants increased to 30 % with binary alarms, and
the rate of annoyed participants with graded alarms decreased to 20 %. A possible explanation
could be that the binary alarm system activated more false alarms in the low-reliability condi-

tion while the alarms with graded intensity contained information about the alarm reliability.

So-called differential display modalities represent another realization of neutral adaption
strategies (Smith et al., 2008). This strategy provides different types of alarms for the same
critical event in the environment depending on the drivers’ assumed need for assistance. For
example, the system activates a visual-only collision alarm when the driver’s visual attention
is directed to the forward scene and a visual-auditory alarm when the attention is directed
elsewhere. A study by Naujoks et al. (2016) found that visual-only false alarms did not have a
negative impact on drivers’ compliance. A possible explanation for this finding might have
been that visual-only alarms suppressed the auditory component that many drivers perceive
as intrusive and, therefore, they perceived false alarms as more “pardonable” (Naujoks et al.,
2016; Smith et al., 2008). This finding supports the use of differential display modalities. In
contrast to alarm suppression, visual-only alarms during periods of low need for assistance
could help drivers to understand the underlying functionality of an adaptive alarm system
(Smith et al., 2008). Section 2.4.3 will take a closer look on the influence of adaptive assistance

strategies on the development of operators’ mental models.

To make use of the described adaption strategies, an adaptive system must be aware of driv-
ers’ current need for assistance. To decide when to adapt system behaviour, the system must
define and measure adaption parameters (Feigh et al., 2012). The following section provides
an overview of potential adaption parameters in the context of ADAS, their implementation

in prior research, and their effects on driving performance and drivers’ subjective evaluations.

2.4.2 Adaption Parameters

Adaption parameters are assumed to be associated with drivers’ need for assistance. The sys-
tem must integrate information about the environment, the vehicle, and the driver to enable
intelligent adaption to driver needs (Cheng & Trivedi, 2006; Doshi & Trivedi, 2008). The current
need for assistance may change dependent on situational demands, drivers’ current state, and

their intention (Feigh et al., 2012). The following sections address these adaption parameters.
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2.4.2.1 Situational Demands

Situational demands represent a possible adaption parameter (Kassner, 2011). Prior research
has already adapted driver assistance to different levels of situational demands while keeping
the critical event at a constant level. For example, Hjadlmdahl and Thorslund (2006) adapted
the timing of FCAs to the friction of the road. Alarms were activated earlier when driving on a
slippery road than on a dry road (positive adaption strategy). A comparison between the adap-
tive and a non-adaptive FCA system revealed safety benefits of the adaptive system in terms
of longer minimum headways and higher time to collision values resulting in fewer collisions
on slippery roads. There was no difference in drivers’ acceptance ratings between the non-

adaptive and adaptive system.

2.4.2.2 Driver State

In research literature, there is a consensus on the impact of the driver state or operator func-
tional state on the need for assistance (Hajek, Gaponova, Fleischer, & Krems, 2013; Schaap,
2012; Schwarz & Fuchs, 2014; Wilson & Russell, 2003). As described in Section 2.1.3, the driver
state is associated with visual attention and mental workload. The driver state influences sit-
uation awareness on different levels and, thus, determines the driver’s ability to carry out the
driving task at a certain moment in time. Consequently, drivers’ experience of the objectively
measured criticality of a situation and their current need for assistance might be dependent
on their current focus of visual attention and if there are enough available cognitive resources

to appropriately comprehend the situation and to anticipate the future status.

Visual attention represents the adaption parameter most frequently used and investigated in
prior research (Blaschke, Breyer, Farber, Freyer, & Limbacher, 2009; Hammoud et al., 2008;
Pohl, Birk, & Westervall, 2007; Tijerina et al., 2010; Trefflich, 2010). Hammoud et al. (2008)
argued that visually attentive drivers are more likely to perceive assistance as annoying and
unnecessary than inattentive drivers. FCA and LDW systems that suppressed alarms when
drivers were visually attentive were rated as more useful and preferable than a non-adaptive
system (Hammoud et al., 2008). However, alarm suppression dependent on visual attention
does not necessarily always match the driver’s current need for assistance. There is a potential
risk to increase the number of missed alarms. Results of a naturalistic driving study showed
that drivers’ visual attention was directed towards the road in 40 % of all recorded incidents,

near-crashes, and crashes (Klauer, Dingus, Neale, Sudweeks, & Ramsey, 2006). Consequently,
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directing visual attention to the forward scene does not necessarily result in an adequate com-
prehension, anticipation, and consequently decision and action execution. To determine
whether the driver is aware of the situation to which his visual attention is directed, his or her

cognitive workload must be additionally taken into account.

Mental workload could serve as alternative or additional adaption parameter. According to
Wickens’ multiple resource theory, two or more tasks performed simultaneously increase the
level of mental workload (Wickens, 1984). Thus, drivers have less cognitive resources available
to comprehend the current traffic situation and to predict future events (see Section 2.1.3).
High mental workload has a detrimental impact on drivers’ situation awareness and driving
performance (Horrey & Wickens, 2004; Kass, Cole, & Stanny, 2007). As far as known, there
was only one study that adapted driver assistance to mental workload (Reinmueller et al.,
2018). Mental workload was manipulated by conversation engagement. Using a neutral adap-
tion strategy, drivers received high support with vibrotactile-auditory FCAs while being en-
gaged in a co-driver conversation and received low support with auditory-only FCAs without
conversation. Independent of the current level of mental workload, drivers responded faster

to high-support than to low-support alarms.

2.4.2.3 Intention

Driver intention represents another promising adaption parameter (e.g. Inagaki, 2008;
Lethaus & Rataj, 2007; Streubel & Hoffmann, 2014). In human-human interaction, theory of
mind describes the human ability to comprehend intentions (and other mental states) of other
persons by relating observable actions to underlying mental states (see Section 2.1.2.4) (Melt-
zoff, 1995; Premack & Woodruff, 1978). With regard to human-machine interaction, a system
capable of predicting the driver’s intended future actions, manoeuvres, and trajectories offers
several possibilities to adapt assistance to the needs of the driver. First, based on the driver’s
detected planned trajectory, a system would be able to identify dangerous situations, such as
a potential collision at an intersection, and choose an appropriate way to assist the driver
(Streubel & Hoffmann, 2014). Associated therewith, an FCA system would activate alarms only
if the potential obstacle lay in the driver’s planned trajectory. Second, the prediction of driv-
ers’ manoeuvre intentions may help to provide assistance only during situations that evolved
unintentionally. For example, an LDW system would activate an alarm only if the driver was

about to leave the lane unintentionally. However, the system could suppress the alarm as
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soon as it detects an intentional lane change. Third, if the system inferred a delay in a required
evasive action (e.g. braking), it would be able to adapt the level or timing of assistance (Inagaki,
2008; McCall & Trivedi, 2009). In turn, the system could suppress alarms when the driver is
already in the process of reacting, e.g. braking (Stevens, 2012). The relevance of such an adap-
tion is demonstrated by the finding that drivers’ trust in subsequent alarms decreased when
they received alarms in situations in which they had already decided to brake (Abe & Richard-

son, 2006).

For a successful implementation of adaptive assistance systems, there remain at least three

challenges which are addressed in the following section.

2.4.3 Challenges of Adaptive Systems

First and most importantly for this thesis, very little is currently known about adaption param-
eters that appropriately represent drivers’ actual need for assistance. Despite intensive re-
search, the measurement of the corresponding adaption parameters still remains the second
challenge of adaptive systems. Third, drivers might have problems to develop an adequate
mental model of adaptive systems. The following paragraphs describe each challenge in more

detail.

Overall, previous research provided insights into adaption parameters that might be relevant
to represent drivers’ need for assistance. However, prior work based the selection of adaption
parameters basically on hypotheses, e.g. “Conversations were assumed to increase driver
workload, and thus increase the need for support.” (Reinmueller et al., 2018, p. 244), “...alerts
are only useful for drivers who are not visually attending to the forward roadway” (Smith et
al., 2008, p. 505), and “human intent is a critical piece of information for determining whether
the system’s actions will help or hinder the user” (Cheng & Trivedi, 2006, p. 28). Little atten-
tion has been paid to the impact of different adaption parameters on driving performance and
on drivers’ subjective system evaluations. Do drivers really not want to receive a collision
alarm when they are looking towards the road? Does it represent the drivers’ wish to receive
a different type of alarm when being involved in a passenger conversation? For example, par-
ticipants who took part in an on-road study by LeBlanc et al. (2006a) expressed concerns about
the suppression of alarms when their eyes are on the road while being tired or cognitively
distracted. These concerns are underlined by the finding that drivers were looking on the road

in 40% of all recorded incidents, near-crashes, and crashes (Klauer et al., 2006).
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Furthermore, adaptive systems must be able to reliably measure the corresponding adaption
parameters. This includes the challenge of the identification of valid indicators. Additionally,
series vehicles are usually not equipped with the necessary measurement instruments. For
example, driver monitoring systems need to use 2D and 3D cameras for eye or head tracking,
speaking detection, and hand position determination (Pech, Enhuber, Wandtner, Schmidt, &
Wanielik, 2019). Visual attention can be measured by eye gaze and head pose tracking systems
(e.g. Petersson et al., 2004; Pohl et al., 2007; Tijerina et al., 2010) or derived from drivers’ use
of in-vehicle information systems (Blaschke et al., 2009). In comparison to the measurement
of visual attention, it is more difficult to assess if drivers are aware of the situation to which
their visual attention is directed to (Inagaki, 2008). According to prior research, the current
level of cognitive workload can be estimated from situational demands (Smith & Zhang, 2004),
measured with physiological data, such as eye movement activity, heart rate variability, or
electrodermal activity (Ahlstrom & Friedman-Berg, 2006; de Waard, 1996; Liang, Lee, & Reyes,
2007; Schwalm, 2009), or inferred from driving performance (Liang et al., 2007). With regard
to intention detection, the aim is not only to recognize an action before it is fully disclosed as
an online-assessment of the initial part of the action (early activity recognition), but also to
forecast what the human intends to do prior to real time (intention prediction) (Doshi &
Trivedi, 2011; Rouse, 1988; Zunino et al., 2017). To detect a manoeuvre, early activity recog-
nition uses the change in the vehicle’s motion in response to the driver’s input when the ma-
noeuvre has already begun (Lethaus & Rataj, 2007). Driving manoeuvres like intersection
turns and lane changes are defined by a specific series of operations including pedal presses
and steering adjustments (Doshi & Trivedi, 2011). By analysing the events or movements
which are specific of the subsequent manoeuvre, drivers’ manoeuvre intentions could be pre-
dicted prior to the actual start of the manoeuvre (Doshi & Trivedi, 2011; Zunino et al., 2017).
Previous research has identified drivers’ eye gaze, head dynamics, hand position, body pose,
foot hovering information, and context information as relevant cues to predict driver inten-
tions (e.g. Cheng & Trivedi, 2006; Doshi & Trivedi, 2009; McCall & Trivedi, 2009; Rodemerk,
Winner, & Kastner, 2015; Smith & Zhang, 2004).

Adaptive systems might face a challenging trade-off (Smith et al., 2008). On the one hand,
without being adapted to users’ needs, systems are likely to activate many alarms that users
perceive as unnecessary. On the other hand, adaptive alarm activation strategies could inter-

fere with the development of a correct mental model of the alarm system. Mental models
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represent the user’s cognitive representation of how a system operates. They enable an indi-
vidual to understand, predict, and describe system behaviour (Rouse & Morris, 1986). The
mapping between events in the environment and alarm occurrence is more complex for adap-
tive systems than for non-adaptive systems. Therefore, drivers could perceive system behav-
iour as inconsistent as similar external events sometimes trigger an alarm and sometimes not
(Smith et al., 2008). They might erroneously conclude that the system did not accurately de-
tect the external critical event. Trefflich (2010) found that drivers rated a non-adaptive system
as more predictable than an adaptive system. As a consequence, system trust, acceptance,
and perceived safety may decline which would cancel out the potential benefit of adaptive
systems (Smith et al., 2008). It is assumed that an adequate mental model is a crucial factor
for both acceptance and success of adaptive systems. The underlying functionality of an alarm
system with neutral adaption strategy might be more transparent to the driver than that of a
negative strategy (Smith et al., 2008). Instead of suppressing certain alarms, these systems

only vary a certain aspect of the alarm.

Section 2.4 focused on adaptive systems that aim to tailor assistance to user needs to over-
come problems caused by low-reliable assistance systems prone to unnecessary and false
alarms. In addition to different strategies that can be implemented in adaptive systems, the
section provided an overview of potential adaption parameters. Taken together the most im-
portant points for this thesis, very little is currently known about factors that effectively influ-
ence drivers’ need for assistance and if the proposed adaption parameters (see Section 2.4.2)
adequately reflect user needs. A systematic understanding of drivers’ need for assistance is
still lacking. To be able to appropriately adapt driver assistance to drivers’ needs, it is neces-
sary to identify factors that determine drivers’ need for assistance. In which situations do driv-
ers benefit from alarms and perceive alarms as useful? In contrast, in which situations do
alarms not improve or even impair driver performance and are perceived as unnecessary? The
next section provides insights into a factor that could be associated with drivers’ need for

assistance.
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2.5 Subjective Hazard Perception and Drivers’ Need for Assistance

To achieve a broad understanding of factors that potentially influence drivers’ need for assis-
tance, a literature analysis that considered quantitative as well as qualitative research results
was conducted. The cited results are related to the human’s perceived or rather self-reported
need for assistance based on subjective evaluations, surveys, comments, and interviews.
Based on the analysis, drivers’ retrospective subjective hazard perception of the encountered
traffic situation has been identified as a potential determinant for drivers’ perceived need for
assistance. Research in the area of static product warnings showed that perceived hazardous-
ness of a product positively influenced warning effectiveness, perceived necessity of warnings,
and compliance with warnings (Laughery & Wogalter, 2006; Wogalter, Brelsford, Desaulniers,
& Laughery, 1991). With reference to driver assistance, a user needs web-based survey with
1049 participants showed that drivers state to have a greater need for driver assistance in
critical situations (van Driel & van Arem, 2005). In an interview study, 37 % of the respondents
reported that they did not need those FCAs that were triggered when they themselves did not
perceive a crash risk (Eichelberger & McCartt, 2014). Furthermore, in two naturalistic driving
studies with vehicles equipped with LDW and FCA systems, driver comments suggested that
low compliance with alarms and low ratings for alarm usefulness were associated with a mis-
match between alarm activation and drivers’ subjective hazard perception (LeBlanc et al.,
2006b; Portouli et al., 2006). More specifically, many participants rated alarms as (rather) use-
less on the ground of no perceived danger in the situation, e.g. “It doesn’t look like any danger

existed” (LeBlanc et al., 2006b, p. 372).

With regard to human subjective hazard perception, drivers’ online situational risk awareness
within an encountered situation (Gauss, 2008) and their subjective hazard perception con-
cerning the overall traffic situation in retrospect must be differentiated. Situational risk aware-
ness that drivers carry out continuously during driving can be considered as a component of
situation awareness (Gauss, 2008). More specifically, it is part of the comprehension and an-
ticipation stage and represents the driver’s awareness of the risk associated with the current
situation. For example, the driver’s awareness of the situational risk can be influenced by sit-
uational demands (e.g. road friction, visibility conditions) or the current driver state
(e.g. drowsiness, visual attention). To avoid an undesired outcome of the situation, a high sit-
uational risk awareness would lead the driver to execute an evasive action. However, the per-

ception, comprehension, and anticipation of elements of the current situation are error-prone
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(see Section 2.1.3) and, thus, drivers might not always be aware of the real situational risk. For
example, a driver might not be able to comprehend and to anticipate that a crash is about to
occur while episodes of visual distraction. In this moment, the driver’s risk awareness would
be inadequately too low. However, it is assumed that the driver derives a higher subjective
hazard perception concerning the overall traffic situation in retrospect. This evaluation refers
to a completed scenario. The retrospective subjective hazard perception is expected to be
higher as the situational risk awareness as soon as the driver has noticed that he or she missed
important information that might have almost or actually caused a collision. In such situations,
drivers are assumed to perceive activated alarms as supportive and useful. With regard to the
relationship between drivers’ subjective hazard perception and need for assistance, this thesis
specifically considers drivers’ retrospective subjective hazard perception of a traffic situation

as the essential factor that predicts drivers’ need for assistance.

To sum up, the presented research proposes two assumptions about factors that influence
drivers’ perceived need for assistance. First, subjective hazard perception and need for assis-
tance seem to be positively related to each other. The higher the drivers’ retrospective sub-
jective hazard perception of the overall encountered traffic situation, the higher the currently
perceived need for assistance. Second, the presented research suggests that the system’s risk
assessment does not always match the level of human subjective hazard perception. Such a
discrepancy conceivably renders alarms less useful or rather unnecessary in the eyes of the
drivers, particularly when the system risk assessment is higher than drivers’ subjective hazard
perception. This assumption can be explained as follows. A high system risk assessment of the
current situation results in alarm activation. At the same time, a low subjective hazard per-
ception is assumed to lead to a low need for assistance. Consequently, the system would pro-
vide assistance while the driver has a low need for assistance. In contrast, it is assumed that a
match between high system risk assessment and high human subjective hazard perception
results in alarms that drivers perceive to be useful. In turn, when both system risk assessment
and subjective hazard perception are low, the system would not trigger an alarm while the
driver has a low need for assistance (correct rejection). The knowledge built up in this section
and the derived assumptions were considered for the development of a theoretical frame-
work of drivers’ subjective alarm evaluation. This framework is explained in the following

chapter.
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3 Development of Research Questions

Drivers who use present-day FCA systems regularly experience unnecessary alarms (see Sec-
tion 2.3.2). Prior research revealed that unnecessary alarms seem to have a less negative im-
pact on driver performance and subjective evaluations than false alarms. However, unneces-
sary alarms can cause superfluous braking reactions (see Section 2.3.4). Additionally, drivers
recognize receiving unnecessary alarms and they report to prefer an alarm system that tailors
alarm activation more to their current need for assistance (see Section 2.3.5). It remains un-
clear which factors influence drivers’ responses to and subjective evaluations of unnecessary
alarms. In summary, there have been no controlled studies that examined the impact of un-
necessary alarms on driver performance and acceptance. Moreover, even though there has
been much research on adaptive assistance systems, there is still very little scientific under-
standing of which factors determine drivers’ need for assistance (see Section 2.4). No previous
study systematically investigated why drivers perceive certain alarms as unnecessary. Thus,

there is need for research in this area.

To develop a systematic understanding of drivers’ need for assistance, the overarching objec-
tive of this thesis was to contribute knowledge about psychological factors and processes that
influence drivers’ perceived need for assistance in potential collision situations. Accordingly,
the empirical research aimed to identify specific traffic constellations that result in alarm ac-
tivations that drivers perceive to be unnecessary. In addition, this thesis sought to examine

the impact of unnecessary alarms on drivers’ responses and acceptance.

3.1 Theoretical Framework of Drivers’ Subjective Alarm Evaluation

This chapter introduces a theoretical framework that served as a basis to derive specific hy-
potheses about psychological factors and processes that might determine drivers’ need for
assistance (Figure 3-1). Related thereto, the framework sought to elucidate under which con-
ditions drivers evaluate alarms as unnecessary or useful. The research presented in this thesis

investigated the hypotheses derived from the framework.

Figure 3-1 illustrates that the framework consists of two parts representing the processes that
conclude in the system’s alarm decision (on the left side) and in the driver’s perceived need
for assistance (on the right side). The graphical arrangement of the two processes in the model
demonstrates that the major stages of system and human situation awareness and subse-

guent situation evaluations are assumed to be comparable (Schmidt, 2012). The framework
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serves to describe, compare, and contrast the stages of these two processes. On the basis of
identified relationships, discrepancies, and commonalities, hypotheses concerning the re-
search questions are derived. Detailed descriptions of the system’s alarm activation process
can be found in Section 2.2.2 and of drivers’ situation awareness and involved cognitive pro-

cesses in Section 2.1.2.

While the system perceives environmental objects and their behaviour with sensors, human
drivers use their senses to perceive relevant elements in the environment. The system’s situ-
ation analysis represents human comprehension and the system’s prediction level is compa-
rable to human anticipation. Based on the levels of situation awareness, the system assesses
a certain level of risk and the human driver develops a retrospective subjective hazard per-
ception. On the last stage, the system derives its alarm decision while the human driver de-
rives a certain level of need for assistance. Resuming the content of Section 2.5, the theoreti-

cal framework proposes the following hypothesis.

Hypothesis I. Drivers’ retrospective subjective hazard perception predicts their perceived

need for assistance.

The hypothesised relationship represents the last two stages of the human process in the the-
oretical framework and is illustrated on the lower right part of Figure 3-1. There are two feed-
back loops in the theoretical framework. First, alarms become a part of the environment per-
ceived by the driver. Second, an action that the driver executes is also sensed and analysed by

the system.
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Figure 3-1. Theoretical framework of drivers’ subjective alarm evaluation.

The research results reported in Section 2.2.3 provide insights into the conditions under which
alarms seem to be useful, measured by their positive effect on driving performance. These
assumptions are shown in the left panel of Figure 3-2. According to the theoretical framework
of drivers’ subjective alarm evaluation, useful alarms are associated with a match between
alarm activation and drivers’ increased perceived need for assistance. This match, in turn, is
assumed to be based on a previous match between system risk assessment and human sub-
jective hazard perception. This consistency is caused by an event that requires immediate ac-
tion while the alarm system has advantages over drivers’ situation awareness on at least one
of the three levels or the system and the driver were equally aware of the situation. With
regard to the anticipation level, prior research suggested that the alarm system needs to have

advantages over the driver to improve driving performance (Schmidt, 2012; Stahl et al., 2016).
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Figure 3-2. Hypothesised prerequisites for the emergence of useful alarms (left) and unneces-
sary alarms (right) in the theoretical framework of drivers’ subjective alarm evaluation.

As described in Section 2.5, drivers might perceive alarms as unnecessary when there is a dis-
crepancy between system risk assessment and drivers’ subjective hazard perception (lower

right part of Figure 3-2). Thus, a further hypothesis is derived.

Hypothesis Il. A situation which simultaneously leads to a high system risk assessment and

a low subjective hazard perception renders alarms that drivers perceive as unnecessary.

There is a need to examine how such a discrepancy arises. The following paragraphs contain
theoretical considerations on factors that might potentially result in the fact that the same

traffic situation is evaluated as more critical by the alarm system than by the driver.

System risk assessment is usually based on the kinematics of the current driving situation.
Environmental events with identical physical measurements consistently result in an identical
level of system risk assessment whenever the corresponding values fall below a predefined
threshold. The progression and outcome of a potential conflict with another road user is not
considered by the system. The system’s rule-based and logical alarm activation strategy rep-
resents an appropriate concept for simple and clear situations in which the potential conflict
with another road user remains. However, it might have shortcomings in more complex situ-
ations where a potential conflict dissolves in the further course. To develop their situation
awareness, human drivers are supposed to take into account additional factors which are con-
currently not considered by the system. The following subsections address possible reasons
for advantages of the human driver over the system on each level of situation awareness. All
considerations presuppose a visually and cognitively attentive driver.
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3.1.1 Human Perception and System Sensing

Human perception might have advantages over system sensing. The driver is be able to visu-
ally perceive what is happening outside the vehicle’s sensor area that could be relevant to
develop a holistic comprehension and to correctly anticipate the further course of the situa-
tion, e.g. other vehicles or vulnerable road users in front of the lead vehicle, at the roadside,

or in side streets.

3.1.2 Human Comprehension and System Situation Analysis

Human comprehension can have advantages over the system’s situation analysis. For exam-
ple, an FCA system would be able to sense lane markings with its camera. However, on the
level of situation analysis, not every present-day FCA system takes this knowledge into ac-
count. In a sharp curve with a slower vehicle ahead in the adjacent lane that is driving in the
same direction, the TTC value can fall below the critical threshold (Figure 3-3). The driver
would comprehend that the potential conflict with the other vehicle dissolves as it is driving
in a different lane. In contrast, the system would not consider the lane markings for its situa-
tion analysis. Consequently, the system’s risk assessment is high while the driver would per-

ceive the situation as non-hazardous.

Figure 3-3. A driving situation from a driver perspective (left) and a bird’s-eye view (right) in
which drivers comprehend that the alleged lead vehicle does not constitute a crash risk.

Based on schemata stored in long-term memory, drivers can integrate multiple and complex
elements into a holistic comprehension of the situation. By adopting prior experiences to new
situations, they are able to identify stereotypical traffic situations (Stahl et al., 2014). A com-
bination of specific cues in the environment can result in the recognition of a stereotypical
situation in which the lead vehicle typically does not longer remain in the same lane. This

knowledge is not available to the alarm system. On the situation analysis level, the system’s
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representation of the situation is simply based on the current status of other road users lo-
cated in its sensor area merged with the current status of the ego vehicle. Thus, the system
has difficulties to analyse the meaning of multiple and complex environmental cues to achieve
a complete understanding of the situation. The human comprehension of environmental cues
constitutes a basis for the anticipation of the lead vehicle’s behaviour within the next few

seconds.

3.1.3 Human Anticipation and System Prediction

On the prediction level, FCA systems mainly use the TTC criterion to predict the position of
the ego vehicle in relation to other objects. However, these measurements only make valid
predictions under the condition that both the ego and the other road user remain on the same
path at constant speed. However, traffic constellations with identical TTC values can result in
different outcomes. While the system is not able to predict the further course of the situation,
it is assumed that drivers are usually able to anticipate whether potential inter-vehicle con-
flicts remain or dissolve in the near future. To anticipate if another road user will still consti-
tute a crash threat in the course of time, drivers might additionally consider their own ma-

noeuvre intention and those attributed to other road users (see Section 2.1.2.4).

First, drivers’ anticipation might have advantages over the system’s prediction as they are
supposed to consider their own manoeuvre intention for anticipation. The identification of
the same stimulus in the environment can trigger different actions dependent on drivers’ cur-
rent manoeuvre intention (Cohen & Huston, 1994). Based on prior experiences, drivers have
learned which action effects are usually attained by a certain intentional action (e.g. Herbart,
1825). A standing or braking lead vehicle ahead can either trigger a strong braking response
when the driver intends to stay in the lane or a steering response without or only a slight
braking response when the driver intends to change lanes or to turn. These theoretical con-
siderations are supported by data of the naturalistic driving studies by General Motors Corpo-
ration (2005) and Flannagan et al. (2016). In these studies, a high amount of unnecessary FCAs
was issued in situations in which the ego driver changed lanes or turned after alarm activation.
This scenario is illustrated by the first option in Figure 2-7. In these situations, TTC values pre-
sumably fell below alarm activation thresholds because ego drivers tailgated as a prelude to

pass the lead vehicle, change lanes, or to turn. Drivers’ current intentions conceivably led to
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an anticipation of a dissolving conflict and, thus, to the corresponding action selection (no or

minimal alarm response).

A further advantage of the driver on the anticipation level could be the ability to anticipate
subsequent actions of other road users based on the prior identification of stereotypical traffic
situations. It is assumed that drivers can infer intentions of other road users from specific cues
in the environment (Ansuini et al., 2015; Zunino et al., 2017). In the naturalistic driving studies
by General Motors Corporation (2005) and Flannagan et al. (2016), unnecessary alarms were
also associated with situations in which the lead vehicle left the common lane shortly after
alarm activation. According to the assumptions of this thesis, ego drivers were conceivably
able to anticipate the lead vehicle’s intention to change lanes or to turn in the near future.
Accordingly, the ego driver could anticipate a dissolving outcome of the situation and, thus,
did not or only minimally respond to FCAs in these constellations. This assumption is under-
lined by a finding of an interview study (Eichelberger & McCartt, 2014). Forty-two percent of
the FCA experienced drivers who previously reported to have received unnecessary alarms
stated that unnecessary alarms occurred when the lead vehicle was turning. Additionally, Flan-
nagan et al. (2016) found that alarm rates for this kind of traffic situation decreased over time.
The authors assumed that drivers were able to anticipate alarms in these scenarios. Therefore,
they might have adapted their behaviour to avoid setting off unnecessary alarms. In contrast,
when drivers had no advantage over the system in anticipating the other road user’s behav-
iour, prior research showed that they responded to unnecessary alarms and indicated trust in
the alarm system even though the potential conflict finally dissolved (Lees & Lee, 2007;

Naujoks et al., 2015).
In conclusion, the following hypothesis is formulated.

Hypothesis lll. The system risk assessment is higher than drivers’ retrospective subjective
hazard perception when drivers have advantages over the system in anticipating a dissolv-

ing outcome of a potential conflict. This advantage is based on drivers’ consideration of ...

a. ...their own manoeuvre intentions.

b. ...intentions attributed to other road users.
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3.1.4 Summary of Theoretical Framework

This section sums up the hypotheses derived from the theoretical framework of drivers’ sub-
jective alarm evaluation. Events that result in identical physical measurements will consist-
ently lead to the same level of system risk assessment. However, events with identical physical
conditions might result in varying levels of drivers’ subjective hazard perception. An advantage
of the driver over the system may arise on each level of situation awareness as soon as drivers
take additional factors into account which are concurrently not considered by the system.
Under the condition that a potentially critical situation dissolves in the further course, ad-
vantages of the driver over the system on one or more levels of situation awareness finally
cause a discrepancy between system risk assessment and human subjective hazard percep-
tion. More specifically, the driver’s hazard perception is lower than the system’s risk assess-
ment. The most important role in causing such a discrepancy is ascribed to human advantages
on the anticipation level. Drivers’ retrospective subjective hazard perception is hypothesised
to determine their perceived need for assistance. As a consequence, drivers’ current need for

assistance is low and they perceive activated alarms as unnecessary.

3.2 Research Questions and Empirical Research
Based on empirical research, this thesis aimed to provide evidence for the hypotheses out-

lined in Section 3.1. Associated therewith, the following research questions were raised.

e Does drivers’ subjective hazard perception predict their perceived need for assistance?

e Does a discrepancy between system risk assessment and drivers’ subjective hazard per-
ception render alarms perceived as unnecessary by drivers?

e Does such a discrepancy result from advantages of the driver over the system in antici-
pating a dissolving outcome of a potential conflict based on the consideration of ...
a. ... their own manoeuvre intentions?

b. ...intentions attributed to other road users?

Additionally, the empirical research of this thesis intended to gain knowledge concerning two
additional research questions which were not directly associated with the theoretical frame-

work.

e  Which factors influence drivers’ acceptance of unnecessary alarms?

e How do drivers respond to unnecessary alarms?
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Knowledge about the impact of unnecessary alarms on drivers’ responses and acceptance is
important to assess the importance of implementing alarm activation strategies that reduce
the rate of unnecessary alarms. Previous research suggested that unnecessary alarms seem
to have a less negative impact on driver acceptance than false alarms (see Section 2.3.5). In-
sights concerning drivers’ subjective evaluations of unnecessary alarms were mainly based on
interviews and focus group discussions. Therefore, each driver might have had a different in-
terpretation of unnecessary alarms and the circumstances under which they experienced un-
necessary alarms were unclear and diverse. Moreover, there were no systematic investiga-
tions that compared acceptance of correct alarms to that of unnecessary alarms. The research
in this thesis aimed to examine drivers’ acceptance of unnecessary alarms compared to cor-
rect alarms. In this context, it was additionally investigated if drivers’ acceptance of unneces-
sary alarms differs dependent on their ability to anticipate a dissolving outcome of a potential
conflict. Additionally, drivers’ acceptance of two different adaptive FCA systems that sup-
pressed unnecessary alarms was compared to their acceptance of a conventional FCA system

that activated unnecessary and useful alarms.

Results of prior driving simulator studies and naturalistic driving studies provided different
results concerning the impact of unnecessary alarms on the intensity of driver responses (see
Section 2.3.4). Drivers’ previous experiences with unnecessary alarms and their ability to an-
ticipate the further course of the situation might influence the intensity of alarm responses.
This thesis had the additional objective to understand if and how unnecessary alarms influ-
ence drivers’ responses in comparison to their natural driving behaviour in the same situations

without alarms.

Four driving simulator studies were carried out to examine the outlined research questions.
In all studies, participants encountered situations with identical physical conditions between
their own vehicle and another road user (TTC values), while the outcome of the potential con-
flict was varied. Dependent on drivers’ own manoeuvre intentions or subsequent actions of
other road users, the potential conflict either remained or dissolved within the next few sec-

onds.

Study 1 (see Chapter 5) examined if drivers’ perceived need for assistance is predicted by their
subjective hazard perception. Additionally, the study investigated if a discrepancy between

system risk assessment and drivers’ subjective hazard perception renders alarms unnecessary
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in the eyes of the driver. To achieve this discrepancy, drivers were able to anticipate that a
potential conflict would dissolve dependent on their current manoeuvre intention. The objec-
tive was to influence drivers’ anticipation and, thus, drivers’ subjective hazard perception. At
the same time, the system’s prediction based on physical measurements alone and its risk

assessment remained at a constant level.

The aim of Study 2 (see Chapter 6) was to confirm and extend the findings of Study 1. In
Study 1, participants experienced an open outcome of the traffic events as the simulation
screen was blanked at predefined TTC values. In contrast, Study 2 examined the impact of
drivers’ retrospective subjective hazard perception on their perceived need for assistance af-
ter having encountered the entire traffic event either with or without receiving FCAs. Similar
to Study 1, different manoeuvre intentions served to cause discrepancies between system risk
assessment and subjective hazard perception. Moreover, acceptance ratings of alarms hy-
pothesised to be perceived as either useful or unnecessary were analysed. Beyond subjective
evaluations of collision alarms, the study elucidated short-term effects of unnecessary alarms

on driver behaviour.

Study 3 (see Chapter 7) investigated if drivers’ ability to anticipate intentions of other road
users represents an advantage over the system on the anticipation level and results in a dis-
crepancy between system risk assessment and drivers’ subjective hazard perception. Partici-
pants encountered situations with a braking lead vehicle with identical TTC values that would
have consistently activated FCAs. However, the subsequent action of the lead vehicle either
resulted in a dissolving or remaining conflict. Drivers could either predict or not predict the
intention of the lead vehicle’s driver. One group of drivers received an FCA during each event
and the other group experienced the same events without FCAs. It was assumed that drivers’
ability to anticipate a dissolving outcome of a potential conflict would influence their retro-
spective subjective hazard perception and perceived need for assistance. Additionally, the
study aimed to gain further insights into drivers’ acceptance of unnecessary alarms and short-

term effects of unnecessary alarms on drivers’ responses.

Based on the knowledge gained by the previous three studies and theoretical considerations
on the importance of mental models (see Section 2.4.3), Study 4 (see Chapter 8) evaluated

two different adaptive FCA systems that considered drivers’ manoeuvre intention for alarm
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activation. One system simply suppressed unnecessary alarms, while the other system dis-
played an explanatory pop-up in the HUD when alarms were suppressed. These systems were
compared to a conventional non-adaptive FCA system in terms of their effects on perceived
system acceptance, trust, reliability and system understanding. Furthermore, the study inves-

tigated how responses to unnecessary alarms develop with multiple exposure.

The following chapter elucidates the common methodology of the conducted studies. The
four driving simulator studies are described in detail in Chapters 5 to 8. In Chapter 9, the re-

sults are taken together in a general discussion.
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4 Common Methodology
This chapter describes the apparatuses and alarm systems used in the conducted studies and
the dependent measures. Further descriptions of the methodology specifically used in the dif-

ferent studies can be found in the corresponding chapters.

4.1 Apparatuses

The four studies were conducted in two different fixed-base driving simulators of WIVW
(Wirzburg Institute for Traffic Sciences) GmbH (Studies 1, 3, 4) and Opel Automobile GmbH
(Study 2). Both simulators used an Opel Insignia as mockup and a 5.1 Dolby surround system
to provide the auditory input. The simulators used the driving simulation software SILAB of
WIVW GmbH. Participants in the vehicle and the experimenter who was either located in the
operator room (WIVW) or on the operator desk behind the driving simulator (Opel) commu-

nicated via intercom. The driving simulators are shown in Figure 4-1.

Figure 4-1. Fixed-base driving simulators of Opel Automobile GmbH (left) and WIVW GmbH
(right).

The simulator of WIVW GmbH provided a 300° horizontal and 47° vertical field of view. This
was realized by five image channels with a resolution of 1400x1050 pixels each that seamlessly
projected the simulation onto a flat screen. The rear view was furnished by two LCD displays

installed as rear-view mirror and left-side mirror. Nine computers were used for simulation.

The simulator of Opel provided a 130° frontal field of view with three 70’ thin-film transistor
(TFT) screens and a full rear view offered by an additional 70" TFT screen (resolution
1980x1080 pixels) visible through a conventional rear-view mirror and by two 7" TFT screens

(800x480 pixels) as side mirrors. Thirteen computers were used for simulation.

In Studies 2, 3, and 4, participants answered intermediate questionnaires on a tablet that was

positioned on the front passenger seat while driving. For Study 2, we used an 8" Samsung
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tablet (model SM-T310, Android) to present the questionnaires and the software LimeSurvey
(Limesurvey GmbH, 2012) for programming. For Study 3 and 4, the questionnaires were pro-
grammed with the software Qualtrics (Qualtrics, 2017) and were presented on an 8" Samsung

tablet (model Galaxy 3, Android).

4.2 Alarm System

All conducted studies investigated collision alarms provided by an FCA system. The nature and
modality of the FCAs have been kept constant between the studies. The imminent visual-au-
ditory FCA consisted of five urgent high-pitched beeps (5 x 100 milliseconds on/off, 2,000 Hz)
and a flashing red LED segment at the bottom of the windshield (5 x flashing 1,000 ms). The
FCA was visual-auditory because previous research demonstrated that multimodal alarms fa-
voured fast reaction times and response accuracy (Ho et al., 2007; Liu & Jhuang, 2012;
Reinmueller et al., 2018). Moreover, visual-auditory FCAs are used for most conventional FCA
systems available in present-day vehicles. The naturalistic driving studies that provided in-
sights into high rates of unnecessary FCAs also mainly used FCA systems with visual-auditory
alarms (Flannagan et al., 2016; General Motors Corporation, 2005). The visual component of
the FCA was chosen as this type of visual FCA led to the fastest alarm detection time in a study
by Perez et al. (2009) compared to other visual FCAs (see Section 2.2.2). It is illustrated by
HUD-10in Figure 2-2. In the conducted studies, the FCAs were either triggered by braking lead
vehicles or by other road users that were approaching the ego vehicle from the side. There-
fore, alarm activation was associated with TTC values that fell below predefined critical thresh-
olds. As shown in Equation 1, the TTC was calculated by the distance between ego vehicle and

the other road user (d) divided by their relative velocity (vrel) (Janssen & Nilsson, 1991).

TTC = 1)

Urel
For scenarios with a crossing road user, the velocity of the other road user has been included
in the TTC equation with the value zero (Figure 4-2). In these cases, the TTC was calculated by

the distance between two road users divided by the velocity of the ego vehicle.
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Figure 4-2. Calculation of the TTC with a crossing road user. ego = ego vehicle.

Only in Study 1, the so-called ETTC (Enhanced TTC) was calculated for scenarios with a braking
lead vehicle. The ETTC equation (Equation 2) additionally considered the relative deceleration
between ego and lead vehicle (Drel) (Winner et al., 2015). In the other studies, for technical
reasons the used FCA systems could only be controlled by the TTC without a consideration of

the relative deceleration.

\/vfel + ZDreld — Vrel (2)
Drel

ETTC =

4.3 Dependent Measures
This section provides a description of dependent measures that were assessed in more than

one of the conducted studies.

To measure subjective hazard perception, we used the Situation Criticality Scale by Neukum,
Kriiger, Mayser, and Steinle (2008). It is a category sectioning scale that was developed to
evaluate the criticality of driving and traffic situations. Participants were asked to evaluate
each event with this scale consisting of verbal categories that are further subdivided into nu-
merical scale points. The scale was introduced by the statement “Evaluate the situation,
please. The situation was ...”. Participants needed to choose a verbal category first and to
further refine their chosen category with the numerical scale point. As illustrated in Figure 4-3,
these categories are 0 = not noticeable, 1-3 = harmless, 4—6 = uncomfortable, 7-9 = danger-
ous, and 10 = not controllable. Participants received an instruction on the meaning of each

verbal category. Situations in which the driving task requires no or almost no effort should be
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evaluated as harmless. In uncomfortable situations, drivers must take significant but still tol-
erable effort to accomplish the driving task. Situations are dangerous if they are very demand-
ing and the criticality associated with the situation is not perceived as tolerable anymore. If
situations lead to a subjective or objective loss of control over the vehicle, they should be
evaluated as not controllable. The instruction contained a clear cut-off criterion concerning
driving safety. Situations that are evaluated up to the 6% scale point are still acceptable for

driving and traffic safety, while ratings from the 7t scale point on are not.

not controllable

10
-
dangerous n

[]

L]

L]
T =
harmless n

£

[o]

not noticeable

Figure 4-3. Situation Criticality Scale by Neukum et al. (2008).

Alarm acceptance was measured with the usefulness subscale of the acceptance question-
naire by van der Laan, Heino, and de Waard (1997). The items were introduced by the state-
ment “Please evaluate the collision warning in this traffic situation. The warning was...” and
were measured on a 5-point sematic differential scale. Originally, the scale consists of five
items (useful — useless; nice — annoying; effective — superfluous; assisting — worthless; raising
alertness — sleep-inducing). As a previous study showed that the item “raising alert-
ness — sleep-inducing” yielded insufficient discrimination power when being used in the alarm

context, the studies of this thesis excluded this item.

To measure driver responses to the test events including a braking lead vehicle, the magnitude
of speed reduction and maximum deceleration were measured. The recording of the driving
data started when the lead vehicle initiated to decelerate and stopped when the ego driver
re-accelerated. In case the ego-driver did not decelerate during the test event, data recording
stopped at a predefined position in the test scenario. The magnitude of speed reduction was
calculated as a result of the speed participants drove when the lead vehicle started braking
minus their lowest speed before they re-accelerated or their speed at the predefined position

in the scenario (in km/h). The maximum deceleration represents the lowest acceleration value
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after the lead vehicle started braking and before the participant re-accelerated or the prede-

fined position was reached in the scenario (in m/s?).
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5 Study 1: Perceived Need for Assistancel

5.1 Introduction and Research Questions

In prior research on adaptive driver assistance systems, adaption parameters were selected

based on their hypothesised impact on drivers’ need for assistance. So far, no previous study

has systematically investigated which factors actually predict drivers’ perceived need for as-

sistance. ldentifying such factors might gain insights why drivers perceive certain alarms as

unnecessary. The current study specifically investigated drivers’ perceived need for assistance

in potential collision situations by addressing the following research questions (see Sec-

tion 3.2).

e Does drivers’ subjective hazard perception predict their perceived need for assistance?

(Number 1 in Figure 5-1)

e Does a discrepancy between system risk assessment and drivers’ subjective hazard per-

ception render alarms perceived as unnecessary by drivers? (Number 2 in Figure 5-1)

e Does such a discrepancy result from advantages of the driver over the system in antici-

pating a dissolving outcome of a potential conflict based on the consideration of their

own manoeuvre intentions? (Number 3 in Figure 5-1)

System

Environment

Driver
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S|tuat|c.m Comprehension
analysis ®
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e s L
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Action execution
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>
Discrepancy

subjective hazard

Retrospective
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1
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Alarm decision

i

Perceived need
for assistance

Figure 5-1. Theoretical framework of drivers’ subjective alarm evaluation with research ques-

tions investigated in Study 1.

! Parts of Chapter 5 have been published in KaR, Schmidt, and Kunde (2018a).
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Hypothesis | derived from the theoretical framework of drivers’ subjective alarm evaluation
(see Section 3.1) proposed that drivers’ perceived need for assistance is determined by their
subjective hazard perception of the encountered traffic situation. Therefore, this study inves-
tigated if drivers’ perceived need for assistance is primarily predicted by system risk assess-
ment based on physical measurements or by their subjective hazard perception. It was as-
sumed that not every situation that is evaluated as critical by the system necessarily leads to
a high subjective hazard perception. Furthermore, it was hypothesised that a discrepancy be-
tween system risk assessment and drivers’ subjective hazard perception leads to alarm acti-
vations while the driver has a low need for assistance (Hypothesis Il in Section 3.1). As a con-
sequence, drivers would conceivably perceive an activated alarm as unnecessary. In addition,
the study examined how such a discrepancy between system risk assessment and drivers’ sub-
jective hazard perception can arise. Present-day FCA systems use alarm activation algorithms
that base predictions about crash likelihood on physical measurements alone. As soon as TTC
values fall below a predefined critical threshold, the system predicts a high crash likelihood.
This prediction leads to a high risk assessment and would result in an alarm activation. In con-
trast, human anticipation presumably takes into account drivers’ own manoeuvre intention as
additional factor (see Section 2.1.2.4). Dependent on the current manoeuvre intention, the
same environmental event, such as a braking lead vehicle, can result in different outcomes of
the potential conflict. The anticipation of a remaining or a dissolving outcome of a potential
conflict might result in different levels of subjective hazard perceptions and perceived need
for assistance. Concurrently, the system does not consider this factor for its prediction. There-
fore, human anticipation is assumed to have an advantage over system’s prediction (Hypoth-
esis llla in Section 3.1). A potential conflict with another road user that causes a low TTC value
but finally dissolves because of the driver’s manoeuvre intention is assumed to be perceived
as non-hazardous by the driver, while evaluated as critical by the FCA system. To sum up, it
was assumed that alarms are perceived as not needed by drivers due to a discrepancy be-
tween system risk assessment determined by the TTC-based prediction of crash likelihood and
drivers’ subjective hazard perception based on the anticipation of crash likelihood additionally

influenced by the current manoeuvre intention.

To test these assumptions, a mediation hypothesis (1) and a moderated mediation hypothesis

(2) were proposed. The corresponding model is shown in Figure 5-2.
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Hypothesis 1. Drivers’ subjective hazard perception of the encountered traffic scenario
will mediate the positive relationship between system risk assessment and drivers’ per-

ceived need for assistance.

Hypothesis 2. Manoeuvre intention will moderate the strength of the indirect relationship
between system risk assessment and drivers’ perceived need for assistance via drivers’
subjective hazard perception, such that the mediating effect is expected to only be salient

when the traffic event interferes with the intended manoeuvre.

H2 H1
Manoeuvre Subjective hazard
intention perception
\ a b
c/c’ .
System risk / Perceived
assessment need for assistance

Figure 5-2. Moderated mediation model investigated in Study 1. H1 = Hypothesis 1, H2 = Hy-
pothesis 2.

5.2 Method

5.2.1 Participants

A total of 30 participants (15 female, 15 male) took part in the study. Participants were be-
tween 22 and 73 years old (M =44.07, SD = 15.36). Participants stated to cover M = 21,539
kilometres per year (SD = 17,267) and to have held their driver’s license for M = 25.8 years
(SD =14.4). On average, they had medium prior experience with FCA systems, M =3.33,
SD =1.73 on a 5-point Likert scale (1 = very little, 2 = little, 3 = medium, 4 = much, 5 = very
much experience). Medium experience means that participants have already personally expe-
rienced at least one collision alarm either in their own or in another car. Participants were
recruited from the WIVW driver test panel. Each of them had received at least four hours

simulator training in two training sessions (Hoffmann, Kriiger, & Buld, 2003). This training in-
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cludes special exercises on braking, steering, driving on the motorway, and turning at inter-
sections. The probability of simulator sickness and, therefore, the drop out-rate can be suc-

cessfully reduced with the training (Hoffmann & Buld, 2006).

5.2.2 Apparatus
The study was conducted in the driving simulator at WIVW GmbH (see Section 4.1).

5.2.3 Experimental Design

The experiment used a repeated measures design with system risk assessment and manoeu-
vre intention as independent factors both with two levels. Low system risk assessment (a) was
operationalized by high or infinite TTC values that would not result in alarm activations of
present-day FCA systems. High system risk assessment (b) was represented by low TTC values
that would usually trigger alarms in present-day FCA systems (TTC values are shown in Ta-
ble 5-1). To manipulate manoeuvre intention, a navigation system provided auditory and vis-
ual announcements. Dependent on participants’ current manoeuvre intention, the encoun-
tered traffic event either interfered (a) or did not interfere (b) with their executed driving ma-
noeuvre (Figure 5-3). In the latter case, the other involved road user could not cause a collision
and the conflict dissolved. To reduce carry-over from one event to another, and to increase
the number of measurement points, participants experienced all factor combinations within
six different traffic scenarios (see Section 5.2.4). Thus, all participants encountered 24 traffic
events throughout the experiment that varied according to system risk assessment and ma-
noeuvre intention. To control for transition effects, we permutated the sequence of the 24
events to five different sequences. Each of the five sequences consisted of four blocks. The
blocks contained one representative of each of the six traffic scenarios. In each block, all pos-
sible factor combinations of system risk assessment and manoeuvre intention were repre-
sented. However, two factor combinations were represented twice. We counterbalanced the
position of the four blocks between the five different sequences as well as the position of the
six scenarios within the blocks. Thereby, it was ensured that the sequence of the four factor
combinations of each scenario was counterbalanced between the different sequences. To ob-
tain groups of equal size for each sequence, subjects were quasi randomly distributed to the
five sequences with a cell size of n =6 drivers. This means that the number of participants

randomly assigned to each sequence was limited.
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5.2.4 Traffic Scenarios

We modified the Situation Awareness Global Assessment Technique (SAGAT) method by Ends-
ley (1995) which was initially developed to measure situation awareness. The simulation
screen was blanked at predefined TTC values (TTC between ego vehicle and conflict partner,
Table 5-1). The intent was to achieve an open outcome of the relevant events. At the moment
of blanking the screen, participants were confronted with exactly the same event in the envi-
ronment with either low or high system risk assessment while only their manoeuvre intention
varied. Figure 5-3 illustrates how manoeuvre intention varied within the scenarios. As soon as
participants answered all questions concerning the event, the screen showed the previous
scene again while the conflict partner was removed. Apart from one imminent collision alarm
(modality is described in Section 4.2) that drivers experienced during the practice drive, no

further alarms were issued throughout the study.

Braking lead vehicle Intersection Vulnerable road user

Figure 5-3. Realization of manoeuvre intention for events with high system risk assessment
illustrated with one example for each of the three scenario types (braking lead vehicle, inter-
section, and vulnerable road user). Conflict partner is marked by a frame. Solid line: event
interferes with intended manoeuvre; dashed line: event does not interfere with intended ma-
noeuvre. For events with low system risk assessment, manoeuvre intention was realized in
the same way.

The driving environment consisted of an urban setting with a speed limit of 50 km/h and
evenly distributed traffic. Participants drove through intersections, roundabouts, and streets

with regular turning-off streets as well as passing parked vehicles at the roadside.
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The events were scripted scenarios. Participants experienced the six different traffic scenarios
with each condition combination of system risk assessment and manoeuvre intention. A de-
tailed description of the traffic scenarios and the operationalization of the independent vari-
ables system risk assessment and manoeuvre intention can be found in Table 5-1. For the
calculation of the indicated TTC values in Table 5-1, we assumed an ego velocity of 50 km/h
and basically used the ETTC equation (Equation 2 in Section 4.2). As relative deceleration was
not applicable for the scenario types “intersection” and “vulnerable road user”, the ETTC
equation transformed to the conventional TTC equation (Equation 1 in Section 4.2). As the six
scenarios had different set ups, the TTC values (= moment of blanking the screen) between
the scenarios could not be kept at a constant level. We gave more priority to the plausibility
of the scenarios than to exactly constant TTC values between the scenarios. Ultimately, only
one fourth of all events were expected to be subjectively perceived as hazardous by the driv-
ers, in particular events with high system risk assessment in combination with an interference

between event and intended manoeuvre.
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Table 5-1

Description of the Six Traffic Scenarios at Two Levels of System Risk Assessment and Manoeu-

vre Intention

Scenario Traffic scenarios and conflict . . .
System risk assessment Manoeuvre intention
type partner
Braking Lead vehicle is braking, Low Lead vehicle deceler- No Ego vehicle turns
lead while the ego vehicle is driv- ates slightly, inter- to the right or to
vehicle ing behind it, there is a turn- TTC*=11.15s ference the left
ing street on the right
Lead vehicle is braking, High Lead vehicle deceler- Inter- Ego vehicle stays
while the ego vehicle is driv- ates strongly, ference  behind the lead
ing behind it, there is a turn- TTC*=1.9s vehicle
ing street on the left
Inter- A motorbike is approaching  Low Motorbike/Vehicle No Ego vehicle turns
section the intersection from the stops at the intersec- inter-
right, while the ego vehicle tion, ference
is driving on the main road infinite TTC®
A vehicle is approaching the  High Motorbike/Vehicle Inter- Ego vehicle stays
intersection from the right, takes the ego vehicle’s  ference on the main road
while the ego vehicle is driv- right of way,
ing on the main road motorbike TTC* = 1.6 s,
vehicle TTC?=1.2s
Vulnerable A pedestrian is standing at Low The pedestrian staysat No Ego vehicle stays
road user the roadside at the begin- the roadside / The cy- inter- on the bending
ning of a turning road, while clist turns and drives ference main road / in the
the ego vehicle is driving on along the roadside, roundabout
a bending main road infinite TTC®
A cyclist is approaching the High The pedestrian/cyclist Inter- Ego vehicle turns
roundabout exit from the crosses the street, ference /takes the exit on

right roadside, while the ego
vehicle is driving in the
roundabout

pedestrian TTC?=1.0s,

cyclist TTC*=1.5s

the roundabout

Note.  Time to collision (TTC) values are given for the moment of blanking the screen with a presumed ego ve-
locity of 50 km/h.
b TCC calculation is not possible as the path of the ego vehicle and the conflict partner would not have crossed.

5.2.5 Dependent Measures

The dependent variables were drivers’ ratings for subjective hazard perception and perceived

need for assistance. Additionally, we asked participants to explain which precise events or

objects their ratings were based on. Participants saw the corresponding items and scales

printed on a piece of paper and told the experimenter their ratings and the corresponding

explanation through an intercom. As described in Section 4.3, subjective hazard perception

was assessed with the Situation Criticality Scale by Neukum et al. (2008). As subjects did not
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experience the outcome of the traffic events, the scale was introduced by a slightly modified

statement “Evaluate the situation, please. The situation is..” (instead of was).

Perceived need for assistance was measured by one item that was introduced with the state-
ment “In this traffic situation, | would like to be warned by a driver assistance system”. Partic-
ipants answered this item on a category sectioning scale with five categories with the verbal
labels 1—3 = disagree, 4—6 = rather disagree, 7—9 = neither agree nor disagree, 10—12 = ra-
ther agree, and 13—15 = agree. Each category was subdivided into three scale points. Partic-
ipants reported the chosen category first and refined it with the subcategory scale point

(5 x 3 =15 scale points). This method was originally developed by Heller (1985).

5.2.6 Procedure

The study was approved by the Ethics Committee of the Institute for Psychology of the Julius-
Maximilians-University Wirzburg. Upon arrival, participants received information about the
objective of the study, expected duration, procedures, and their right to decline to participate
and to withdraw from the study once participation has begun. Participants were told that the
study examines drivers’ wish for system support in different traffic situations. Prior to driving,
the experimenter explained that the participant was going to experience a couple of different
events throughout the simulator drive and that their task was to assign a subjective rating of
the event criticality as well as to indicate their need for an alarm that is intended to warn
against an imminent collision. Subsequently, the experimenter explained the meaning of

every single verbal category and the cut-off point of the situation criticality scale.

Participants were instructed to follow the traffic rules and to maintain a speed of 50 km/h
during the drive except for turning situations. Participants drove a 10-minute practice drive
that included a first traffic situation with blanked screen to get familiar with the procedure
and the questions. Besides, during the practice drive participants experienced a situation in
which an imminent FCA was triggered by a hard braking lead vehicle. Thereby, they should get
a better idea about its nature and modality (see Section 4.2). Participants were instructed that
they should base their ratings concerning perceived need for assistance on this kind of alarm.
During the experiment, the study leader was in a separate control room from where she mon-
itored the driver. When drivers drove too slowly, they were verbally reminded to accelerate

to 50 km/h. Throughout the experiment, each participant encountered 24 events. Overall, the
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experiment took about 1.5 hours per participant. At the end of the experiment, participants

were thoroughly debriefed.

5.2.7 Data Analysis

The most appropriate statistical analysis for the data of the present study was multilevel anal-
ysis. In contrast to other regression methods that assume independent observations and
might have resulted in biased estimation of standard errors, multilevel analysis accounts for
repeated measurements nested within individuals (Bauer, Preacher, & Gil, 2006; Ohly, Son-
nentag, Niessen, & Zapf, 2010). The software package Hierarchical Linear Modelling was used
(HLM Student, Version 7.01) (Raudenbush, Bryk, & Congdon, 2013). To reflect intra-individual
processes, the mediator and the criterion were centred to the respective person mean (group-
mean centring) (Field, Miles, & Field, 2012). This centring approach allowed removing the be-
tween-person variance from these variables, e.g. different levels of sensation seeking and risk
affinity between participants that might have influenced subjective hazard perception and
perceived need for assistance (Ohly et al., 2010). As predictor (system risk assessment) and
moderator (manoeuvre intention) variables were experimental conditions, there was no need
to centre. The predictor system risk assessment was entered into the model as a dichotomous
(low and high) instead of a continuous variable because low system risk assessment in Scenar-
ios 3, 4, 5, and 6 was not represented by a specific numeric value. In these scenarios, TTC
values were infinite as the conflict partner would have never crossed the driver’s way. The
measurement points of the predictor and the moderator variable on Level 1 were nested in

the participants on Level 2 (Zhang, Zyphur, & Preacher, 2009).

To analyse the mediation model, a procedure for estimating and assessing lower level media-
tion in multilevel contexts was applied (Bauer et al., 2006). The procedure modifies common
mediation analysis procedures (as suggested by Baron and Kenny, (1986)) to the multilevel
context and allows to estimate the entire mediation model simultaneously. Similar to single-
level mediation analysis, there needs to be a significant relation (a) between the predictor and
the criterion variable, (b) between the predictor and the mediator variable, (c) between the
mediator and the criterion variable, and (d) the relation between the predictor and the crite-
rion variable needs to decrease as the mediator variable is included in the model. The model

in the present study is consistent with the “1-1-1 lower mediation model” proposed by Bauer
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et al. (2006) because predictor (system risk assessment), mediator (subjective hazard percep-
tion), and criterion (perceived need for assistance) were measured at multiple measurement
points within participants. The moderator (manoeuvre intention) was a Level 1 variable as
well. A random intercept model with random slopes was calculated (Bauer et al., 2006). Par-

ticipants were considered as random variable.

As a prerequisite for moderated mediation analysis, it was checked if there was a significant
interaction between the predictor and the moderator in predicting the mediator (Hayes, 2015;
Muller, Judd, & Yzerbyt, 2005). As primary moderated mediation analysis, it was tested if the
two levels of manoeuvre intention had different conditional indirect effects on the examined
mediation model (Muller et al., 2005). In other words, it was analysed if the strength of the
indirect effect depends on the level of the moderator variable. Therefore, measurements
were split into two subgroups that represented the two levels of the moderator variable and
the mediation analysis approach by Bauer et al. (2006) was repeated separately for both sub-
groups (Wegener & Fabrigar, 2000). One can conclude that mediation is moderated when the

indirect effects differ between the two subgroups (Wegener & Fabrigar, 2000).

To verify the use of multilevel regression analysis, the intraclass correlations (ICC) on the basis
of the intercept-only models were calculated (for each of the Level 1 dependent variables).
The intraclass coefficient indicates the relation between the Level 1 variance within a person
and the total variance of Level 1 and 2 (Eid, Gollwitzer, & Schmitt, 2017). Thus, a high ICC
verifies the application of multilevel analysis because there is variability between the different
participants. The ICC for need for assistance, as well as for subjective hazard perception
was .09, indicating that 9% of the variance in perceived need for assistance and subjective

hazard perception was due to between-person differences.

Participants’ data were excluded from data analysis if their rating explanations did not include
the relevant conflict partner (see Section 5.2.5). In these cases, ratings were based on differ-
ent situations than those of the other participants. In the two traffic events with vulnerable
road users that did not interfere with drivers’ intended manoeuvre, many participants did not
mention the pedestrian or bicyclist in their explanations. They were probably not noticed by
the participants, as they were not very salient and participants focused their visual attention

into the direction they intended to drive. The multilevel approach can cope with missing data
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(Hox, 2010; Raudenbush, Bryk, Cheong, Congdon, & Du Toit, 2011). Table 5-2 displays the re-

maining measurement points that were considered in the further reported analyses.

Table 5-2

Overview of Remaining Measurement Points in the Different Traffic Scenarios Grouped by Sys-
tem Risk Assessment and Manoeuvre Intention

Low system risk assessment High system risk assessment
No Manoeuvre No Manoeuvre
manoeuvre . manoeuvre .
. interference . interference
interference interference
Scenario .
Scenario n n n n
type
Brakinglead 1\ jont 27 29 30 30
vehicle
Turn left 28 30 28 29
Intersection Motorbike 28 30 29 30
Vehicle 30 30 28 28
Vulnerable o 4o trian 15 29 14 30
road user
Cyclist 28 29 16 30
Sum of remaining S =156 5 =177 > =145 > =177

measurement points = 655

5.3 Results

5.3.1 Descriptives

The data structure consisted of 24 measurement points that were nested within 30 partici-
pants, n = 655 measurement points remained for data analysis. Figure 5-4 displays means and
95% confidence intervals for the dependent variables subjective hazard perception and per-
ceived need for assistance grouped by scenario type, system risk assessment and manoeuvre
intention. There was a significant positive correlation between the variables subjective hazard

perception and need for assistance, r(653) = .87, p < .001.
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Figure 5-4. Means of subjective hazard perception (upper part) and perceived need for assis-
tance (lower part) grouped by scenario type, system risk assessment, and manoeuvre inten-
tion. Error bars display 95 % confidence intervals.

5.3.2 Mediation Analysis

The first hypothesis assumed that system risk assessment would predict drivers’ perceived
need for assistance via subjective hazard perception. As a first step, the direct effect of the
predictor on the criterion without taking the mediator into account was calculated (path c in
Figure 5-2). Results showed that perceived need for assistance was positively associated with
system risk assessment, B = 4.33, SE = 0.38, p < .001. On the basis of the procedure for medi-
ation in multilevel models suggested by Bauer et al. (2006), all parts of the mediation model
were tested simultaneously. With regard to the effect between predictor and mediator (path a
in Figure 5-2), system risk assessment was positively related to subjective hazard perception,
B=2.44, SE=0.19, p <.001. Additionally, there was a positive relationship between the me-
diator and the criterion variable (path b in Figure 5-2). Subjective hazard perception signifi-
cantly predicted need for assistance, B=1.62, SE=0.06, p <.001. Furthermore, the results

showed the adjustment of the direct effect between the predictor and the criterion when
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including the mediator into the model (path ¢’ in Figure 5-2). Having taken subjective hazard
perception into account, the direct effect between system risk assessment and perceived
need for assistance became non-significant (B = 0.39, SE = 0.25, p = .126) which indicates com-
plete mediation. The random indirect effect via subjective hazard perception was significant,
B=3.93,SE=0.34,Z=11.43, p < .001. Therefore, the first hypothesis was supported. Direct,

indirect, and total effects are displayed in Table 5-3.

Table 5-3
Multilevel Regression Analysis for Hypotheses 1 and 2

Model/Effects B SE 95% CI

Model with mediator

Direct effect 0.39 0.25 [-0.1, 0.9]
Indirect effect 3.93%** 0.34 [3.3, 4.6]
Total effect 4.33%** 0.38 [3.6,5.1]

Conditional mediation Model 1: no manoeuvre interference

Direct effect 0.48t 0.24 [0, 1]
Indirect effect 1.71%** 0.4 [0.9, 2.5]
Total effect 2.2%%* 0.51 [3.19, 4.35]

Conditional mediation Model 2: manoeuvre interference

Direct effect 0.83t 0.43 [0, 1.7]
Indirect effect 5.14%** 0.44 [4.3, 6]
Total effect 5.98*** 0.46 [5.1, 6.9]

Note. N =30 participants at Level 2, n = 655 measurement points at Level 1 for the models with and without
mediator, n = 301 for conditional mediation model 1, n = 354 for conditional mediation model 2. Predictor is
system risk assessment, mediator is subjective hazard perception, criterion is perceived need for assistance, and
moderator is manoeuvre intention. Cl = Confidence Interval [lower limit, upper limit].

tp <.10. *p < .05. **p < .01. ***p <.001.

5.3.3 Moderated Mediation Analysis

Hypothesis 2 predicted that the indirect effect via subjective hazard perception would occur
only on condition that the traffic event interfered with the current manoeuvre intention (Fig-
ure 5-2). A necessary requirement to test the moderated mediation analysis was a significant
prediction of the mediator (subjective hazard perception) by the interaction of the predictor
(system risk assessment) and the moderator (manoeuvre intention). When manoeuvre inten-
tion as a moderator was added to path a, the interaction term for system risk assessment with

manoeuvre intention significantly predicted subjective hazard perception, B = 2.55, SE = 0.33,
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p <.001. As an additional step, to ensure appropriate conclusions in case the moderated me-
diation analysis would be significant, it was tested whether the interaction of subjective haz-
ard perception (mediator) and manoeuvre intention (moderator) was significant in predicting
perceived need for assistance (criterion). There was no significant interaction, B =-0.14,
SE =0.09, p =.127. These results suggest that there were compensating effects of manoeuvre
intention for system risk assessment in predicting subjective manoeuvre intention. As demon-
strated in Figure 5-5, the positive relationship between system risk assessment and subjective
hazard perception was stronger when the intended driving manoeuvre interfered with the
encountered traffic event. These results justified calculating a multilevel moderated media-

tion analysis as suggested in Hypothesis 2.

[EEN
o

------- no manoeuvre interference
g manoeuvre interference

_________________________________ I

Subjective hazard perception

Low risk High risk

System risk assessment

Figure 5-5. Moderating effect of manoeuvre intention on the relationship between system risk
assessment and subjective hazard perception. Error bars display 95 % confidence intervals.

To test this hypothesis, the mediation analysis was repeated separately for both subgroups of

the moderator variable manoeuvre intention (Wegener & Fabrigar, 2000).

Figure 5-6 illustrates the mediation models for each subgroup of manoeuvre intention. The
first part of the analysis tested the conditional indirect effect for the condition that the traffic
event did not interfere with drivers’ current manoeuvre intention and, thus, the potential con-
flict dissolved (n =301 measurement points). Inconsistent with Hypothesis 2, the results
showed that subjective hazard perception emerged as a significant mediator for the effect of
system risk assessment on drivers’ perceived need for assistance. When the traffic event did
not interfere with the intended manoeuvre, the direct effect between system risk assessment

and perceived need for assistance was marginally significant, when subjective hazard percep-
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tion was included in the model (path c¢’, B = .48, SE = 0.26, p = .074), indicating partial media-

tion. There was a significant conditional random indirect effect, B=1.71, SE=0.4, Z=4.23,

p <.001.
Subgroup 1: Subgroup 2:
No manoeuvre interference Manoeuvre Interference
Subjective hazard Subjective hazard
perception perception

B =1.01%%% B =1.6*** B =357%*%% B =1.4p%%*

System risk B =0.48% | Perceived need System risk B =0.83% | Perceived need

assessment for assistance assessment | for assistance

Figure 5-6. The relationship between system risk assessment and perceived need for assis-
tance mediated by subjective hazard perception, as a function of manoeuvre intention that
either does not interfere with the event (left) or that interferes with the event (right). Sub-
group 1: n = 301; Subgroup 2: n = 354.

tp <.10. ¥*p < .05. **p < .01. ***p < .001.

The second part of the analysis tested the conditional indirect effect when the traffic event
interfered with drivers’ current manoeuvre intention and, therefore, the conflict remained
(n =354 measurement points). On that condition, the direct effect between system risk as-
sessment and perceived need for assistance was partially mediated by subjective hazard per-
ception, path ¢’: B=0.83, SE=0.43, p=.060. The conditional random indirect effect was
highly significant, B=5.14, SE=0.44, Z=11.66, p < .001. As illustrated in Figure 5-7, the non-
overlapping confidence intervals of the two conditional indirect effects indicate that the me-
diated relationship was significantly stronger when the critical traffic event interfered with the

intended manoeuvre than without interference. Table 5-3 presents the conditional direct, in-

direct, and total effects for the reported moderated mediation analysis.
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Figure 5-7. Conditional random indirect effects of the mediation model for both subgroups of
the moderator variable manoeuvre intention. Error bars display 95 % confidence intervals.

The significant interaction between system risk assessment and manoeuvre intention in pre-
dicting subjective hazard perception and the conditional indirect effects were partly con-
sistent with Hypothesis 2. Manoeuvre intention moderated the strength of the indirect rela-
tionship between system risk assessment and drivers’ perceived need for assistance via driv-
ers’ subjective hazard perception. Notwithstanding Hypothesis 2, the mediating effect was
also salient when there was no interference between the traffic event and drivers’ manoeuvre
intention. The results revealed that the mediating effect was significantly stronger when the

event interfered with the intended manoeuvre than when it did not interfere.

Even though there were no a priori hypotheses regarding differences between the three im-
plemented scenario types, a supplementary analysis included scenario type as random varia-
ble in our model. The results revealed that the interaction term between system risk assess-
ment and manoeuvre intention significantly predicted subjective hazard perception in the sce-
nario types intersection (B=4.2, SE=0.48, p<.001) and vulnerable road user (B=3.19,
SE =0.53, p<.001), while it was not significant for the braking lead vehicle scenario type
(B=0.11, SE=0.44, p = .810).

5.4 Discussion

The goal of the first study was to gain insights into factors that influence drivers’ perceived
need for assistance in potential collision situations. For this purpose, the study aimed to pro-
vide evidence for three hypotheses derived from the theoretical framework of drivers’ sub-
jective alarm evaluation (Figure 5-1). Therefore, 30 participants encountered six different traf-

fic scenarios that would either result in low or high system risk assessment. Each scenario was
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experienced with two different manoeuvre intentions to vary the anticipated outcome of the

potential conflict.

The results supported the first hypothesis and revealed that system risk assessment positively
influenced subjective hazard perception which was, in turn, positively related to perceived
need for assistance. This finding showed that drivers’ subjective hazard perception regarding
the encountered traffic event was the central factor that influenced perceived need for assis-
tance, instead of system risk assessment that is exclusively determined by a prediction based
on physical criteria. As proposed by the theoretical framework, drivers’ perceived need for
assistance was predicted by their subjective hazard perception (Number 1 in Figure 5-1). This
finding is in line with prior research concerning the effectiveness of static product warnings
(Laughery & Wogalter, 2006; Wogalter et al., 1991) and reported driver needs and alarm use-
fulness in the context of driver assistance (Eichelberger & McCartt, 2014; LeBlanc et al., 2006b;
Portouli et al., 2006; van Driel & van Arem, 2005).

To investigate the assumption that an advantage of the driver over the system on the antici-
pation level (Number 3 in Figure 5-1) causes a discrepancy between system risk assessment
and drivers’ subjective hazard perception (Number 2 in Figure 5-1), drivers encountered iden-
tical traffic events with different manoeuvre intentions. The present study effectively exam-
ined the direct impact of drivers” manoeuvre intention on subjective hazard perception of
traffic events with identical physical measurements. Accordingly, Hypothesis 2 suggested that
the mediating effect of subjective hazard perception would only be present when the traffic
event interfered with the intended manoeuvre and, thus, the potential conflict remained. The
results concerning this moderating effect of manoeuvre intention were not completely con-
sistent with this hypothesis. The analysis revealed that even when the current manoeuvre
intention caused a dissolving outcome of the potential conflict, events with high system risk
assessment were perceived as more hazardous than events with low system risk assessment.
However, manoeuvre intention determined the strength of the relationship between system
risk assessment and subjective hazard perception. An event with high system risk assessment
was subjectively perceived as more hazardous when the manoeuvre intention led to the an-
ticipation of a remaining than a dissolving outcome of the potential conflict. Hence, the medi-
ated relationship was found to be stronger. Extending previous surveys and exploratory stud-

ies about necessity and usefulness of driver assistance (LeBlanc et al., 2006a; Portouli et al.,
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2006; van Driel & van Arem, 2005), this finding reveals that a discrepancy between a pure TTC-
based system risk assessment and drivers’ subjective hazard perception of the same traffic
event (high system risk assessment and low subjective hazard perception) could lead to alarms
perceived as not needed by drivers (Number 2 in Figure 5-1). As soon as an encountered traffic
event with a low TTC did not interfere with drivers’ current manoeuvre intention, their sub-
jective hazard perception was lower than system risk assessment. Consequently, this discrep-
ancy was caused by an advantage of the driver over the system at the anticipation level (Num-

ber 3 in Figure 5-1).

It should be considered that subjective driver ratings might have been influenced by specula-
tions. The method of blanking the simulation screen caused that participants based their rat-
ings on an imagined forecast of what could have happened instead of a real experience. This
may explain the observation that the mediated relationship between system risk assessment
and perceived need for assistance via subjective hazard perception was lower but still present
under the condition that the traffic event did not interfere with the planned manoeuvre. Par-
ticularly, the evaluation of subjective hazard perception and perceived need for assistance
might have been influenced by participants’ thought that the event would have been hazard-
ous if they had had a different manoeuvre intention. Furthermore, evaluations of subjective
hazard perception and perceived need for assistance differed between scenario types (Fig-
ure 5-4). For example, events with vulnerable road users at low system risk assessment led to
higher ratings of subjective hazard perception and perceived need for assistance compared to
other events involving another car as conflict partner. These events were probably perceived
as more hazardous because a collision with a vulnerable road user would have had more se-
vere consequences than with another car. The scenarios with braking lead vehicles differed
from the other scenario types in two respects. First, events with high system risk assessment
that interfered with drivers’ manoeuvre intention resulted in lower ratings for hazard percep-
tion and need for assistance than the other scenarios. Second, manoeuvre intention did not
moderate the effect of system risk assessment on subjective hazard perception. The reason
for the first difference might be twofold. On the one hand, the outcome of the scenario types
intersection and vulnerable road users were dependent on both drivers’ own manoeuvre in-
tentions and those of other road users arriving from the side. Therefore, participants might

have perceived less control over the outcome of these events than in a situation with a braking
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lead vehicle. On the other hand, the method of blanking the screen might have caused a mis-
judgement of the magnitude of deceleration of the braking lead vehicle. This methodological
limitation might also explain the finding that manoeuvre intention had no moderating effect
in scenarios with a braking lead vehicle. As the screen was blanked shortly after the lead vehi-
cle initiated its braking manoeuvre, participants might have underestimated the risk to collide
with the hard braking vehicle ahead and overestimated the risk to collide with a slightly brak-
ing lead vehicle. The brake light onset in combination with only the initial part of the braking
manoeuvre of the lead vehicle might not have contained enough information about the inten-
sity of the braking manoeuvre (Morando et al., 2016). In general, it must be considered that
drivers’ subjective hazard perception and perceived need for assistance might not always
match reality. Humans tend to misjudge the real risk of situations (Charlton, Starkey, Perrone,
& Isler, 2014; Groeger & Chapman, 1990; Watts & Quimby, 1980) and their own abilities (Kru-
ger & Dunning, 1999). Therefore, drivers might perceive some alarms as accurate in retrospect
which they would have considered as unnecessary in advance (Lees & Lee, 2007). Future work
should examine differences for subjective hazard perception and perceived need for assis-
tance dependent on the time of measurement (either before or after experiencing the corre-
sponding traffic event). Related to the outlined limitations, Study 2 examined the impact of
retrospective subjective hazard perception on drivers’ perceived need for assistance after

drivers had encountered the entire traffic event.

5.5 Conclusion

Based on assumptions derived from the theoretical framework of drivers’ subjective alarm
evaluation (Figure 5-1), Study 1 provided insights into psychological factors and processes that
have an impact on drivers’ perceived need for assistance in potential collision situations. Mul-
tilevel analyses revealed that drivers’ subjective hazard perception of the encountered traffic
event mediated the relationship between system risk assessment and drivers’ perceived need
for assistance. The current manoeuvre intention influenced the strength of this mediated re-
lationship, as the mediation was stronger when the intended driving manoeuvre caused a re-
maining outcome of the conflict with another road user than a dissolving outcome of the po-

tential conflict.
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To sum up, the results of Study 1 provided evidence for Hypotheses |, I, and llla derived from
the theoretical framework (see Section 3.1). Drivers’ perceived need for assistance was pri-
marily predicted by their subjective hazard perception. While the prediction level of conven-
tional FCA systems is exclusively based on the current TTC measurement, the results of the
present study indicated that drivers’ anticipations of the outcome of a complex driving situa-
tion differ depending on their current manoeuvre intention. Consequently, the same environ-
mental event could result in a discrepancy between system risk assessment and drivers’ sub-
jective hazard perception. As drivers’ perceived need for assistance increased with increasing
subjective hazard perception, alarm activation strategies that disregard drivers’ current ma-
noeuvre intention would provide collision alarms subjectively perceived as unnecessary under
the following circumstances: The TTC between ego vehicle and conflict partner is low, while
the driver’s current manoeuvre intention causes a dissolving outcome of the potential conflict.
Based on the system’s prediction of a high crash likelihood due to the low TTC, a high system
risk assessment triggers an alarm, while the same event is perceived as non-hazardous by the

driver. Therefore, the driver would perceive this alarm as not needed.
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6 Study 2: Retrospective Subjective Hazard Perception?

6.1 Introduction and Research Questions
Study 2 addressed several research questions. First, the study aimed to extend the findings of
Study 1 and to address certain ambiguities. In this context, Study 2 investigated the same re-

search questions as Study 1 with methodological modifications (Figure 5-1).

e Does drivers’ subjective hazard perception predict their perceived need for assistance?
(Number 1 in Figure 5-1)

e Does a discrepancy between system risk assessment and drivers’ subjective hazard per-
ception render alarms perceived as unnecessary by drivers? (Number 2 in Figure 5-1)

e Does such a discrepancy result from advantages of the driver over the system in antici-
pating a dissolving outcome of a potential conflict based on the consideration of their

own manoeuvre intentions? (Number 3 in Figure 5-1)

In the previous study, participants rated their perceived need for assistance and subjective
hazard perception of traffic events with an open outcome. Thus, they did not experience the
entire traffic event. The intent was that each driver is confronted with exactly the same event
in the environment. Thereby, their ratings were not influenced by their driving performance
and the actual outcome of the event. As already mentioned in Section 5.4, drivers’ ratings
could have been biased by speculations about an imagined forecast of the outcome of the
situation. The theoretical framework proposes that drivers’ perceived need for assistance is
determined by their retrospective subjective hazard perception (see Sections 2.5 and 3.1).
Drivers’ subjective hazard perception during an encountered situation might be distorted by
situation awareness errors. In some events in Study 1, drivers misjudged the real risk of the
situation. For example, many participants underestimated the risk to collide with a hard brak-
ing lead vehicle and overestimated the risk to collide with a slightly braking lead vehicle. These
misjudgements might have also been caused by the method of blanking the screen (see Sec-
tion 5.4). It is assumed that the retrospective subjective hazard perception that drivers derive
after having experienced the overall traffic situation can diverge from the hazard which they
perceived within the encountered traffic event (see Section 2.5). With regard to the scenarios

with a hard braking lead vehicle in Study 1, drivers’ retrospective hazard perception could be

2 Parts of Chapter 6 have been published in KaB, Schmidt, and Kunde (2019).
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higher than their hazard perception in the moment when the lead vehicle started to deceler-
ate. For the retrospective subjective hazard perception, drivers might additionally consider
the necessity to brake immediately and strongly to avoid a rear-end collision. Therefore, driv-
ers might perceive a higher need for assistance and evaluate activated alarms as more sup-
portive and useful than they would have expected before. As ratings for subjective hazard
perception and perceived need for assistance differed between the different scenario types
in Study 1, participants in Study 2 experienced only one scenario type. The braking lead vehicle
scenario was chosen for different reasons. First, the outcome of the potential conflict was
solely dependent on the ego driver’s manoeuvre intention. Second, the method of blanking
the screen might have distorted drivers’ subjective evaluations of this scenario type the most
in Study 1. Third, manoeuvre intention had no moderating effect in this scenario type in the
previous study. Therefore, Study 2 aimed to gain further insights into the influence of ma-
noeuvre intention on drivers’ retrospective subjective hazard perception of traffic events with
identical physical measurements. Using a modified methodology to be able to measure driv-
ers’ retrospective subjective hazard perceptions, a mediation hypothesis (1) and a moderated
mediation hypothesis (2) were tested as in Study 1. The corresponding model is shown in Fig-

ure 6-1.

Hypothesis 1. Drivers’ retrospective subjective hazard perception of the encountered traf-
fic scenario will mediate the positive relationship between system risk assessment and

drivers’ perceived need for assistance.

Hypothesis 2. Manoeuvre intention will moderate the strength of the indirect relationship
between system risk assessment and drivers’ perceived need for assistance via drivers’
retrospective subjective hazard perception, such that the mediating effect is expected to

only be salient when the traffic event interferes with the intended manoeuvre.
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H2 H1
Retrospective
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intention R
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System risk /! R Perceived
assessment need for assistance

Figure 6-1. Moderated mediation model investigated in Study 2. H1 = Hypothesis 1, H2 = Hy-
pothesis 2.

Moreover, the study addressed the research question concerning drivers’ acceptance of un-

necessary alarms.

e  Which factors influence drivers’ acceptance of unnecessary alarms?

This study aimed to gain insights into drivers’ acceptance of unnecessary alarms compared to
their acceptance of useful alarms. Alarms were considered as unnecessary in situations with
high system risk assessment (low TCC values) while drivers’ manoeuvre intention caused a
dissolving outcome of the potential conflict. Under the condition that drivers’” manoeuvre in-
tention led to a remaining conflict, alarms were considered as useful. To ensure that this clas-
sification matched drivers’ subjective evaluations of alarms, drivers were asked to classify
alarms as either unnecessary or useful. By taking their current manoeuvre intention into ac-
count, drivers had an advantage over the alarm system in anticipating the outcome of the
potential inter-vehicle conflict. FCAs had the potential to prevent drivers from causing a rear
end collision when drivers’ manoeuvre intention interfered with the braking lead vehicle and
the conflict remained. In contrast, FCAs activated in situations in which the braking lead vehi-
cle did not interfere with drivers’ manoeuvre intention and the potential conflict dissolved
would never prevent drivers from causing a collision. This line of thought leads to the third

hypothesis.

Hypothesis 3. In traffic situations with a hard braking lead vehicle leading to a high system
risk assessment, drivers indicate a higher acceptance for alarms issued while the lead ve-

hicle interferes with their current manoeuvre intention than without interference.
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Beyond subjective evaluations, the present study elucidated short-term effects of unneces-

sary alarms on driver behaviour addressing the following research question.

e How do drivers respond to unnecessary alarms?

Drivers’ braking responses when receiving unnecessary alarms were compared to those of
drivers who experienced the same situation without alarm. As described in Section 2.3.4, pre-
vious research revealed contradictory findings concerning this research question. On the one
hand, drivers are assumed to consider their current manoeuvre intention to anticipate a dis-
solving outcome of the situation. Thus, they are assumed to know that they will not collide
with the braking lead vehicle and unnecessary alarms might cause only slight or no braking
responses (Flannagan et al., 2016; General Motors Corporation, 2005). On the other hand,
without prior experience with situations usually associated with unnecessary alarms, the pro-
cess of validating an unnecessary alarm activated by an apparent alarm trigger (lead vehicle)
might be very demanding (Gérard & Manzey, 2010). Therefore, unnecessary alarms could also
cause superfluous braking responses when drivers have no or little experience with situations
that usually activate unnecessary alarms (Lees & Lee, 2007). Consequently, no directed hy-

pothesis could be derived.

6.2 Method

6.2.1 Participants

A total of 56 participants (18 female, 38 male) took part in the study. Three participants had
to be excluded from data analysis, one person due to simulator sickness and two persons due
to technical problems with LimeSurvey. The remaining 53 participants (16 female, 37 male)
were between 23 and 60 years old (M = 41.49, SD = 11.21) and have held their driver’s license
for M =22.77 years (SD = 11.16). 66 % of the participants indicated to drive their car on a daily
basis and 64 % indicated to cover more than 15,000 kilometres per year. On average, drivers
had medium prior experience with FCA systems, M =2.25, SD = 1.11 on a 5-point Likert scale
(1 = very little, 2 = little, 3 = medium, 4 = much, 5 = very much experience). However, only nine
participants have gained regular experience with an FCA system in their own car. Participants
were recruited from a German car manufacturer’s (Opel Automobile GmbH) participant test

panel consisting of company employees. As study participation took place during paid working
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hours, participants did not receive extra monetary compensation. Each of them took part in

at least one simulator training of 15 minutes to get used to the driving simulator beforehand.

6.2.2 Apparatus

The study was conducted in the driving simulator at Opel Automobile GmbH (see Section 4.1).

6.2.3 Experimental Design

As shown in Table 6-1, the experiment used a 2x2x2 mixed design with two within-subject
factors system risk assessment and manoeuvre intention and the between-subject factor level
of assistance. The initial situation was the same for each test event. Participants followed the
lead vehicle at 50 km/h. In the condition with low system risk assessment (a), the lead vehicle
decelerated slightly with 2 m/s? resulting in high TTC values between ego and lead vehicle
(minimal TTC values: M =7.16 seconds, SD = 1.19) that would usually not trigger alarms in
present-day FCA systems. In the condition with high system risk assessment (b), the lead ve-
hicle decelerated strongly with 15 m/s2. This event led to TTC values that would usually trigger
alarms in present-day FCA systems (minimal TTC values: M = 1.11 seconds, SD = 0.16). The FCA
system in the present study was activated by TTC values that fell below 1.9 seconds. To ma-
nipulate manoeuvre intention, a navigation system provided auditory and visual announce-
ments. Dependent on participants’ current manoeuvre intention, the lead vehicle either in-
terfered (a) or did not interfere (b) with their executed driving manoeuvre (Figure 6-2). In the
latter case, the lead vehicle could not cause a collision and the potential conflict dissolved.
The factor level of assistance was represented by either receiving an FCA during each test
event with a TTC value below 1.9 seconds (a) or never receiving FCAs (b) (except for one FCA
during the practice drive, see Section 6.2.6). FCAs were considered as unnecessary when driv-
ers’ planned manoeuvre did not interfere with the braking lead vehicle. The used type of FCA
is described in Section 4.2. Subjects were quasi randomly allocated to the two groups (with
FCAs n = 21; without FCAs n = 32). The group sizes differ because the conduction of multilevel
analyses required at least 30 participants in the group without FCAs (Kreft & Leeuw, 1998).
For practical reasons, it was not possible to conduct the study with more than 53 participants

to obtain groups of equal size.
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Table 6-1
Experimental Design of Study 2 with Group Sizes

Level of assistance®

Without FCA With FCA
isk
System ris a Manoeuvre Intention® n n
assessment
Low No interference 32 21
Interference 32 21
High No interference 32 21
Interference 32 21

Note. ? Within-subject factor. ® Between-subject factor.

Participants experienced all factor combinations of the two within-subject factors with two
different traffic scenarios to reduce carry-over from one event to another and to increase the
number of measurement points. To get used to the traffic scenarios, navigation system, and
turning manoeuvres, participants encountered four baseline events at the beginning of the
simulation drive. In these events, environments did not differ from those in the test events,
but the lead vehicle continued driving and did not decelerate at a certain point (2 (manoeuvre
intention) x 2 (traffic scenario) = 4 baseline events). To reduce learning effects, the four base-
line events were additionally used as filler events. Thus, all participants encountered eight test
events that varied according to system risk assessment, manoeuvre intention and traffic sce-
nario (2x2x2) plus four baseline and four filler events that varied according to manoeuvre in-
tention and traffic scenario (2x2) (16 events in total). To control for transition effects, we per-
mutated the sequence of the eight test events to four different sequences. Each sequence
started with a permutated sequence of the four baseline events. The filler events were ran-
domly allocated between the test events. To obtain groups of equal size for each sequence,
subjects were quasi randomly distributed to the four sequences with a cell size of n =13 — 14
drivers. This means that the number of participants randomly assigned to each sequence was

limited.

6.2.4 Traffic Scenarios
The driving environment consisted of an urban setting with a speed limit of 50 km/h and
evenly distributed traffic. Participants drove through streets with regular turning-off streets,

parked vehicles at the roadside, and pedestrians at the sidewalk.
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Participants experienced the two different traffic scenarios with each condition combination
of system risk assessment and manoeuvre intention. In both scenarios, the ego vehicle fol-
lowed a lead vehicle that decelerated at a certain point while there was either a turning street
on the right (Scenario 1) or a turning lane on the left (Scenario 2). Figure 6-2 illustrates the
two different traffic scenarios and how they varied according to manoeuvre intention. Equa-

tion 1 in Section 4.2 served to calculate the TTC values.

Scenario 1: Turn right
1
1

Scenario 2: Turn left

Figure 6-2. Realization of manoeuvre intention in both test scenarios. Braking lead vehicle is
marked by a frame. Solid line: manoeuvre intention interferes with braking lead vehicle;
dashed line: manoeuvre intention does not interfere with braking lead vehicle.

6.2.5 Dependent Measures

After each test event, participants in the group without FCAs indicated their subjective hazard
perception and perceived need for assistance. In the group with FCAs, participants rated the
alarm classification and acceptance after each event. As drivers received FCAs only in situa-
tions with high system risk assessment (TTC < 1.9 seconds), they did not rate alarm classifica-
tion and acceptance for events with low system risk assessment. All questions were presented

and answered on a tablet (see Section 4.1).

As described in Section 4.3, Situation Criticality Scale by Neukum et al. (2008) served to meas-
ure retrospective subjective hazard perception. For reasons of easier readability, the term
“subjective hazard perception” will be used without “retrospective” throughout the results

section of this chapter.

Perceived need for assistance was measured by one item that was introduced by the state-
ment “In this traffic situation, | would have liked a collision warning”. Participants answered
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the item on a 5-point Likert scale (1 = disagree, 2 = rather disagree, 3 = neither agree nor dis-

agree, 4 = rather agree, 5 = agree).

The measurement of alarm classification served as manipulation check. Participants were
asked to decide on a binary scale whether they perceived an FCA as unnecessary or useful in

the previously encountered situation (scale points: useful, unnecessary).

Alarm acceptance was only measured in the group that received FCAs. As described in Sec-
tion 4.3, it was measured by using the usefulness subscale of the acceptance questionnaire by

van der Laan et al. (1997). Mean internal consistency was o = .86.

To assess driver responses to the test events, the magnitude of speed reduction and maximum

deceleration were measured (see Section 4.3).

6.2.6 Procedure

The Ethics Committee of the Institute for Psychology of the Julius-Maximilians-University
Wirzburg has declared the study to be ethically unobjectionable. Upon arrival, participants
received written instructions containing information about the purpose of the study, the
speed limit of 50 km/h, and an explanation of every single verbal category and the cut-off
point of the situation criticality scale. They were informed that the study examines their be-
haviour in and their subjective evaluations of different traffic situations to gain insights into
the need for collision alarms. Additionally, they signed a consent form that informed them
about their right to decline to participate and to withdraw from the study at any point, and

the method of data anonymization.

Participants drove a five-minute practice drive. To let them get a better idea about the nature
and modality of the FCA (see Section 4.2), the practice drive included a situation in which a
hard braking lead vehicle triggered an FCA. Participants in the group without FCAs were in-
structed that they should base their ratings concerning perceived need for assistance on this
kind of alarm. The experimental drive started with the four baseline events that were not fol-
lowed by questionnaires. Each test event was followed by a programmed announcement
“Please stop here”. This method aimed to avoid that drivers would stop during every event
with a hard braking lead vehicle as such a behaviour would have influenced driving measures.

After having stopped, drivers answered questions on the tablet concerning the encountered
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scenario. Overall, the experiment took about one hour per participant. At the end of the ex-

periment, participants were thoroughly debriefed.

6.2.7 Data Analysis

As in Study 1, the mediation and the moderated mediation hypotheses were tested using mul-
tilevel analysis. The models and procedures were similar to those of Study 1 described in Sec-
tion 5.2.7. Intraclass correlations (ICC) were calculated on the basis of the intercept-only mod-
els for each of the Level 1 dependent variables. The ICC for need for assistance was .10 and
for subjective hazard perception was .002, indicating that 10% of the variance in perceived
need for assistance and 0.2 % of the variance in subjective hazard perception was due to be-

tween-person differences.

The other hypotheses were tested with repeated-measures and mixed analyses of variance
(ANOVASs), multivariate ANOVAs (MANOVAs), and McNemar tests carried out with IBM SPSS
statistics software (Version 22). The McNemar test was used to test differences between two
related dichotomous variables. More specifically, it tested differences between the proportion
of drivers who changed their alarm classification dependent on their current manoeuvre in-
tention. Post-hoc tests were calculated with paired and unpaired t-tests. The significance level

was set at a = 0.05 for all analyses.

For statistical analyses, the 5-point sematic differential scale used to measure alarm ac-

ceptance was recoded to scale points rangingfrom1to5(-2=1,-1=2,0=3,1=4,2 =5).

It was necessary to exclude subjective as well as driving data of 11 test events with low system
risk assessment (of 11 different participants) from data analysis. Inexplicably, the lead vehicle
decelerated stronger than 2 m/s? in these events. This observation was based on subjective
evaluations of the experimenter as well as on driving data. In these situations, participants
decelerated more strongly and minimal TTC values were lower than in the other test events

with low system risk assessment.
6.3 Results

6.3.1 Descriptives for Multilevel Analysis
For multilevel analysis, only data of the group without FCAs were considered. The initial data
structure consisted of eight measurement points nested within 32 participants, n = 249 meas-

urement points remained for data analysis. Figure 6-3 displays means and 95% confidence
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intervals for the dependent variables subjective hazard perception and perceived need for

assistance grouped by traffic scenario, system risk assessment, and manoeuvre intention.

Scenario 1: Turn right Scenario 2: Turn left
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------- no manoeuvre interference

manoeuvre interference

Figure 6-3. Means of subjective hazard perception (upper part) and perceived need for assis-
tance (lower part) grouped by traffic scenario, system risk assessment, and manoeuvre inten-
tion. Error bars display 95 % confidence intervals.

There was a significant positive correlation between the variables subjective hazard percep-
tion and need for assistance, r(247) = .87, p < .001. The initial intent was to conduct the mul-
tilevel analysis including measurement points of both traffic scenarios. However, the descrip-
tive data showed that participants’ subjective evaluations of events at high system risk assess-
ment without manoeuvre interference differed between Scenario 1 and 2 (Figure 6-3). A re-
peated-measures MANOVA with manoeuvre intention and traffic scenario as factors and sub-
jective hazard perception and need for assistance as dependent variables served to test the
statistical relevance of this difference. The analysis considered only measurement points with
high system risk assessment and revealed a significant multivariate main effect of traffic sce-
nario, Wilks' A = .62, F(2, 30) =9.02, p =.001, n,2= .38, and a significant interaction of traffic
scenario and manoeuvre intention, Wilks'A=.47, F(2,30)=16.68, p<.001, np?=.53.
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Post-hoc tests with Bonferroni adjustment showed differences between ratings for Scenario 1
and 2 when the event did not interfere with the manoeuvre intention, for subjective hazard

perception (p < .001) as well as for need for assistance (p < .001).

Due to these differences, it was more appropriate to test Hypothesis 1 by carrying out two
separate multilevel analyses for each traffic scenario. For each scenario, the data structure
consisted of four measurement points nested within 32 participants, n =122 measurement
points for Scenario 1 and n = 127 measurement points for Scenario 2. However, to test the
moderated mediation as suggested by the second hypothesis, it would have been necessary
to split these two data sets each into two subgroups (see Section 5.2.7, Wegener & Fabrigar,
2000). The resulting data sets would have consisted of only two measurement points (low and
high system risk assessment) nested within 32 participants with about 60 measurement points
each. Under these conditions, it was not appropriate to calculate the moderated mediation
analysis as initially planned. Therefore, it was only possible to conduct a multilevel analysis
separately for each traffic scenario that checked if the interaction between system risk assess-

ment and manoeuvre intention significantly predicted subjective hazard perception.

6.3.2 Mediation Analyses

To test the mediation hypothesis, the mediation analysis was conducted separately for Sce-
nario 1 and 2 (see explanation in Section 6.3.1). With regard to Scenario 1, results showed a
significant direct effect of system risk assessment on perceived need for assistance (path cin
Figure 6-1), B=1.16, SE=0.21, p < .001. All parts of the mediation model were tested simul-
taneously (Bauer et al., 2006). System risk assessment significantly predicted subjective haz-
ard perception (path a in Figure 6-1), B = 1.89, SE = 0.24, p < .001. There was a significant pos-
itive relationship between subjective hazard perception and perceived need for assistance
(path b in Figure 6-1), B=0.56, SE =0.07, p <.001. When including the mediator subjective
hazard perception into the model, the direct effect between system risk assessment and per-
ceived need for assistance (path ¢’ in Figure 6-1) became non-significant, B =0.13, SE = 0.26,
p =.624. The random indirect effect via subjective hazard perception was significant, B = 1.03,
SE=0.20, Z=5.29, p<.001. This result indicated complete mediation. With regard to Sce-
nario 2, the direct effect of system risk assessment on perceived need for assistance (path c)
was significant, B=1.74, SE=0.21, p <.001. There was a significant positive relationship be-
tween system risk assessment and subjective hazard perception (path a), B=2.93, SE =0.27,

p <.001, and between subjective hazard perception and perceived need for assistance
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(path b), B=0.48, SE=0.07, p < .001. The direct effect between system risk assessment and
perceived need for assistance became non-significant when taking subjective hazard percep-
tion into account (path c¢’), B=0.43, SE = 0.25, p = .096. The analysis revealed a significant ran-
dom indirect effect via subjective hazard perception, B=1.26,SE =0.18,Z=7.11, p < .001. The
first hypothesis was, therefore, supported for both traffic scenarios. Direct, indirect and total

effects are displayed separately for both scenarios in Table 6-2.

Table 6-2
Multilevel Regression Analysis for Hypotheses 1 and 2

Scenario 1: Turn right Scenario 2: Turn left
Model with mediator B SE 95% Cl B SE 95% Cl
Direct effect 0.13 0.26 [-0.38, 0.64] 0.43 0.25 [-0.06, 0.92]
Indirect effect 1.03*** 0.20 [0.65, 1.42] 1.26*** 0.18 [0.91, 1.61]
Total effect 1.16*** 0.21 [0.75, 1.57] 1.74%** 0.21 [1.33,2.16]

Note. N =32 participants at Level 2, measurement points at Level 1 for Scenario 1: n =122, for Scenario 2:
n = 127. Predictor is system risk assessment, mediator is subjective hazard perception, criterion is perceived need
for assistance, and moderator is manoeuvre intention. Cl = Confidence Interval [lower limit, upper limit].

tp <.10. *p <.05. **p < .01. ***p < .001.

6.3.3 Moderated Mediation Analyses

As described in Section 6.3.1, the moderated mediation analyses could not be conducted as
initially planned. Due to the required separate analyses for both traffic scenarios, the data sets
divided into the two levels of manoeuvre intention consisted of too few remaining measure-
ment points. To gain insights into the effect of manoeuvre intention anyway, the predictive
effect of the interaction between system risk assessment and manoeuvre intention on subjec-
tive hazard perception was tested separately for both traffic scenarios. When manoeuvre in-
tention as a moderator was added to path a of the mediation model for Scenario 1, the inter-
action term for system risk assessment with manoeuvre intention significantly predicted sub-
jective hazard perception, B=2.09, SE=0.44, p <.001. As demonstrated in the upper left
panel of Figure 6-3, the positive relationship between system risk assessment and subjective
hazard perception was stronger when the intended driving manoeuvre interfered with the
braking lead vehicle. This result is in line with the second hypothesis. In contrast, with regard
to Scenario 2, results revealed that the interaction term between system risk assessment and

manoeuvre intention was negatively associated with subjective hazard perception, B=-1.12,
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SE =0.43, p =.010. As demonstrated in the upper right panel of Figure 6-3, the positive rela-
tionship between system risk assessment and subjective hazard perception was stronger
when the intended driving manoeuvre did not interfere with the braking lead vehicle. For
events with high system risk assessment, manoeuvre intention had no impact on drivers’ sub-

jective hazard perception. This finding contradicts the second hypothesis.

6.3.4 Alarm Acceptance

To test the hypothesis that drivers indicate a higher acceptance for alarms issued while the
hard braking lead vehicle interferes with their current manoeuvre intention than without in-
terference, only data of the group with FCAs and situations with high system risk assessment

(TTC < 1.9 seconds) were considered.

Scenario 1: Turn right Scenario 2: Turn left
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Figure 6-4. Proportion of alarm classification as unnecessary or useful dependent on manoeu-
vre intention in Scenario 1 (left) and Scenario 2 (right).

To ensure that the predefined classification of alarms as useful during events with manoeuvre
interference and as unnecessary during events without manoeuvre interference matched
drivers’ subjective classifications, McNemar tests analysed the impact of manoeuvre intention
on drivers’ subjective alarm classification. For Scenario 1, the results showed that alarm clas-
sification significantly changed with manoeuvre intention, p =.001. As illustrated by the left
panel of Figure 6-4, the proportion of drivers who perceived FCAs as unnecessary significantly
increased from events with manoeuvre interference to events without manoeuvre interfer-
ence. For Scenario 2, there was no significant difference between the proportions of drivers

who perceived alarms as useful or unnecessary with different manoeuvre intentions, p = 1.
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The proportion of alarm classification for Scenario 2 is displayed in the right panel of Fig-
ure 6-4. Thus, the predefined alarm classification matched drivers’ subjective alarm classifica-
tion in Scenario 1, while there was a mismatch for Scenario 2. Anyway, alarm acceptance was
analysed for both scenarios. To consider potential differences in alarm acceptance between
the two traffic scenarios, traffic scenario was included as factor in the analysis carried out to
test Hypothesis 3. A repeated-measures ANOVA tested the impact of manoeuvre intention
and traffic scenario on alarm acceptance. The corresponding means and within-group stand-
ard errors of the means (O'Brien & Cousineau, 2014) are displayed in Figure 6-5. There was a
significant interaction between manoeuvre intention and traffic scenario, F(1, 20) = 18.79,
p <.001, ny?=.48. In Scenario 1, a paired t-test showed that drivers’ acceptance was higher
for alarms activated while the lead vehicle interfered with their current manoeuvre intention
than without interference, t(20) = 5.93, p <.001, dcoren = 1.29. In contrast, manoeuvre inten-
tion had no impact on alarm acceptance in Scenario 2, t(20) = 0.26, p = .796, dcohen = 0.06. The

results of Scenario 1 were in line with the third hypothesis, while those of Scenario 2 did not

support it.
Scenario 1: Turn right Scenario 2: Turn left
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Figure 6-5. Acceptance of alarms activated with and without interference with drivers’ ma-
noeuvre intention during Scenario 1 (left) and Scenario 2 (right). Error bars display within-
group standard errors of the means (O'Brien & Cousineau, 2014).

As the analysis of drivers’ subjective alarm classification revealed that manoeuvre intention
did not always determine their classification of alarms as either useful or unnecessary (espe-
cially in Scenario 2), an additional analysis was conducted to gain insights into drivers’ ac-
ceptance of unnecessary alarms. For each event in which drivers received an FCA, an unpaired

t-test tested the effect of drivers’ subjective alarm classification on their alarm acceptance.
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Subjective alarm classification was used as between-subject factor with two levels (useful, un-
necessary). Figure 6-6 shows the corresponding group sizes, means and 95 % confidence in-
tervals. According to Levene’s test for equality of variances, variances were equal for each
t-test even though the groups were of unequal size (Figure 6-6). All t-tests showed that alarms
subjectively classified as useful were significantly more accepted than alarms classified as un-

necessary. The test statistics are reported in Table 6-3.

Table 6-3

Results of t-tests that Tested the Effect of Subjective Alarm Classification on Alarm Acceptance

Alarm activated in: t df dcohen

Scenario 1: Turn right
No manoeuvre interference -7.90%** 19 3.84
Manoeuvre interference -4.85%** 19 2.70
Scenario 2: Turn left
No manoeuvre interference -4.98%** 19 2.16

Manoeuvre interference -5.68*** 19 2.49

Note. *p < .05. **p < .01. ***p < .001.
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Scenario 1: Turn right Scenario 2: Turn left

Figure 6-6. Means of alarm acceptance grouped by traffic scenario, manoeuvre intention, and
subjective alarm classification. Error bars display 95 % confidence intervals.

6.3.5 Driver Responses to Unnecessary Alarms
The analyses of driver behaviour only considered data of situations with high system risk as-

sessment (TTC < 1.9 seconds) and without manoeuvre interference in which the potential con-

113



6 | Study 2: Retrospective Subjective Hazard Perception

flict dissolved. Drivers’ responses to unnecessary alarms were compared to behaviour of driv-
ers who experienced the same situation without FCA. To consider potential differences in
driver behaviour between the two traffic scenarios, traffic scenario was included as a factor in
the analysis. A mixed MANOVA tested the impact of traffic scenario and level of assistance on
drivers’ magnitude of speed reduction and maximum deceleration. Table 6-4 reports the test
statistics of the multivariate and univariate tests. Figure 6-7 illustrates the corresponding
means and 95% confidence intervals. Even though not further considered in the statistical
analyses, Figure 6-7 additionally shows the means and 95 % confidence intervals for the con-
dition when drivers’ manoeuvre intention interfered with the traffic event and the conflict

remained.
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Figure 6-7. Means of magnitude of speed reduction (upper part) and maximum deceleration
(lower part) grouped by traffic scenario, manoeuvre intention, and level of assistance. Error
bars display 95 % confidence intervals.

The MANOVA revealed significant multivariate and univariate main effects of level of assis-
tance. When drivers’ manoeuvre intention resulted in a dissolving outcome of the conflict (no
manoeuvre interference), drivers reduced their speed to a higher extent and decelerated
more strongly with FCA than without FCA. Moreover, there were significant multivariate and

univariate main effects of the factor scenario. Overall, drivers’ magnitude of speed reduction
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and maximum deceleration were more intense in Scenario 2 than in Scenario 1. Significant
multivariate and (marginally) significant univariate interactions between scenario and level of
assistance showed that especially when receiving unnecessary alarms, drivers reduced their

speed to a higher extent and decelerated more strongly in Scenario 2 than in Scenario 1.

Table 6-4

Results of MANOVA with Multivariate and Univariate Effects of Traffic Scenario and Level of
Assistance on Magnitude of Speed Reduction and Maximum Deceleration

df1 df2 Wilks‘ A F np?
Multivariate effects
Scenario 2 50 .66 12.91%** .34
Level of assistance 2 50 .61 15.93*** .39
Scenario*Level of Assistance 2 50 91 2.43% .09
Univariate effects
Magnitude of speed reduction
Scenario 1 51 18.58%** 27
Level of assistance 1 51 31.36*** .38
Scenario*Level of Assistance 1 51 3.42% .06
Maximum deceleration
Scenario 1 51 25.58%** .33
Level of assistance 1 51 32.01*** .39
Scenario*Level of Assistance 1 51 4.77* .09

Note. Without FCA: n = 32; with FCA: n = 21.
tp <.10. *p < .05. **p < .01. ***p <.001.

6.4 Discussion

The second study sought to provide evidence for several research questions. First, the study
aimed to extend the findings of Study 1 by addressing the same research questions with meth-
odological modifications (Figure 5-1). Second, the impact of unnecessary alarms on drivers’
alarm acceptance was examined. Third, the study investigated how drivers respond to unnec-
essary alarms. Therefore, 53 participants encountered two different traffic scenarios with a
braking lead vehicle that would either result in low or high system risk assessment. Each sce-
nario was experienced with two different manoeuvre intentions to vary the anticipated out-
come of the potential conflict. One group of drivers received an FCA during events with high

system risk assessment and the other group experienced the same events without FCA.
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Similar to Study 1, the results were in line with the mediation hypothesis. The retrospective
subjective hazard perception mediated the positive relationship between system risk assess-
ment and drivers’ perceived need for assistance in both traffic scenarios. Due to different sub-
jective evaluations of the two traffic scenarios with high system risk assessment, the analyses
were carried out separately for the two traffic scenarios. Similar to the findings of Study 1,
drivers’ (retrospective) subjective hazard perception was the central factor that influenced
their perceived need for assistance in both scenarios, instead of system risk assessment that
is exclusively determined by a prediction based on physical criteria (TTC). As proposed by the
theoretical framework of drivers’ subjective alarm evaluation, drivers’ perceived need for as-
sistance was predicted by their retrospective subjective hazard perception (Number 1 in Fig-

ure 5-1).

To examine the research question if an advantage of the driver over the system on the antic-
ipation level (Number 3 in Figure 5-1) causes a discrepancy between system risk assessment
and drivers’ retrospective subjective hazard perception (Number 2 in Figure 5-1), drivers en-
countered identical traffic events with different manoeuvre intentions. The findings of this
study did not provide clear answers to these research questions. As the number of remaining
measurement points in the subgroup data sets of each traffic scenario did not allow to carry
out the moderated mediation analysis as initially planned, the reported findings are based on
the predictive value of the interaction between system risk assessment and manoeuvre inten-
tion on retrospective subjective hazard perception. In Scenario 1, drivers perceived events
with high system risk assessment as more hazardous in retrospect when their manoeuvre in-
tention caused a remaining conflict than a dissolving outcome of the conflict with the lead
vehicle. In contrast, in Scenario 2, drivers’ retrospective subjective hazard perception of
events with high system risk assessment did not differ dependent on their current manoeuvre
intention. While the findings of Scenario 1 supported the assumptions based on the theoreti-
cal framework (Number 2 and 3 in Figure 5-1), the results of Scenario 2 did not provide evi-
dence for them. The intent to use two different traffic scenarios was to increase the number
of measurement points for statistical analyses. There were no expectations concerning differ-
ences between the scenarios. To find possible explanations for these deviating results, differ-
ent driving parameters were compared between the traffic scenarios with regard to the
events with high system risk assessment and without manoeuvre interference. Drivers’ speed

when the lead vehicle started to decelerate was higher in Scenario 1 than in Scenario 2,
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t(52) = 2.76, p = .008, dconen = 0.38. The minimal TTC between ego and lead vehicle was lower
in Scenario 1 than in Scenario 2, t(52) =6.79, p <.001, dcoren = 0.93. The maximum steering
angles to the left and to the right were higher in Scenario 2 than in Scenario 1, right
t(52) =5.94, p < .001, dconen = 0.82, and left t (52) =-9.81, p < .001, dcoren = 1.35. It seems coun-
terintuitive that drivers perceived Scenario 2 as more hazardous even though their initial
speed was higher and the minimal TCC was lower in Scenario 1. However, the maximum steer-
ing angles in both directions were larger in Scenario 2 which might indicate an interim per-
ceived loss of control. Another explanation might be a different subjective impression of spa-
tial separation to the lead vehicle. In Scenario 1, drivers were never at risk to collide with the
lead vehicle due to the barrier surface next to the lead vehicle (Figure 6-2). In Scenario 2, driv-
ers would have been at risk to collide with the lead vehicle if they had not turned onto the left
turning lane directly at its beginning. This might have increased drivers’ retrospective subjec-
tive hazard perception. A general limitation of the used traffic scenarios could be that the
situations with high system risk assessment that dissolved due to drivers’ manoeuvre inten-
tion were forced by the behaviour of the lead vehicle. The lead vehicles provoked the low TTC
values by a sudden deceleration without obvious reason. Thus, drivers’ advantage over the
system in anticipating a dissolving outcome of a conflict became relevant just a maximum of
two seconds before a potential crash could have happened. It is assumed that a combination
of this methodological limitation and the lack of perceived spatial separation could be the

most probable explanation for the deviating results of Scenario 2.

In general, manoeuvre intention could have a greater impact on subjective hazard perception
if drivers themselves provoke low TTC values, e.g. by approaching a parked or stopped lead
vehicle as a prelude to turn. In experimental studies, it is difficult to manipulate such a behav-
iour as most participants drive cautiously and rule-compliantly when taking part in a driving
simulator study. Moreover, in the simulator training in which each participant had taken part,

drivers were explicitly trained to drive safely (Hoffmann et al., 2003).

Drivers’ alarm acceptance also differed between the two traffic scenarios. The results for Sce-
nario 1 supported the third hypothesis. Drivers indicated a higher acceptance for FCAs issued
while the lead vehicle interfered with their current manoeuvre intention and the conflict re-
mained than for FCAs activated without interference where the potential conflict dissolved.

Drivers’ subjective classification of alarms as useful and unnecessary basically matched the
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predefined classification according to manoeuvre intention. In Scenario 2, however, there was
a mismatch between drivers’ subjective alarm classification and the predefined alarm classifi-
cation. When the lead vehicle did not interfere with drivers’ manoeuvre intention, half of the
drivers perceived FCAs as useful and the other half as unnecessary. This was also the case
during situations in which their intention interfered with the braking lead vehicle. Accordingly,
the acceptance ratings did not differ between events with and without manoeuvre interfer-
ence. Anyway, the study provided insights into drivers’ acceptance of unnecessary alarms.
Alarms classified as unnecessary by drivers themselves were less accepted than alarms classi-
fied as useful. This finding extends prior research on acceptance of unnecessary alarms (e.g.

Cotté et al., 2001; Naujoks et al., 2016; Zarife, 2014).

Moreover, the study investigated short-term effects of unnecessary alarms on driver re-
sponses. Therefore, driving behaviour in response to unnecessary FCAs was compared to nat-
ural driving behaviour in the same situations without FCAs. Alarms were considered as unnec-
essary when the inter-vehicle conflict dissolved as the ego driver intended to turn directly
behind the braking lead vehicle (no manoeuvre interference). Results showed that drivers who
received unnecessary FCAs reduced their speed to a higher extent and decelerated more
strongly than drivers who experienced the same situation without FCAs. This difference was
greater in Scenario 2 than in Scenario 1. Drivers who did not receive unnecessary alarms in
situations without manoeuvre interference mostly reacted with only minimal speed reduc-
tions and decelerations. This finding indicated that the anticipation of a dissolving outcome
was principally possible. However, this ability did not lead to responses of similar low intensity
to unnecessary alarms. Especially in Scenario 2, unnecessary alarms caused drivers to respond
with moderate braking. The findings are in line with the study by Lees and Lee (2007) in which
unnecessary alarms caused unnecessary braking responses. Additionally, the results sup-
ported the assumption that the process of cross-checking the validity of an unnecessary alarm
might be very demanding without prior experience with situations usually associated with un-
necessary alarms (Gérard & Manzey, 2010). With increasing system and alarm experience,
drivers might develop an understanding of traffic constellations that typically activate unnec-
essary alarms. This knowledge might simplify the process of validating an unnecessary alarm
and to select a less intense alarm response. Therefore, drivers’ responsiveness to unnecessary
alarms is expected to decrease with increasing system experience as shown in the naturalistic

driving studies by Flannagan et al. (2016) and General Motors Corporation (2005). Study 4 will
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investigate the impact of a repeated exposition to unnecessary alarms in similar traffic con-

stellations on drivers’ alarm responses.

6.5 Conclusion

Study 2 provided further evidence for assumptions derived from the theoretical framework of
drivers’ subjective alarm evaluation. Similar to Study 1, it has been found that drivers’ subjec-
tive hazard perception of an encountered traffic event mediated the relationship between
system risk assessment and their perceived need for assistance. As a methodological modifi-
cation to Study 1, drivers evaluated their subjective hazard perception after they had already
encountered the traffic event. In line with Hypothesis | of the theoretical framework (Num-
ber 1 in Figure 5-1), drivers’ retrospective subjective hazard perception determined their per-
ceived need for assistance. The assumption that an advantage of drivers over the system on
the anticipation level by considering their current manoeuvre intention (Number 3 in Fig-
ure 5-1) would result in a discrepancy between system risk assessment and drivers’ retrospec-
tive subjective hazard perception (Number 2 in Figure 5-1) was only supported by Scenario 1.
In Scenario 2, drivers’ subjective hazard perception was not influenced by their manoeuvre
intention to either stay or turn behind the lead vehicle. The reasons for these different results
are unclear. The most probable explanation was a different subjective impression of spatial
separation to the lead vehicle. Moreover, it is assumed that manoeuvre intention might have
a greater potential to lead to discrepancies between the system’s and the driver’s anticipation
and, thus, between system risk assessment and subjective hazard perception when the driver
himself provokes low TTC values, e.g. by approaching a parked or stopped lead vehicle as a

prelude to turn.

The study provided insights into drivers’ acceptance of unnecessary alarms. The results re-
vealed that drivers evaluate alarms which they themselves have classified as unnecessary as
less acceptable than alarms which they have classified as useful. However, their subjective
classification of alarms as useful or unnecessary did not always match the predefined classifi-

cation based on their current manoeuvre intention.

The findings of Study 2 showed that drivers who received unnecessary alarms reduced their
speed to a higher extent and decelerated more strongly than drivers who showed their natural
driving behaviour in the same situations without receiving alarms. With short-term system

experience, unnecessary alarms led to braking responses of moderate intensity.
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7 Study 3: Intentions Attributed to Other Road Users3

7.1 Introduction and Research Questions

The third study aimed to provide evidence for a further factor that may cause an advantage
of human anticipation over the system’s prediction and, thus, discrepancies in human hazard
perception and system risk assessment with regard to the same event in the environment.
This factor was the human ability to infer intentions of other road users from cues in the en-
vironment in which their actions are embedded. Furthermore, the study sought to gain deeper
insights into reasons for varying degrees of acceptance of unnecessary alarms and examined
short-term effects of unnecessary alarms on driver responses. The study addressed the fol-

lowing research questions (see Section 3.2).

e Does a discrepancy between system risk assessment and drivers’ subjective hazard per-
ception result from advantages of the driver over the system in anticipating a dissolving
outcome of a potential conflict based on the consideration of intentions attributed to
other road users?

e  Which factors influence drivers’ acceptance of unnecessary alarms?

e How do drivers respond to unnecessary alarms?

Data of naturalistic driving studies by General Motors Corporation (2005) and Flannagan et al.
(2016) showed that in 16 to 32% of all activated FCAs the lead vehicle turned out of the ego
vehicle’s lane after FCA activation (see Sections 2.3.2 and 2.3.4). In these situations, alarms
were activated by TTC values that fell below the activation threshold while the potential inter-
vehicle conflict finally dissolved due to lead vehicle behaviour. These data demonstrate that
conventional FCA systems have difficulties to analyse the meaning of multiple and complex
environmental cues to achieve a complete comprehension of the situation. The system’s pre-
diction of other road users’ behaviour in the near future is determined by physical measure-
ments concerning the ego vehicle and the potential conflict partner. Based on the theoretical
considerations of this thesis, it is assumed that participants of the naturalistic driving studies
were able to comprehend the meaning of specific cues in the environment, such as an inter-
section in combination with a stopped lead vehicle, activated turn indicator of the lead vehicle,

green traffic lights, a crosswalk in the turning street, and a pedestrian who has almost crossed

3 Parts of Chapter 7 have been published in KaB, Schmidt, and Kunde (2018b) and KaR et al. (2019).
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this crosswalk. This comprehension presumably served as a basis to infer the intention of the
other driver and to anticipate his or her subsequent actions (see Sections 2.1.2.4 and 3.1).
Drivers might have not responded or only responded minimally to the FCAs because they an-
ticipated a dissolving outcome of the potential conflict. As drivers in other vehicles are often
not directly observable, ego drivers might have considered the other vehicles’ actions and
movements, and the context with environmental cues for the anticipation of other vehicles’
subsequent movements (Simon & Bullinger, 2018; Stahl et al., 2014). It is hypothesised that,
in some traffic situations, drivers have an advantage over the system in anticipating subse-
quent actions of other road users which result in a dissolving outcome of a potential conflict.
When drivers are able to anticipate that the lead vehicle will leave the lane in the near future,
while the TTC between ego and lead vehicle falls below a predefined critical threshold, system
risk assessment is assumed to exceed human retrospective subjective hazard perception. Driv-
ers might perceive such a situation as little hazardous and have a low perceived need for as-
sistance (see Sections 3.1, 5.5, and 6.5). As a consequence, drivers are assumed to perceive

activated FCAs as unnecessary.

Under natural driving conditions when not being warned, drivers would conceivably not or
only minimally reduce their speed in a situation as described in the previous paragraph. They
know that a speed reduction is not necessary as the other vehicle will no longer constitute a
crash threat in the course of time and the conflict will finally dissolve. With regard to drivers’
responses to unnecessary alarms, Study 2 showed that drivers who do not have much prior
alarm experience responded to unnecessary alarms with moderate braking responses even if
they were able to anticipate a dissolving outcome of the conflict. Accordingly, in the present
study, it is also assumed that drivers who receive unnecessary alarms respond more inten-
sively than drivers who do not receive an alarm in the same situation with a predictable dis-
solving outcome. Furthermore, drivers are assumed to indicate little acceptance for unneces-
sary alarms when they were already able to anticipate that the behaviour of another road user

will result in a dissolving conflict.

In contrast, unnecessary alarms can also be caused by another road user whose intentions
and subsequent actions were neither predictable for the system nor for the driver. In such a
situation, both system and driver have initially classified the behaviour of the other road user

as potentially hazardous. In the course of the driving situation, the behaviour of the potential
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conflict partner turns out to be non-hazardous. Figure 2-6 illustrates an example of such an
unpredictable and unnecessary alarm scenario (Zarife, 2014). A cyclist is approaching the road
from the side and finally turns and drives along the sidewalk before it could have crossed the
driver’s way. When unnecessary alarms are activated in situations with unpredictable behav-
iour of other road users, previous studies revealed that these alarms resulted in unnecessary
braking reactions and did not decrease perceived ease of use, usefulness, and trust in com-
parison to a perfectly reliable system (Lees & Lee, 2007; Naujoks et al., 2016). When not being
able to predict the subsequent actions of other road users that result in a dissolving outcome
of the conflict, drivers might perceive the situation as more hazardous in retrospect and indi-
cate a higher need for assistance. Even without receiving an FCA, drivers might reduce their
speed to a certain extent as a precaution when they cannot anticipate the other road user’s
subsequent actions. Therefore, the difference between driver behaviour with and without un-
necessary alarm is assumed to be lower than in situations with predictable lead vehicle be-
haviour. Furthermore, drivers might indicate more acceptance for unnecessary alarms when
not having an advantage over the system in anticipating the behaviour of other road users.
Given a situation with a braking lead vehicle that causes TTC values that fall below a prede-
fined critical threshold and, thus, result in a high system risk assessment, the following hy-

potheses were formulated.

Hypothesis 1. If a potential inter-vehicle conflict dissolves due to the subsequent action of

the braking lead vehicle ...

a. ... drivers perceive the situation as less hazardous in retrospect when they were able
to anticipate the behaviour of the lead vehicle than if not.
b. ... drivers perceive a lower need for assistance when they were able to anticipate the

behaviour of the lead vehicle than if not.

Hypothesis 2. If a potential inter-vehicle conflict dissolves due to the subsequent action of
the braking lead vehicle, drivers evaluate FCAs as less acceptable when they were able to

anticipate the behaviour of the lead vehicle than if not.
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Hypothesis 3. If a potential inter-vehicle conflict dissolves due to the subsequent action of
the braking lead vehicle ...

a. ... drivers reduce their speed to a lower extent and decelerate less strongly under nat-
ural driving conditions when they were able to anticipate the behaviour of the lead
vehicle than if not.

b. ... drivers who receive an unnecessary alarm reduce their speed to a higher extent and
decelerate more strongly than drivers who do not receive an alarm. This difference is
more pronounced when drivers were able to anticipate the behaviour of the lead ve-

hicle than if not.
7.2 Method

7.2.1 Participants

A total of 43 experienced drivers (22 female, 21 male) took part in the study. Data of two
participants were excluded because they drove too slowly in at least five out of twelve test
events resulting in TTC values that exceeded two seconds (= threshold for receiving FCAs).
Consequently, data of 41 participants (20 female, 21 male) were considered for data analysis.
They were between 28 and 62 years old (M =42.90 years, SD = 10.81). Previous studies re-
vealed that experienced drivers outperform novice drivers in hazard detection, prediction,
and in adequately responding to hazards (Crundall, 2016; Lee et al., 2008; Smith, Horswill,
Chambers, & Wetton, 2009; Wallis & Horswill, 2007). Therefore, only experienced drivers took
part in the study. To be classified as experienced (Wallis & Horswill, 2007), drivers have held
their drivers’ license for 10 years or more (M = 23.88, SD = 9.88, Min = 10) and covered more
than 8,000 km per year (M = 20,780, SD = 14,303, Min = 8,000). On average, they had medium
prior experience with FCA systems, M = 3.41, SD = 1.58 on a 5-point Likert scale (1 = very little,
2 = little, 3 = medium, 4 = much, 5 = very much experience). However, the majority of partici-
pants (n = 28) indicated to have gained this experience during prior driving studies and only
five drivers from driving in their own car. Participants were recruited from the WIVW driver
test panel. Each of them had received at least four hours simulator training in two training
sessions (Hoffmann et al.,, 2003). The rationale behind this training is explained in Sec-

tion 5.2.1.

7.2.2 Apparatus
The study was conducted in the driving simulator at WIVW GmbH (see Section 4.1).
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7.2.3 Experimental Design

The experiment used a 2x2x2 mixed design with lead vehicle behaviour and predictability as
within-subject factors and level of assistance as between-subject factor (Table 7-1). The initial
situation was the same for each test event. Participants followed the lead vehicle at 50 km/h.
Just before an intersection, the lead vehicle activated its turn indicator for 400 milliseconds
before it suddenly braked to a standstill. Due to this event, TTC values between ego and lead
vehicle always fell below two seconds (minimal TTC values: M = 1.27 seconds, SD = 0.46). The
braking lead vehicle either stayed in the same lane as the ego driver for 4 seconds (a) or turned
and left the lane (b). In the latter case, the lead vehicle remained stopped for only 150 milli-
seconds before it started again and turned at the intersection. Participants could have driven
on at a constant speed of 50 km/h without causing a collision. Therefore, the potential conflict
dissolved and alarms in these situations were considered as unnecessary. Thus, only half of
the situations could effectively lead to a collision as the conflict with the lead vehicle re-
mained. The factor lead vehicle behaviour was included in the experiment to achieve different
outcomes of potential inter-vehicle conflicts and to prevent learning effects. Thus, there was
a balanced probability for the subsequent action of the lead vehicle. Predictability was manip-
ulated by the context in which the lead vehicle’s action of signalling and braking was embed-
ded. Environmental cues that are indicative for the subsequent action of the lead vehicle were
either present or occluded. Thus, drivers could either predict (a) or not predict (b) subsequent
lead vehicle behaviour. The realisation of the traffic scenarios is described in Section 7.2.4.
The factor level of assistance was represented by either receiving an FCA during each test
event with a TTC value that fell below two seconds (a) or never receiving an FCA (b) (except
for one FCA during the practice drive, see Section 7.2.6). FCAs were considered as unnecessary
when the braking lead vehicle left the lane to turn and the potential conflict dissolved. The
used type of FCA is described in Section 4.2. To obtain groups of approximately equal size,
subjects were quasi randomly allocated to the two groups (with FCAs n = 22; without FCAs
n =19). This means that the number of participants randomly assigned to each level of assis-

tance was limited.
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Table 7-1
Experimental Design of Study 3 with Group Sizes

Level of assistance®

Without FCA With FCA

Lead vehicle behaviour?® Predictability® n n

Lead vehicle stays in the Predictable 19 22
lane

Unpredictable 19 22

Lead vehicle leaves the Predictable 19 22
lane

Unpredictable 19 22

Note. ? Within-subject factor. ® Between-subject factor.

To reduce carry-over from one event to another and to increase the number of measurement
points, participants experienced all factor combinations with three different traffic scenarios.
Additionally, the study included four filler events of each of the three traffic scenarios
(4 x 3 =12 filler events). Section 7.2.4 describes the realisation of the test and filler events.
Thus, all participants encountered 12 test events and 12 filler events throughout the experi-
ment. To control for transition effects, the sequence of the 12 test events was permutated to
four different sequences. The filler events were randomly allocated between the test events.
Subjects were quasi randomly distributed to the four sequences with cell sizes of n=8 — 12
drivers. To obtain groups of approximately equal size, the number of participants randomly

assigned to each sequence was limited.

7.2.4 Traffic Scenarios

The driving environment consisted of an urban environment with a speed limit of 50 km/h and
evenly distributed traffic. To attain equal velocity conditions between different participants
and traffic scenarios, drivers used a speed limiter with a maximum velocity of 50 km/h. Partic-
ipants drove through streets with regular turning-off streets, parked vehicles at the roadside,

and pedestrians at the sidewalk.

To ensure salience and predictive power of the environmental cues used to manipulate pre-
dictability, a pre-test with 27 participants (11 female, 16 male) was conducted using the situ-
ation awareness global assessment technique (SAGAT) method by Endsley (1995). On average,
participants were M = 35.04 (SD = 8.93) years old and had a driving experience of M = 15.77

(SD = 8.65) years. They were recruited from both the WIVW and Opel participant test panels.
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Participants watched videos of the scenarios. The screen was blanked at the moment the lead
vehicle started to brake. Participants were asked to explain the scenario, what is going to hap-
pen next and how they would react in this situation. Based on these results, salience and pre-

dictive power of the environmental cues were revised and adjusted.

Lead vehicle behaviour

Lead vehicle leaves the lane |Lead vehicle stays in the lane

Predictable

Predictability

Unpredictable

b

Figure 7-1. Realisation of the within-subject factors lead vehicle behaviour and predictability
in Scenario 1. Environmental cues that served to predict (upper part) or not predict (lower
part) lead vehicle behaviour are marked by a white frame.

Participants experienced all factor combinations with three different traffic scenarios. In the
first scenario, a pedestrian on a crosswalk in the right turning street served as the cue to pre-
dict that the lead vehicle will stay in the lane as long as the pedestrian crosses the street. A
free crosswalk indicated that the lead vehicle will leave the lane as it could immediately start
again and turn into the right turning street at the intersection. In the unpredictable condition,
the view on the crosswalk was obscured by a wall. Figure 7-1 shows the realisation of all factor
combinations in Scenario 1. Based on the results of the pre-test, the pedestrian was modified
in such a way that he became more salient. The second scenario was almost similar to the first
one. However, the crosswalk was located in the left turning street. Additional to the pedes-
trian on the crosswalk, another vehicle waiting in front of the crosswalk served as a cue to
predict that the lead vehicle will stay in the lane. The results of the pre-test showed that driv-
ers often oversaw the pedestrian alone in the left turning street. In the third scenario, there

was a bus station at the beginning of the right turning street with a stopped bus with activated
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hazard lights that blocked the street. The lead vehicle stayed in the lane when the bus re-
mained stopped with continuously activated hazard lights. In the condition when the lead ve-
hicle left the lane, the bus deactivated its hazard lights and started driving. In the unpredicta-
ble condition, the view on the bus was obscured by a wall. Figure 7-2 shows the realisation of
events in which participants could predict that the lead vehicle would stay in the lane in Sce-

nario 2 and 3.

S_cenarip 2: Pedestrian left Scenario 3: Bus

Figure 7-2. Realisation of the factor combination vehicle stays in the lane and predictable lead
vehicle behaviour in Scenario 2 (left) and Scenario 3 (right). Environmental cues that served
to predict lead vehicle behaviour are marked by a white frame.

In the filler events, environments were similar to those in the test events. However, the turn-
ing streets were always free and the lead vehicle turned without prior deceleration at the
intersection. As the minimum TTC never fell below the alarm activation threshold of two sec-
onds in these situations, participants in the group with FCAs did not receive an alarm. The TTC

values were calculated using Equation 1 in Section 4.2.

7.2.5 Dependent Measures

After each test event, all participants indicated their retrospective subjective hazard percep-
tion and perceived need for assistance. In the group with FCAs, participants additionally rated
their alarm acceptance. All questions were presented and answered on a tablet (see Sec-

tion 4.1).

As described in Section 4.3, the Situation Criticality Scale by Neukum et al. (2008) served to
measure retrospective subjective hazard perception. For reasons of easier readability, the
term “subjective hazard perception” will be used without “retrospective” throughout the re-

sults section.
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Perceived need for assistance was measured by one item that was introduced by the state-
ment “In this traffic situation, | would have liked a collision warning” in the group without FCAs
and “[...], I liked to have a collision warning” in the group with FCAs. Participants answered the
item on a 5-point Likert scale (1 = disagree, 2 = rather disagree, 3 = neither agree nor disagree,

4 = rather agree, 5 = agree).

As described in Section 4.3, alarm acceptance was measured by using the usefulness subscale
of the acceptance questionnaire by van der Laan et al. (1997). Mean internal consistency was

a=.94.

To assess driver responses to the test events, the magnitude of speed reduction and maximum

deceleration were measured (see Section 4.3).

7.2.6 Procedure

The study was approved by the Ethics Committee of the Institute for Psychology of the Julius-
Maximilians-University Wirzburg. Upon arrival, participants received written instructions
containing information about the purpose of the study, the simulation environment, the
speed limit of 50 km/h, driving with a speed limiter, and an explanation of every single verbal
category and the cut-off point of the situation criticality scale. They were informed that the
study examines their behaviour in and their subjective evaluations of different traffic situa-
tions to gain insights into drivers’ need for collision alarms. Additionally, participants signed a
consent form that informed them about their right to decline to participate and to withdraw

from the study at any point, and the method of data anonymization.

Participants drove a five-minute practice drive that included a situation with a braking lead
vehicle in which an FCA was issued to let them get a better idea about its nature and modality
(see Section 4.2). Participants in the group without FCAs were instructed that they should base
their ratings concerning perceived need for assistance on this kind of alarm. Throughout the
experimental drive, each test scenario was followed by a programmed announcement “Please
stop here” after participants have passed the intersection. This method aimed to avoid that
drivers would stop at any event with a braking lead vehicle which could have influenced driv-
ing measures. After having stopped, drivers answered questions on the tablet concerning the
encountered scenario. Overall, the study took about 1.5 hours per participant. At the end of

the experiment, participants were thoroughly debriefed.

128



7 | Study 3: Intentions Attributed to Other Road Users

7.2.7 Data Analysis

The hypotheses were tested with repeated-measures and mixed ANOVAs and MANOVA:s.
Post-hoc tests were calculated with paired t-tests. All analyses were carried out using IBM
SPSS statistics software (Version 22). The significance level was set at a = 0.05. Dependent
measures analysed in the statistical tests reflect averaged ratings of the three different traffic

scenarios.

For statistical analyses, the 5-point semantic differential scale used to measure alarm ac-

ceptance was recoded to scale points ranging from1to5(-2=1,-1=2,0=3,1=4,2 =5).

A criterion for excluding measurement points from data analysis was a TTC value greater than
two seconds due to slow driving. The rationale behind this criterion was that participants in
the group with FCAs did not receive an alarm under this condition. For consistency reasons,
this criterion was also adopted to the group without FCAs. In total, 15 measurement points
(out of 516 measurement points in total) of 12 different participants were excluded from data
analysis. As already mentioned in Section 7.2.1, complete data sets of two participants were

additionally excluded as they drove too slowly in at least five out of twelve test events.
7.3 Results

7.3.1 Subjective Hazard Perception and Perceived Need for Assistance

To test the first hypothesis that drivers perceive dissolving conflicts as less hazardous and per-
ceive a lower need for assistance when they were able to anticipate the behaviour of the lead
vehicle than if not, a mixed MANOVA with lead vehicle behaviour and predictability as within-
subject factors, level of assistance as between-subject factor, and subjective hazard percep-
tion and perceived need for assistance as dependent variables was carried out. Even though
there were no a priori hypotheses concerning the impact of level of assistance, it was included
as additional factor to consider its potential impact on drivers’ subjective hazard perception
and need for assistance. Table 7-2 reports the test statistics of the relevant multivariate and
univariate tests. Figure 7-3 illustrates the corresponding means of subjective hazard percep-
tion and perceived need for assistance averaged over both levels of assistance and the within-

group standard errors of the means (O'Brien & Cousineau, 2014).

There were significant multivariate and univariate main effects of predictability on subjective

hazard perception and perceived need for assistance (Table 7-2). Drivers perceived situations
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with predictable lead vehicle behaviour as less hazardous and indicated a lower need for as-
sistance than situations with unpredictable lead vehicle behaviour. The multivariate and uni-
variate tests did not show significant interactions between predictability and level of assis-
tance. Due to this result, the following results are reported for averaged values of drivers with
and without FCAs. Paired t-tests were conducted to more specifically test the differences be-
tween predictable and unpredictable lead vehicle behaviour when the lead vehicle left the
lane and the conflict dissolved (dashed lines in Figure 7-3). In line with Hypothesis 1a, drivers
perceived the situation as significantly less hazardous in retrospect when they were able to
anticipate that the lead vehicle will leave the lane than if not, t (40) = 4.00, p <.001 (one-
tailed), dconen = 0.63. With regard to Hypothesis 1b, drivers perceived a significantly lower
need for assistance in predictable than in unpredictable situations, t (40) = 1.81, p = .039 (one-
tailed), dcoren = 0.28. It needs to be considered that there was only a small-sized effect. Overall,

the results supported Hypothesis 1.

This paragraph describes additional results of the analysis which are not directly related to
Hypothesis 1. There were significant multivariate and univariate main effects of lead vehicle
behaviour (Table 7-2). Participants perceived situations in which the lead vehicle stayed in the
lane and the conflict remained as more hazardous and indicated a higher need for assistance
than situations in which the lead vehicle left the lane and the conflict dissolved. Moreover,
level of assistance had a marginally significant multivariate effect and a marginally significant
univariate main effect on perceived need for assistance (Table 7-2). Drivers with FCAs per-

ceived a higher need for assistance than drivers without FCAs.
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Figure 7-3. Means of subjective hazard perception (left) and perceived need for assistance
(right) grouped by predictability and lead vehicle behaviour. Error bars display within-group
standard errors of the means (O'Brien & Cousineau, 2014).
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Table 7-2

Results of MANOVA with Relevant Multivariate and Univariate Effects of Predictability, Lead
Vehicle Behaviour, and Level of Assistance on Subjective Hazard Perception and Perceived
Need for Assistance

df1 df2 Wilks‘ A F np?

Multivariate effects
Predictability 2 38 .79 5.10* 21
Lead vehicle behaviour 2 38 .46 22.22%** .54
Level of assistance 2 38 .88 2.53% 12
Predictability* 2 38 91 1.90 .09
Level of assistance

Univariate effects

Subjective hazard perception
Predictability 1 39 10.44%** 21
Lead vehicle behaviour 1 39 43.56%** .53
Level of assistance 1 39 0.64 .02
Predictability* 1 39 0.26 .01
Level of assistance

Perceived need for assistance
Predictability 1 39 5.22%* a2
Lead vehicle behaviour 1 39 36.04*** .48
Level of assistance 1 39 3.607 .08
Predictability* 1 39 2.72 .07

Level of assistance
Note. Without FCA: n = 19; with FCA: n = 22.
tp <.10. *p < .05. **p < .01. ***p < .001.

7.3.2 Alarm Acceptance

With regard to the second hypothesis, only data of the group with FCAs were considered. It
was hypothesised that drivers evaluate FCAs in situations with dissolving conflict as less ac-
ceptable when they were able to anticipate the behaviour of the lead vehicle than if not. A
repeated-measures ANOVA tested the impact of predictability and lead vehicle behaviour on
alarm acceptance. Figure 7-4 illustrates the corresponding means and within-group standard
errors of the means (O'Brien & Cousineau, 2014). The analysis showed no significant main ef-
fect of predictability, F(1, 21) = 1.89, p = .184, n,? = .08, and no significant interaction between
predictability and lead vehicle behaviour, F(1, 21) = 0.59, p = .451, n,? = .03. To test the differ-
ence between predictable and unpredictable lead vehicle behaviour when alarms were con-

sidered as unnecessary because the lead vehicle left the lane (dashed line in Figure 7-4), a
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paired t-test was conducted. In line with the second hypothesis, drivers evaluated an unnec-
essary alarm as less acceptable when they were able to anticipate that the lead vehicle will
leave the lane than if they could not anticipate lead vehicle behaviour, t(21) = 2.26, p =.018
(one-tailed), dconen = 0.48. Moreover, the ANOVA revealed a significant main effect of lead ve-
hicle behaviour, F(1,21) = 17.22, p < .001, n,? = .45. Drivers evaluated FCAs as less acceptable
when the lead vehicle left their lane and the conflict finally dissolved than when the lead ve-
hicle stayed in their lane and the conflict remained. In accordance with the predefined classi-
fication of alarms as unnecessary or useful, drivers indicated a higher acceptance for useful

alarms (lead vehicle stayed in the lane) than for unnecessary alarms (lead vehicle left the lane).
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Figure 7-4. Means of alarm acceptance grouped by predictability and lead vehicle behaviour.
Error bars display within-group standard errors of the means (O'Brien & Cousineau, 2014).

7.3.3 Driver Responses to Unnecessary Alarms

The analyses of driver responses only considered data of situations in which the lead vehicle
left the lane and the potential conflict dissolved. Driver behaviour when receiving FCAs was
compared to behaviour of drivers who experienced the same situation without FCA. A mixed
MANOVA tested the impact of predictability and level of assistance on drivers’ magnitude of
speed reduction and maximum deceleration. Table 7-3 reports the test statistics of the multi-
variate and univariate tests and the right panel of Figure 7-5 illustrates the corresponding
means and 95% confidence intervals. Even though not further considered in the statistical
analyses, the left panel of Figure 7-5 additionally shows the means and 95 % confidence inter-

vals for the condition when the lead vehicle stayed in the lane and the conflict remained.
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Figure 7-5. Means of magnitude of speed reduction (upper part) and maximum deceleration
(lower part) grouped by lead vehicle behaviour, predictability, and level of assistance. Error
bars display 95 % confidence intervals.

The MANOVA did not show a multivariate or univariate main effect of predictability (Ta-
ble 7-3). To compare drivers’ natural behaviour in response to a dissolving conflict dependent
on the predictability of lead vehicle behaviour (Hypothesis 3a; dashed lines on the right side
of Figure 7-5), two paired t-tests were additionally carried out. When the lead vehicle left the
lane, drivers in the group without FCAs reduced their speed to an equal extent when they
were able or not able to anticipate the behaviour of the lead vehicle, t(18) =-1.11, p =.140
(one-tailed), dconen = 0.28. Drivers’ maximum deceleration was marginally significantly lower
when lead vehicle behaviour was predictable than when it was not predictable, t(18) = 1.34,

p =.099 (one-tailed), dcoren = 0.28. Overall, the results did not support Hypothesis 3a.

Moreover, the MANOVA showed significant multivariate and univariate main effects of level
of assistance (Table 7-3). In line with the first part of Hypothesis 3b, drivers who received an
unnecessary alarm reduced their speed to a higher extent and decelerated more strongly than
drivers who did not receive an alarm. However, there were no multivariate and univariate
interactions between predictability and level of assistance (Table 7-3). Thus, the difference in

driving behaviour with and without FCAs was not more pronounced when drivers were able
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to anticipate the behaviour of the lead vehicle than if not. Overall, the results partly supported

Hypothesis 3b.

Table 7-3

Results of MANOVA with Multivariate and Univariate Effects of Predictability and Level of As-
sistance on Magnitude of Speed Reduction and Maximum Deceleration

df1 df2 Wilks‘ A F ne?

Multivariate effects
Predictability 2 38 .98 0.41 .02
Level of assistance 2 38 .49 19.66*** .51
Predictability* 2 38 .94 1.21 .06
Level of assistance

Univariate effects

Magnitude of speed reduction
Predictability 1 39 0.85 .02
Level of assistance 1 39 40.04%** .51
Predictability* 1 39 0.59 .02
Level of assistance

Maximum deceleration
Predictability 1 39 0.41 .01
Level of assistance 1 39 17.23*** 31
Predictability* 1 39 2.37 .06

Level of assistance

Note. Without FCA: n = 19; with FCA: n = 22.
tp <.10. *p < .05. **p < .01. ***p < .001.

7.4 Discussion

The first goal of the third study was to investigate if drivers’ ability to infer intentions of other
road users and to anticipate their subsequent actions represents an advantage over the sys-
tem on the anticipation level and results in a discrepancy between system risk assessment and
drivers’ subjective hazard perception. Moreover, the study aimed to gain further insights into
drivers’ acceptance of and responses to unnecessary alarms. Therefore, 41 participants en-
countered situations with a braking lead vehicle which would have resulted in consistently
high risk assessments of conventional FCA systems and, thus, would have triggered FCAs.

However, the subsequent action of the lead vehicle either resulted in a dissolving or remaining
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conflict. Drivers could either predict or not predict lead vehicle behaviour. One group of driv-
ers received an FCA during each event and the other group experienced the same events with-

out FCAs.

The results revealed that drivers’ ability to predict the subsequent action of the lead vehicle
decreased their retrospective subjective hazard perception and perceived need for assistance
in comparison to situations with unpredictable lead vehicle behaviour. In line with the first
hypothesis, drivers perceived situations in which the lead vehicle left the lane and the inter-
vehicle conflict dissolved as less hazardous in retrospect and indicated a lower need for assis-
tance if they were able to anticipate lead vehicle behaviour than if not. This finding also ap-
plied to situations in which the lead vehicle stayed in the lane and the conflict remained. Over-
all, a remaining conflict due to lead vehicle behaviour was perceived as more hazardous and
was associated with a higher need for assistance than a dissolving conflict. Independent of
their prior ability to predict lead vehicle behaviour, drivers perceived a situation that included
an emergency stop as more hazardous in retrospect and had a higher need for assistance than
a situation that would not have required a braking reaction. To sum up, the findings suggest
that drivers were presumably able to infer the intention of the lead vehicle’s driver and the
corresponding subsequent action from environmental cues. They used schemata stored in
long-term memory that include possible actions associated with the context in which the lead
vehicle’s behaviour of signalling and braking was embedded (Stahl, 2015; Zunino et al., 2017).
This ability allowed them to predict if the potential inter-vehicle conflict would finally dissolve
or remain. Their anticipation determined their retrospective subjective hazard perception and
perceived need for assistance. Conventional FCA systems do not consider these additional in-
formation to comprehend the situation and to predict the other road users’ status in the near
future. Instead, the system’s prediction is usually exclusively based on TTC values concerning
the ego vehicle and the potential conflict partner. Therefore, the results of this study corrob-
orate Hypothesis lllb derived from the theoretical framework. Drivers’ advantage over the sys-
tem to anticipate a dissolving conflict by considering intentions attributed to other road users
can be identified as additional factor that causes discrepancies between human subjective
hazard perception and system risk assessment. According to the results, this discrepancy
would be less pronounced if neither the system nor the driver were able to predict that a
potential inter-vehicle conflict would finally remain. In contrast, a dissolving conflict that was

already predictable for the human driver would cause the greatest discrepancy. Studies 1 and
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2 showed that subjective hazard perception predicts perceived need for assistance. Even
though the third study did not explicitly test this relationship, it demonstrated that predicta-
bility and lead vehicle behaviour had a similar impact on perceived need for assistance as on
subjective hazard perception. It should be noted that ratings for subjective hazard perception
and need for assistance were relatively low in all condition combinations. On average, situa-
tions were perceived as harmless to uncomfortable and perceived need for assistance re-
ceived ratings between 2 and 3 on a 5-point Likert scale. A possible explanation for this finding
might be that drivers did not perceive TTC values of at least two seconds as very hazardous.
However, in the setting of the present study, it was not possible to realize more critical TTC
values. In the condition in which the lead vehicle left the lane, it was necessary that partici-
pants were able to drive on at constant speed of 50 km/h without causing a collision. This
would not have been possible with smaller TTC values. Moreover, some participants reported
that they did not perceive the encountered situations as very hazardous as they were quite

similar to situations they frequently experience during daily driving.

The findings concerning drivers’ acceptance of unnecessary alarms supported the second hy-
pothesis. Alarms were predefined as unnecessary when the lead vehicle left the lane and the
conflict dissolved. In these situations, drivers evaluated unnecessary alarms as less acceptable
when they were able to anticipate the subsequent action of the lead vehicle than if anticipa-
tion was not possible. Thus, drivers’ acceptance of unnecessary alarms was lower when they
had an advantage over the system on the anticipation level than when neither they nor the
system were able to predict a dissolving outcome of the conflict. This finding might explain
why unnecessary alarms did not decrease perceived ease of use, usefulness, and trust in com-
parison to a perfectly reliable system in the study by Naujoks et al. (2016). In their study, driv-
ers were not able to anticipate subsequent actions of other road users. Overall, drivers of the
present study indicated a higher acceptance for useful alarms (lead vehicle stayed in the lane)
than for unnecessary alarms (lead vehicle left the lane). This finding was in line with the results
of Study 2. In general, participants’ acceptance of alarms was rather ambivalent as their rat-
ings varied in the middle range. This finding could be also associated with the FCA activation
threshold of two seconds and that drivers felt that situations were quite similar to frequently

experienced situations in real traffic.
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With regard to driving behaviour, the present study first examined the impact of drivers’ abil-
ity to predict that the lead vehicle will leave the lane and the conflict dissolves on their natural
driving behaviour without FCAs. The results contradicted Hypothesis 3a and suggested that
drivers’ magnitude of speed reduction and maximum deceleration did not differ dependent
on their ability to predict lead vehicle behaviour. Moreover, the study compared driving be-
haviour in response to unnecessary FCAs to drivers’ natural behaviour in the same situations
without FCAs. In line with Hypothesis 3b, drivers who received unnecessary FCAs reduced
their speed to a higher extent and decelerated more strongly than drivers who experienced
the same situation without FCAs. However, the difference in driving behaviour with and with-
out FCAs was not more pronounced in presence of environmental cues that allowed to antic-
ipate a dissolving conflict than when the cues were occluded. This finding might be explained
by the fact that drivers were able to consider the dynamic course of the traffic situations for
their actions (Endsley, 1988). Even if a dissolving outcome of a potential conflict was not pre-
dictable, they seem to have constantly adjusted their situation awareness. In the moment the
lead vehicle left their lane, drivers dynamically adjusted their actions and released the brake
pedal. The finding that unnecessary alarms caused stronger driver responses than the same
situation without alarms was in line with Study 2 of this thesis and the study by Lees and Lee
(2007). Thus, there is further evidence for the assumption that the process of cross-checking
the validity of an unnecessary alarm might be very demanding without prior experience with
situations typically associated with unnecessary alarms (Gérard & Manzey, 2010). As driver
responses in situations with predictable dissolving outcome were more intense in the present
study than in Study 2, it is assumed that the validation of unnecessary alarms in the present
study might have been more demanding. First, drivers might have been more confident about
their own manoeuvre intentions than about inferred intentions of other road users. Thus, they
seem to have considered the estimated reliability of their current anticipations for their action
selection. Second, a potential methodological limitation of the present experiment was a very
short time frame to actively perceive and comprehend the environmental cues that served to
predict lead vehicle behaviour. When approaching the intersection, drivers were already able
to perceive the pedestrian at the crosswalk or the bus at the bus station some seconds before
the lead vehicle started to brake. Nevertheless, these cues only became relevant at the mo-
ment the lead vehicle activated its turn indicator 400 milliseconds before it finally braked. The

assumption that this short time frame limited the predictability is supported by the finding
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that even under natural driving conditions, drivers reduced their speed and decelerated to an
equal extent with and without the possibility to predict a dissolving conflict. Study 4 will in-
vestigate if increasing experience with unnecessary alarms might simplify the process of cross-
checking the validity of unnecessary alarms and, thus, reduces the intensity of driver re-

sponses to unnecessary alarms.

A further potential limitation could have been that drivers might have perceived the lead ve-
hicle’s driving behaviour as unnatural. The lead vehicle braked abruptly during each test event
in order to achieve equal TTC values in both conditions of lead vehicle behaviour. However,
the fast changeover between braking, standing for 150 ms, and reaccelerating when the lead
vehicle stopped to leave the lane might have been irritating. Therefore, lead vehicle behaviour
might have been hard to predict even in the predictable condition. Under real traffic condi-
tions, a predictable dissolving conflict would be mainly caused by drivers who intentionally
approach a standing lead vehicle at constant speed that is about to turn out of their lane.
Drivers would provoke such a situation when having enough time to collect relevant environ-
mental cues that enable them to anticipate that the lead vehicle will have turned out of the
lane until this place is reached. In contrast, in the experimental setting, drivers were actively
forced into the traffic situation with dissolving conflict. Future research should develop more
realistic traffic scenarios to examine the impact of the predictability of subsequent actions of
other road users on subjective hazard perception, need for assistance, alarm acceptance, and

driving behaviour. This could reveal even larger effects on the studied variables.

7.5 Conclusion

This study gained insights into assumptions derived from the theoretical framework of drivers’
subjective alarm evaluation. The results showed that drivers’ subjective hazard perception
and perceived need for assistance varied dependent on their ability to anticipate a dissolving
outcome of a potential inter-vehicle conflict. To anticipate the further course of a traffic situ-
ation, drivers do not only consider their own subsequent actions based on their current ma-
noeuvre intention (see Studies 1 and 2), but also subsequent actions of other road users. Driv-
ers are able to anticipate actions of other road users by inferring their current intentions from
cues in the environment in which their actions are embedded. Concurrently, the system only
considers the TTC between ego vehicle and the potential conflict partner to predict the further

course of the situation. When drivers have an advantage over the system in anticipating a
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dissolving outcome of a potential conflict based on the intention attributed to the potential
conflict partner, the system’s risk assessment is finally higher than drivers’ retrospective sub-
jective hazard perception. As a consequence, the system would activate an alarm while drivers
have a low need for assistance. Under these conditions, drivers perceive alarms as unneces-

sary.

Moreover, the study provided knowledge about drivers’ acceptance of unnecessary alarms.
Drivers perceived unnecessary alarms as more acceptable when they could not anticipate the
subsequent action of the lead vehicle than when they already knew that the conflict would
dissolve. Thus, unnecessary alarms seem to be more pardonable when drivers do not have an

advantage over the system in anticipating a dissolving outcome of the conflict.

The study gained additional insights into short-term effects of unnecessary alarms on driver
responses. Drivers with unnecessary alarms reduced their speed to a higher extent and decel-
erated more strongly than drivers who showed their natural driving behaviour in the same
situations without alarms. This finding did not differ dependent on drivers’ ability to anticipate
lead vehicle behaviour that resulted in a dissolving conflict. The results supported the findings
of Study 2. Thus, in the short term, unnecessary alarms seem to result in driver responses of
moderate intensity even if drivers are principally able to anticipate a dissolving outcome of

the conflict.

139



8 | Study 4: Evaluation of Adaptive Alarm Systems

8 Study 4: Evaluation of Adaptive Alarm Systems

8.1 Introduction and Research Questions

The previous three studies of this thesis provided insights into factors that determine drivers’
retrospective subjective hazard perception of potential collision situations and, thus, their per-
ceived need for assistance. It has been found that drivers perceive alarms as rather unneces-
sary when their retrospective subjective hazard perception was lower than the system risk
assessment. Such a discrepancy resulted from advantages of the driver over the system in
anticipating a dissolving outcome of a potential conflict. In contrast to the system whose pre-
diction is based on physical measurements alone, drivers’ anticipation additionally considered
their own manoeuvre intentions and anticipated intentions of other road users. Moreover,
drivers accepted alarms which they have classified as useful more than alarms classified as
unnecessary. Drivers’ classification was largely accompanied by their advantages in anticipat-

ing a remaining or dissolving outcome of a potential conflict.

Study 4 applied these findings in order to evaluate two different adaptive FCA systems in
terms of their effects on system acceptance, trust, reliability, and understanding. In contrast
to previous studies on adaptive systems, the adaption strategy in the present study was asso-
ciated with drivers’ actual perceived need for assistance based on empirical results of this
thesis. To keep the complexity of the alarm activation strategy low, the systems were only
adapted to one further parameter apart from physical measurements (TTC). Based on the
findings of Study 1 and 2, the adaptive FCA systems used drivers’ current manoeuvre intention
as adaption parameter. FCAs were considered as unnecessary when drivers’ intended ma-
noeuvre did not interfere with the traffic event, and as useful when there was an interference
between manoeuvre intention and traffic event. Therefore, the systems activated imminent
FCAs only in the latter case. The first adaptive system adopted a negative adaption strategy
(see Section 2.4.1). It suppressed alarms that were deemed unnecessary and, thus, reduced
the rate of unnecessary alarms and the total number of alarms. With this adaption strategy,
the mapping between events in the environment and alarm occurrence could be more com-
plex than for a non-adaptive system (Smith et al., 2008). As similar external events sometimes
activate an alarm and sometimes not, drivers might perceive the system behaviour as incon-
sistent. Therefore, the basic adaptive system could interfere with the development of a cor-

rect mental model of the alarm system. As a consequence, positive effects of the adaptive
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system on drivers’ subjective system evaluations might be cancelled out by negative effects
of drivers’ incorrect mental model. The underlying logic of alarm activation might be more
transparent with a neutral adaption strategy than with a negative strategy (Smith et al., 2008).
Thus, the second adaptive system in the current study adopted a modification of a neutral
adaption strategy. Instead of adapting the alarm design to drivers’ need for assistance, the
system displayed the explanation for alarm suppression in the HUD. With this strategy, the
system was still able to reduce the total number of activated alarms, while it aimed at sup-
porting the development of drivers’ mental model. In summary, one adaptive system simply
suppressed unnecessary alarms (basic adaptive system), while the other adaptive system dis-
played an explanation when alarms were suppressed (explanatory adaptive system). The
adaptive systems were compared to a conventional non-adaptive FCA system (standard sys-
tem) whose prediction, risk assessment, and, thus, alarm activation was based on physical
measurements (TTC) alone. Based on the outlined assumptions and on the results of the pre-
vious studies of this thesis, it was hypothesised that drivers’ perceived system understanding
of the basic adaptive system is worse than that of the standard system and the explanatory
adaptive system (Hypothesis 1). The explanation for alarm suppression was assumed to im-
prove the development of drivers’ mental model compared to a negative adaption strategy
without explanation (Hypothesis 2). Hypothesis 3 proposed that increasing system experi-
ence would increase drivers’ perceived system understanding of all FCA systems. Even if driv-
ers might have difficulties to understand the functioning of the basic adaptive system, they
presumably perceive higher trust in this system than in the standard system that activates
many unnecessary alarms, while the trust in the explanatory adaptive system is expected to
be the highest (explanatory adaptive > basic adaptive > standard; Hypothesis 4). Furthermore,
it was hypothesised that system trust in both adaptive systems would increase with increasing
system experience, while trust in the standard system remains at a constant level (Hypothe-
sis 5). With regard to perceived system reliability and system acceptance, the same ranking as
for perceived reliability (explanatory adaptive > basic adaptive > standard) was assumed (Hy-

pothesis 6 and Hypothesis 7).

Furthermore, the study investigated how responses to unnecessary alarms develop with mul-
tiple encounters. The results of Study 2 and 3 revealed short-term effects of unnecessary
alarms on driver responses. Drivers who received unnecessary FCAs reduced their speed to a

higher extent and decelerated more strongly than drivers who experienced the same situation
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without FCAs. However, based on the results of the naturalistic driving studies by Flannagan
et al. (2016) and General Motors Corporation (2005), drivers’ responsiveness to unnecessary
alarms was expected to decrease with increasing system experience. It was assumed that the
process of cross-checking the validity of an unnecessary alarm is demanding without prior ex-
perience with situations that usually activate unnecessary alarms (Gérard & Manzey, 2010).
To avoid the risk of a missing necessary alarm response, a moderate braking response appears
to have the lowest probability of a negative outcome. However, with increasing system and
alarm experience, drivers might develop a schema consisting of traffic constellations that typ-
ically activate unnecessary alarms. When already expecting a potential alarm activation, driv-
ers might need less cognitive resources to cross-check the validity of an unnecessary alarm.
During this learning process, drivers might learn to select a less intense alarm response or to
not respond to the alarm. Therefore, the present study tested the hypothesis that drivers’
responses to unnecessary alarms decrease as the number of encounters with unnecessary
alarms increases (Hypothesis 8). It was assumed that the difference in driver behaviour in re-
sponse to unnecessary alarms and without receiving alarms becomes less pronounced with
multiple exposures to traffic situations in which their manoeuvre intention cause a dissolving

outcome (Hypothesis 9).

8.2 Method

8.2.1 Participants

A total of 45 participants (22 female, 23 male) took part in the study. Seven participants had
to be excluded from data analysis, one person due to simulator sickness, two persons due to
technical problems with the simulation software, one person due to technical problems with
the tablet used for questionnaires, and two persons drove too slowly in more than the half of
all test events (see Section 8.2.7). The remaining 38 participants (18 female, 20 male) were
between 21 and 65 years old (M = 39.53, SD = 14.87). Participants stated to cover M = 20,026
kilometres per year (SD = 19,265) and to have held their driver’s license for M = 20.79 years
(SD = 14.05). On average, they had already experienced a few FCAs before their participation
in the experiment, M =2.14, SD=0.98 (1 =never, 2=1 to 3 times, 3 = more than 3 times,
4 = on a reqgular basis). However, only 4% of the participants have gained this experience in a
private or company car, while 64 % have experienced FCAs only during driving studies and 32 %

in both contexts. Participants were recruited from the WIVW driver test panel. Each of them
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had received at least four hours simulator training in two training sessions (Hoffmann et al.,

2003). The rationale behind this training is explained in Section 5.2.1.

8.2.2 Apparatus
The study was conducted in the driving simulator at WIVW GmbH (see Section 4.1).

8.2.3 Experimental Design

The experiment used a 2x3 mixed design with the within-subject factor manoeuvre intention
and the between-subject factor FCA system. To manipulate manoeuvre intention, a navigation
system provided auditory and visual announcements. Dependent on participants’ current ma-
noeuvre intention, the encountered traffic event either interfered (a) or did not interfere (b)
with their executed driving manoeuvre (Figure 8-3). The factor FCA system was represented
by either driving with a standard (non-adaptive) system (a), an adaptive system (b), or an ex-
planatory adaptive system (c). Based on the findings of Study 1 and partly of Study 2, FCAs
were considered as unnecessary when drivers’ manoeuvre did not interfere with the traffic
event and as useful when manoeuvre intention and traffic event interfered. This assumption
was confirmed by the results of a manipulation check (see Section 8.3.1). With the standard
system, participants received an equal amount of unnecessary (8) and useful (8) FCAs through-
out the experiment (16 FCAs in total). More specifically, the system activated an FCA every
time the TTC with another road user fell below 1.95 seconds. The system did not consider
drivers’ current manoeuvre intention for alarm activation. In contrast, the adaptive system
activated FCAs dependent on the current TTC in combination with drivers’ current manoeuvre
intention. FCAs were activated when TTC values fell below 1.95 seconds and the traffic event
interfered with their intended driving manoeuvre. As soon as drivers’ manoeuvre intention
did not interfere with the traffic event, the system suppressed the FCA. Therefore, the adap-
tive system activated eight useful FCAs and suppressed eight unnecessary alarms. The activa-
tion strategy of the explanatory adaptive system was basically similar to that of the adaptive
system. Instead of just suppressing the FCA, the system displayed the explanation for alarm
suppression in the HUD (Figure 8-1). The pop-up appeared at the same moment in which the
standard system activated the FCA (TTC = 1.95 sec) and disappeared after five seconds. Fig-
ure 8-2 illustrates the different activation strategies of the three FCA systems. The FCA modal-

ity is described in Section 4.2. Subjects were quasi randomly allocated to the three FCA sys-
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tems (standard n = 12, adaptive n = 13, explanatory adaptive n = 13). To obtain groups of ap-
proximately equal size, the number of participants randomly assigned to each FCA system was

limited.

Collision alarm suppressed:

Intention to turn detected

Figure 8-1. Pop-up notification in the HUD used for the explanatory adaptive system.

To reduce carry-over from one event to another and to increase the number of measurement
points, participants encountered two different traffic scenarios each with four different envi-
ronments and two manoeuvre intentions (2 (traffic scenario) x 4 (environment) x 2 (manoeu-
vre intention) = 16 test events). Additionally, the study included 16 filler events. Thus, all par-
ticipants encountered 16 test events plus 16 filler events that varied according to manoeuvre
intention. Section 8.2.4 describes the realisation of both test and filler events. The 16 test
events were divided into four driving blocks. Each block consisted of two events of the first
and two events of the second traffic scenario (see Section 8.2.4), in each case with both levels
of manoeuvre intention. Additionally, each block included four filler events which were ran-
domly allocated between the test events. To control for transition effects, the position of the
four blocks was counterbalanced to four different sequences. To obtain equal group sizes,
subjects were quasi randomly distributed to the four sequences with a cell size of n=9 — 10

drivers. Thus, the number of participants randomly assigned to each sequence was limited.

Standard system TTC < 1.95 sec »| FCA activation
_ 7| Interference P FCA activation
Adaptive system TTC < 1.95 sec(-il-) Intention
detection .
| No Interference ¥ FCA suppression
Exolanat . /1 Interference | FCA activation
xplanato
planatory TTC < 1.95 SECG:B Intent|_0n .
adaptive system detection FCA suppression
| No Interference
+ HUD pop-up

Figure 8-2. Activation strategies of the three FCA systems used in Study 4.
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8.2.4 Traffic Scenarios

The entire simulation drive took place in an urban environment with a speed limit of 50 km/h.
To attain equal velocity conditions between different participants and traffic scenarios, par-
ticipants used a speed limiter with a maximum velocity of 50 km/h. They drove through streets
with regular turning-off streets, parked vehicles at the roadside, and pedestrians at the side-

walk.

Participants encountered both levels of manoeuvre intention with two different traffic sce-
narios. In the first traffic scenario (lead vehicle), participants followed a lead vehicle that sud-
denly braked to a standstill at a certain point while there was a turning street on the right.
Dependent on their current manoeuvre intention, participants either intended to stay behind
(interference) or to turn directly behind the braking lead vehicle (no interference). In the sec-
ond traffic scenario (intersection), another road user approached an intersection from the
right and took the ego driver’s right of way who was driving on the main road. Participants
either intended to stay on the main road (interference) or to turn to the right (no interfer-
ence). Each traffic scenario was realized with four different environments. Figure 8-3 illus-
trates the two different traffic scenarios each with two examples for different environments
and both levels of manoeuvre intention. The environments differed according to buildings,
plants, and other objects (e.g. street lamps, benches, parasols) on the side of the road before
and during the traffic event, the colours and models of the lead vehicle, and the type of road
user who approached the intersection (car, motorbike, or van). The intent to vary the envi-
ronment of only two traffic scenarios instead of using eight different traffic scenarios was to
decrease the variance between different scenario types while still reducing carry-over effects
and increasing the number of measurement points. In each test event, the TTC fell below 1.95

seconds. For the calculation of the TTC values, Equation 1 in Section 4.2 was used.
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Scenario 1: Lead vehicle Scenario 2: Intersection

Figure 8-3. Realization of manoeuvre intention in both traffic scenarios each with two exam-
ples of different environments. Conflict partner is marked by a frame. Solid line: event inter-
feres with intended manoeuvre; dashed line: event does not interfere with intended manoeu-
vre.

In the filler events, environments did not differ from those of the test events. However, in the
lead vehicle scenario, the lead vehicle continued driving and did not decelerate at a certain
point. In the intersection scenario, the other road user stopped at the intersection instead of

taking the ego drivers’ right of way. Therefore, TTC values never fell below 1.95 seconds.

8.2.5 Dependent Measures

As a manipulation check, participants evaluated the FCA usefulness after each encountered
test event. When a test event was accompanied by an FCA, the item that was introduced by
the statement “In this traffic situation, the collision warning was useful” and without having
experienced an FCA, it was introduced by “[...], a collision warning would have been useful”.
Participants gave their answer verbally through an intercom on a 6-point Likert scale
(1 =strongly disagree, 2 =disagree, 3 =rather disagree, 4 =rather agree, 5 =agree,
6 = strongly agree). The scale was printed on a piece of paper and attached to the steering

wheel.

All other items were presented and answered on a tablet (see Section 4.1). After each of the
four driving blocks, participants were asked to indicate their system trust and system under-

standing. System trust and system understanding were assessed with two scales of the “Trust
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in Automation” questionnaire (TIA) by Koérber (2015) using a 6-point Likert scale (1 = strongly
disagree, 2 = disagree, 3 = rather disagree, 4 = rather agree, 5 = agree, 6 = strongly agree).
Two items served to measure system trust (e.g. “l trust the system”; mean internal con-
sistency a = .90) and five items measured system understanding (e.g. "It is difficult to identify

what the system will do next”; mean internal consistency a = .78).

At the end of the experiment, participants indicated their overall impression and evaluation
of the FCA system with regard to system trust, system understanding, system reliability, and
system acceptance. All items used a 6-point Likert scale (1 = strongly disagree, 2 = disagree,
3 = rather disagree, 4 = rather agree, 5 = agree, 6 = strongly agree). Overall system trust was
measured with nine items of the trust in automated systems scale by Jian, Bisantz, and Drury
(2000) (e.g. “The system behaves in an unhanded manner”; internal consistency a =.95).
Items were presented in German language (translated by Beggiato (2015)). Overall system
understanding was measured with the same items as those used in the interim questionnaires
(internal consistency o =.88). System reliability was also assessed with a scale of the TIA
(Korber, 2015) consisting of six items (e.g. “The system is capable of interpreting situations
correctly”; internal consistency a = .83). To measure system acceptance, four scales based on
the technology acceptance model were used and adapted (Davis, 1989; Davis, Bagozzi, & War-
shaw, 1989). Participants assessed perceived usefulness on five items (e.g. “Using the FCA
system improves driving”; internal consistency a =.88) and perceived ease of use on three
items (e.g. “My interaction with the FCA system was clear and understandable”; internal con-
sistency a = .59). Behavioural intention to use the system was measured by one item (“l would
intend to use such a system, if | had the chance to”) and attitude towards behaviour by two
items (e.g. “I like the idea of using the FCA system”; internal consistency a = .82) (Taylor &
Todd, 1995). All items were presented in German language (translated by Jung, KaR, Zapf, and
Hecht (2019)).
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Table 8-1

Items of the Mental Model Questionnaire

Never SF)me- Always

true times true
The FCA system ... true
... considers my planned driving way for warning activation. 0 0 1
... suppresses certain warnings dependent on my planned driving way. 0 0 1
... does not warn in low-light conditions. 1 0 0
... activates a warning every time a lead vehicle brakes strongly. 1 1 0
... activates a warning every time another road user approaches an in- 1 1 0

tersection quickly.

... iIs not able to detect every braking lead vehicle. 1 0 0
... works only with little traffic. 1 0 0
... does not activate a warning if the radar sensor is dirty. 1 0 0
... does not activate a warning in low light conditions. 1 0 0
... only warns of vehicles above a certain size. 1 0 0

Note. 0 = incorrect answer; 1 = correct answer.

To measure participants’ mental models of the activation strategies of the two adaptive FCA
systems, an open-ended question and a self-developed questionnaire were used. The
open-ended question and the items were only presented to those participants who drove with
one of the adaptive systems. The question was “Please explain in your own words in which
situations the collision warning system has activated warnings. Why did the system suppress
certain warnings?”. The additional questionnaire was adapted from Beggiato (2015) who de-
veloped a standardised questionnaire to assess drivers’ mental model of adaptive cruise con-
trol. In contrast to conventional and well-known qualitative methods to measure mental mod-
els (e.g. card sorting; Cherri, Nodari, & Toffetti, 2004), this approach allowed to statistically
analyse differences in the mental models of participants who used different FCA systems. The
adapted version consisted of nine self-developed items about alarm activation and of nine
additional self-developed items concerning general system understanding. However, the
items about general system understanding (e.g. “The FCA system detects an impending colli-
sion with another road user”) only served to direct participants’ focus of attention away from
the items of interest about alarm activation. Participants had to select one answer option out
of never true, sometimes true, and always true. Correct answers received 1 point and incorrect
answers 0 points. For some items, two options were accepted as correct. Table 8-1 includes

all items concerning alarm activation and the coding for correct and incorrect answers.
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To measure driver responses to the test events, the magnitude of speed reduction and maxi-

mum deceleration were measured (see Section 4.3).

8.2.6 Procedure

The Ethics Committee of the Institute for Psychology of the Julius-Maximilians-University
Wirzburg has declared the study to be ethically unobjectionable. Upon arrival, participants
received written instructions containing information about the purpose of the study, the sim-
ulation environment, the speed limit of 50 km/h, and driving with a speed limiter. They were
informed that the study examines different types of FCA systems. They did not receive an
explanation of the implemented activation strategies. Additionally, participants sighed a con-
sent form that informed them about their right to decline to participate and to withdraw from

the study at any point, and the method of data anonymization.

The experimental drive consisted of four driving blocks. At the end of each driving block, there
was a programmed announcement that said “Please stop here”. After having stopped, drivers
answered the interim questionnaire concerning the most recently encountered driving block
on the tablet. After that, they started driving again and experienced the next driving block.
After the fourth driving block, they additionally answered the final questionnaire on the tablet.
Overall, the study took about 1.5 hours per participant. At the end of the experiment, partici-

pants were thoroughly debriefed.

8.2.7 Data Analysis
The hypotheses were tested with one-way, repeated-measures, and mixed ANOVAs and
MANOVAs. Post-hoc tests were calculated with paired t-tests. All analyses were carried out

using IBM SPSS statistics software (Version 22). The significance level was set at a = 0.05.

To analyse the answers to the mental model questionnaire, the correct answers per scale were
added up to a score that reflected the quality of the mental model. The maximum score that
could be achieved was 9. For both adaptive FCA systems, the average score of all participants
who used the system was calculated. Then, the means of both adaptive FCA systems were

compared with a one-way ANOVA.

A criterion for excluding measurement points of driving data and ratings for FCA usefulness
(manipulation check) from data analysis was a velocity slower than 34 km/h at the moment

the lead vehicle started to brake or the other road user took the ego driver’s right of way at

149



8 | Study 4: Evaluation of Adaptive Alarm Systems

the intersection. When drivers approached the intersection at a slower speed, the coordinates
of the ego vehicle and the other road user showed that the other road user already crossed
the ego vehicle’s way and, therefore, no longer posed a crash risk. For consistency reasons,
this velocity criterion was also adopted to the lead vehicle scenario. In total, 46 measurement
points (out of 608 measurement points in total) of 23 different participants were excluded
from data analysis. The maximum number of excluded measurement points per participant
was five. Table 8-2 provides an overview of the excluded measurement points grouped by
traffic scenario and manoeuvre intention. As already mentioned in Section 8.2.1, complete
data sets of two participants were additionally excluded as they drove too slowly in at least
half of all test events. Measurement points of the other subjective ratings were not affected

as they were related to driving blocks or the entire simulation drive.

Table 8-2

Overview of Excluded Measurement Points Grouped by Traffic Scenario and Manoeuvre Inten-
tion

No

Manoeuvre
manoeuvre .
. interference
interference
Traffic scenario n n
Lead vehicle 3 22
Intersection 18 3
Sum of excluded measurement
. = 21 = 2
points = 46 2 >=25
8.3 Results

8.3.1 Manipulation Check

To ensure that the predefined classification of alarms as useful during events with manoeuvre
interference and as unnecessary during events without manoeuvre interference matched
drivers’ subjective ratings of FCA usefulness, a mixed ANOVA with manoeuvre intention and
traffic scenario as within-subject factors and FCA system as between-subject factor was car-
ried out. Figure 8-4 illustrates the corresponding means and 95% confidence intervals. The
analysis revealed a significant main effect of manoeuvre intention on FCA usefulness,
F(1, 33) =698.14, p <.001, n,?=.96. Drivers perceived alarms as significantly more useful

when the traffic event interfered with their manoeuvre intention than without interference.
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Figure 8-4. Means of FCA usefulness grouped by manoeuvre intention, FCA system, and traffic
scenario. Error bars display 95 % confidence intervals.

Moreover, there was a significant interaction between manoeuvre intention and FCA system,
F(2,33)=7.06, p =.003, np,?=.30. When drivers’ manoeuvre intention did not interfere with
the traffic event, post-hoc tests with Bonferroni adjustments showed that the standard sys-
tem that activated FCAs in these situations was perceived as more useful than the explanatory
adaptive system that did not issue FCAs (p = .018). Furthermore, drivers rated FCAs as signifi-
cantly more useful during the lead vehicle scenario than during the intersection scenario,
F(2,33)=4.34,p =.045,np,?=.12. To sum up, the results of the manipulation check confirmed

the use of manoeuvre intention as adaption parameter.

8.3.2 Subjective System Understanding and Mental Model

To test if drivers’ perceived system understanding of the basic adaptive system is worse than
that of the standard system and the explanatory adaptive system (Hypothesis 1), a one-way
ANOVA with FCA system as factor and overall system understanding as dependent variable
was conducted. Figure 8-5 displays the corresponding means and 95% confidence intervals.
There was no significant main effect of FCA system, F(2,35) = 1.66, p =.205, n,?=.09. The
descriptive data showed that the difference between the standard and adaptive FCA system
was pronounced the opposite direction than assumed in the hypothesis. Overall, the results

did not support the first hypothesis.
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Figure 8-5. Means of overall system understanding grouped by FCA system. Error bars display
95 % confidence intervals.

The second hypothesis proposed that the mental model of the explanatory adaptive system
would be better than that of the basic adaptive system. A one-way ANOVA with FCA system
(adaptive versus explanatory adaptive) as factor and mental model as dependent variable was
conducted. The analysis did not show a significant difference between the mental model of
the adaptive (M =6.15, SD = 1.82) and that of the explanatory adaptive system (M =6.00,
SD =1.63), F(1, 24) =0.50, p = .411, n,?=.002. To more specifically analyse if drivers under-
stood the relevance of manoeuvre intention as adaption parameter, the ANOVA was repeated
with the score of only the first two items of the questionnaire as dependent variable (Ta-
ble 8-1). Accordingly, the score could only range between 0 and 2, instead of between 0 to 9.
The results did not show a significant difference between the mental model of the adaptive
(M=1.15, SD=0.90) and that of the explanatory adaptive system (M =1.38, SD=0.77),
F(1,24) =0.50, p =.244, n,?=.02. To gain more insights into drivers’ mental model of the
adaption parameter, the results of the questionnaire were extended by a qualitative analysis
of participants’ answers to the open-ended mental model question. Therefore, each open an-
swer was categorized as either correct or incorrect. Answers were categorized as correct if

”n "

participants’ explanations included the key words “intention to turn”, “intention detection”,
“turn intention”, “driver intention”, “turn manoeuvre”, or “leave common driving way”. Three
participants with the adaptive system and one participant with the explanatory adaptive sys-
tem did not answer to this question. In the group with the adaptive system, seven participants
gave a correct answer and in the group with the explanatory adaptive system, nine partici-

pants answered correctly. In each group, there were three participants who gave an incorrect
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answer. Based on the results of the quantitative as well as of the qualitative analysis, the hy-
pothesis that the mental model for the explanatory adaptive system would be more correct

than that for the basic adaptive system had to be rejected.

To test the impact of system experience on perceived system understanding (Hypothesis 3), a
mixed ANOVA with position as within-subject factor and FCA system as between-subject fac-
tor was carried out. Position refers to the sequence in which drivers encountered the four
driving blocks. For example, the first position represents drivers’ ratings for system under-
standing after having experienced the first driving block. Figure 8-6 illustrates the correspond-
ing means and within-group standard errors of the means (O'Brien & Cousineau, 2014). Mau-
chly’s test indicated that the assumption of sphericity has been violated, x?(5)=27.67,
p < .001. Therefore, degrees of freedom were corrected using Greenhouse and Geisser (1959)
estimates of sphericity (¢ =.67). The ANOVA revealed a significant main effect of position,
F(2,69.91) = 16.21, p <.001, np2=.32. Post-hoc tests (Bonferroni-corrected) showed that
drivers’ perceived system understanding significantly increased from the first to the second
position (p =.001), the first to the third position (p <.001), the first to the forth position
(p <.001), and the second to the forth position (p =.055). This finding supported the third
hypothesis. There was neither a significant main effect of FCA system, F(2, 35) = 0.73, p = .490,
ne?=.04, nor a significant interaction between position and FCA system, F(4, 69.91) = 1.00,
p = .413, np?=.05.
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Figure 8-6. Means of system understanding rated after each driving block grouped by FCA
system and position of the driving block. Error bars display within-group standard errors of
the means (O'Brien & Cousineau, 2014).
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8.3.3 System Trust

A one-way ANOVA with FCA system as factor and overall system trust as dependent variable
was carried out to test Hypothesis 4 (explanatory adaptive > basic adaptive > standard). Fig-
ure 8-7 displays the corresponding means and 95 % confidence intervals. The results showed
a significant main effect of FCA system, F(2, 35) = 4.44, p =.019, ny?=.20. To specifically ad-
dress the proposed differences, two unpaired t-tests with Bonferroni adjustments were cal-
culated as post-hoc tests. Drivers perceived higher trust in the basic adaptive system than in
the standard system on a marginally significant level and with a medium-sized effect,
t(23) =-1.91, p =.068 (one-tailed), dcoren = 0.53. Furthermore, there was no difference be-
tween the adaptive and explanatory adaptive system, t(24)=-0.93, p =.363 (one-tailed),

dconen = 0.36. Therefore, Hypothesis 4 was only partly supported.
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Figure 8-7. Means of overall system trust grouped by FCA system. Error bars display 95 % con-
fidence intervals.

A mixed ANOVA with position as within-subject factor and FCA system as between-subject
factor tested the effect of system experience and FCA system on system trust (Hypothesis 5).
Position refers to the sequence in which drivers encountered the four driving blocks (see Sec-
tion 8.3.2). Figure 8-8 shows the corresponding means and within-group standard errors of
the means (O'Brien & Cousineau, 2014). According to the Mauchly’s test, the assumption of
sphericity has been violated, x?(5) = 14.17, p = .015. Therefore, degrees of freedom were cor-
rected using Greenhouse and Geisser (1959) estimates of sphericity (€ =.84). The analysis
showed significant main effects of position, F(2.5,87.96) =12.21, p <.001, ny%= .26, and of
FCA system, F(2, 35) =4.01, p =.027, n,?=.19. Moreover, there was a marginally significant
interaction between position and FCA system, F(5, 87.96) = 1.96, p = .093, n,%=.10. To more
specifically address the hypothesis, three single repeated-measures ANOVAs for each FCA sys-

tem were additionally conducted. For the adaptive system, there was a significant main effect
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of position, F(3, 36) = 7.06, p = .001, ny% = .37. For the explanatory adaptive system, the anal-
ysis also revealed a significant main effect of position, F(3,36)=7.38, p=.001, n,?=.38.
Post-hoc tests with Bonferroni adjustment showed that system trust in both systems (margin-
ally) significantly increased from the first to the third position (adaptive p = .007, explanatory
adaptive p =.031) and from the first to the fourth position (adaptive p =.074, explanatory
adaptive p = .008). For the standard system, position had no significant main effect on system
trust, F(3,33) =1.67, p =.193, np? = .13. These findings supported the hypothesis that drivers’
system trust in the adaptive systems increased with increasing system experience, while trust

in the standard system remained at a constant level.
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Figure 8-8. Means of system trust rated after each driving block grouped by FCA system and
position of the driving block. Error bars display within-group standard errors of the means
(O'Brien & Cousineau, 2014).

8.3.4 System Reliability

To test Hypothesis 6 (system reliability: explanatory adaptive > basic adaptive > standard), a
one-way ANOVA with FCA system as factor was conducted. Figure 8-9 illustrates the corre-
sponding means and 95% confidence intervals. There was no significant main effect of FCA
system, F(2,35) =1.12, p =.314, n,2=.06. To specifically address the proposed differences,
two unpaired t-tests with Bonferroni adjustments were calculated as post-hoc tests. Even
though drivers did not significantly perceive the adaptive system to be more reliable than the
standard system, there was a medium-sized effect, t(23)=-1.41, p=.173 (one-tailed),
dconen = 0.56. Additionally, there was no significant difference between the adaptive and ex-
planatory adaptive system, t(24) =0.24, p = .811 (one-tailed), dcoren = 0.1. Overall, these re-
sults did not support Hypothesis 6.
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Figure 8-9. Means of system reliability grouped by FCA system. Error bars display 95 % confi-
dence intervals.

8.3.5 System Acceptance

A one-way MANOVA with FCA system as between-subject factor and the scales of the system
acceptance questionnaire as dependent variables did not show a multivariate main effect of
FCA system, Wilks‘ A = .85, F(8, 64) = 0.68, p = .707, np% = .08. Figure 8-10 illustrates the corre-
sponding means and 95 % confidence intervals of all dependent variables. None of the univari-
ate tests revealed a significant main effect of FCA system (Table 8-3). Therefore, no post-hoc
tests were conducted to further test Hypothesis 7. Except for behavioural intention, the
means supported the hypothesised acceptance ranking of the FCA systems. However, the

mean differences were not significant and, thus, Hypothesis 7 had to be rejected.
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Figure 8-10. Means of system acceptance grouped by FCA system and the scales of the ac-
ceptance questionnaire. Error bars display 95 % confidence intervals.
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Table 8-3

Univariate Effects of FCA system on Perceived Ease of Use, Perceived Usefulness, Attitude to-
wards Behaviour, and Behavioural Intention

Univariate Effects df1 df2 F ne?
Perceived Ease of Use 2 35 0.87 .05
Perceived Usefulness 2 35 0.24 .01
Attitude towards Behaviour 2 35 0.08 .01
Behavioural Intention 2 35 0.83 .05

Note. Standard system: n = 12; adaptive system: n = 13; explanatory adaptive system: n = 13.
tp <.10. *p <.05. **p < .01. ***p < .001.

8.3.6 Driver Responses to Unnecessary Alarms

The analyses of driver responses to unnecessary alarms and without receiving alarms consid-
ered only responses to test events in which drivers’ manoeuvre intention did not interfere
with the encountered traffic event and the potential conflict dissolved. In these situations, the
standard system activated an unnecessary FCA, while the adaptive system suppressed the

FCA.

To test if drivers’ responses to unnecessary alarms decrease as the number of encounters with
unnecessary alarms increase (Hypothesis 8), only driver responses to the standard system
were considered for data analysis. Two repeated-measures MANOVAs with position as factor
and magnitude of speed reduction and maximum deceleration as dependent variables were
carried out separately for each traffic scenario, intersection and lead vehicle. The rationale
behind conducting two separate analyses was to take potential differences between the two
traffic scenarios lead vehicle and intersection into account, while avoiding a further reduction
of the sample size for the MANOVAs. As the initial sample sizes for both systems were already
quite small (n = 12 for standard system, n = 13 for adaptive system) and some measurement
points had to be excluded from the analyses (see Section 8.2.7), traffic scenario as additional
factor would have reduced the overall sample size of the MANOVA. Position refers to the se-
guence in which drivers encountered the four test events of each traffic scenario. The solid
lanes in Figure 8-11 show the corresponding means and within-group standard errors of the
means (O'Brien & Cousineau, 2014) for the group with the standard system in both traffic sce-

narios.
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Figure 8-11. Means of magnitude of speed reduction (upper part) and maximum deceleration
(lower part) grouped by traffic scenario, position, and FCA system (standard and adaptive).
Error bars display within-group standard errors of the means (O'Brien & Cousineau, 2014).

With regard to the intersection scenario, the MANOVA (with N = 9) revealed a marginally sig-
nificant multivariate effect of position with a large-sized effect, Wilks* A =.08, F(6, 3) = 5.60,
p =.093, np?=.92. For both dependent variables, the assumption of sphericity has been vio-
lated. For magnitude of speed reduction, the Mauchly’s test indicated y?(5) = 29.29, p < .001.
Thus, degrees of freedom were corrected using Greenhouse and Geisser (1959) estimates of
sphericity (€ =.41). Based on another significant Mauchly’s test, x?(5) = 27.64, p < .001, de-
grees of freedom for maximum deceleration were corrected with € =.66. There were signifi-
cant univariate main effects of position on magnitude of speed reduction, F(1.23, 9.80) = 6.75,
p =.023, np?=.46, and on maximum deceleration, F(1.99, 15.89) = 5.88, p =.012, n,? = .42.
For magnitude of speed reduction, post-hoc tests with Bonferroni correction did not reveal
significant pairwise differences. For maximum deceleration, post-hoc tests with Bonferroni

correction showed marginally significant differences between Position 1 and 2 (p =.072) and

between Position 1 and 3 (p = .064).
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The second MANOVA for the lead vehicle scenario (N = 11) did not show a significant multi-
variate effect of position, Wilks‘ A =.37, F(6, 5) = 1.44, p = .352, ny? = .63. However, the effect
size was large. Mauchly’s test indicated that the assumption of sphericity has been violated
for magnitude of speed reduction, x?(5) = 21.15, p = .001. Therefore, degrees of freedom were
corrected using Greenhouse and Geisser (1959) estimates of sphericity (¢ =.44). The MANOVA
revealed significant univariate main effects of position on magnitude of speed reduction,
F(1.31,13.12) =5.22, p=.032, np,?=.34, and on maximum deceleration, F(3, 30)=2.93,
p =.049, ny? = .23. Post-hoc tests with Bonferroni correction did not show significant pairwise
differences for both dependent variables. Overall, the significant univariate main effects of
position in combination with the descriptive data (solid lanes in Figure 8-11) supported Hy-

pothesis 8.

To test if the difference in driver behaviour in response to unnecessary alarms and without
receiving alarms became less pronounced with multiple exposures to traffic situations in
which their manoeuvre intention caused a dissolving outcome (Hypothesis 9), only responses
to the standard system and the adaptive systems were relevant. Two mixed MANOVAs with
position as within-subject factor, FCA system as between-subject factor, and magnitude of
speed reduction and maximum deceleration as dependent variables were carried out sepa-
rately for each traffic scenario, intersection and lead vehicle. The explanations for conducting
two separate analyses are similar to those described in the previous paragraph. Table 8-4 re-
ports the test statistics of the multivariate and univariate tests of the intersection scenario
and Table 8-5 those of the lead vehicle scenario. Figure 8-11 illustrates the corresponding
means and within-group standard errors of the means (O'Brien & Cousineau, 2014) of both
traffic scenarios. The MANOVAs for both scenarios revealed significant univariate main effects
of FCA system on magnitude of speed reduction and maximum deceleration. Drivers reduced
their speed to a higher extent and decelerated more strongly in response to unnecessary
alarms than without alarms. In both traffic scenarios, there were (marginally) significant uni-
variate interaction effects between position and FCA system (except for maximum decelera-
tion in the lead vehicle scenario). As illustrated in Figure 8-11, the development of driver re-
sponses with increasing experience differed dependent on the FCA system. During the first
encounter of the intersection or the lead vehicle scenario, drivers who received unnecessary
alarms (standard system) reduced their speed to a higher extent and decelerated more

strongly than drivers without alarms (adaptive system). Based on the descriptive data, the
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difference in driver behaviour in response to unnecessary alarms and without alarms already
became less pronounced at the second encounter. To the subsequent encounters of the test
events, drivers with both FCA systems showed responses of equal intensity. Overall, responses
of drivers with the adaptive system remained stable independent of the position of the traffic
events. One exception was that drivers without alarms decelerated more strongly the first
time they encountered the lead vehicle scenario than the second and following times (lower

right part of Figure 8-11). Overall, the results supported Hypothesis 9.

Table 8-4

Results of MANOVA for the Intersection Scenario with Multivariate and Univariate Effects of
Position and FCA System on Magnitude of Speed Reduction and Maximum Deceleration

df1 df2 Wilks‘ A F ne?
Multivariate effects
Position 6 10 .29 4.07* 71
FCA System 2 14 .66 3.64% .34
Position* FCA System 6 10 66 0.94 .36
Univariate effects
Magnitude of speed reduction
Position 1.26 18.89 5.90* .28
FCA System 1 15 7.68* .34
Position* FCA System 1.26 18.89 5.76% 28
Maximum deceleration
Position 2.03 30.47 6.19** .29
FCA System 1 15 5.90* .28
Position* FCA System 2.03 30.47 3.11t 17

Note. Standard system: n = 9; Adaptive system: n = 8. Degrees of freedom were corrected using Greenhouse-
Geisser estimates of sphericity, € =.42 for magnitude of speed reduction and € =.68 for maximum deceleration.
tp <.10. *p < .05. **p < .01. ***p < .001.
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Table 8-5

Results of MANOVA for the Lead Vehicle Scenario with Multivariate and Univariate Effects of
Position and FCA System on Magnitude of Speed Reduction and Maximum Deceleration

df1 df2 Wilks‘ A F ne?
Multivariate effects
Position 6 16 .61 1.69 .39
FCA System 2 20 .82 2.26 .18
Position* FCA System 6 16 .57 1.99 A3
Univariate effects
Magnitude of speed reduction
Position 1.78 37.44 5.27* .20
FCA System 1 21 4.44* .18
Position* FCA System 1.78 37.44 3.38* 14
Maximum deceleration
Position 2.22 46.56 5.06** .19
FCA System 1 21 4.71* .18
Position* FCA System 2.22 46.56 0.55 .03

Note. Standard system: n = 11; Adaptive system: n = 12. Degrees of freedom were corrected using Greenhouse-
Geisser estimates of sphericity, € =.59 for magnitude of speed reduction and & =.74 for maximum deceleration.
tp <.10. *p < .05. **p < .01. ***p < .001.

8.4 Discussion

The main goal of Study 4 was to compare drivers’ subjective evaluations of two adaptive FCA
systems that used manoeuvre intention as adaption parameter to those of a conventional FCA
system. While one adaptive system completely suppressed unnecessary alarms, the other
adaptive system did not only suppress unnecessary alarms, but also provided an explanation
to the drivers. Moreover, the study sought to gain insights into the development of drivers’

responses to unnecessary alarms with multiple exposures to similar traffic situations.

With regard to drivers’ perceived system understanding and their mental models of the
adopted activation strategies, the results did not reveal differences between the FCA systems.
The descriptive data suggested that drivers perceived both adaptive systems as more under-
standable than the standard system. Furthermore, there were no differences between the
adaptive system and the explanatory adaptive system with regard to perceived system under-

standing and the quality of the mental models. These findings contradicted the hypothesis
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that drivers would have more difficulties to understand the functioning of basic adaptive sys-
tem than that of the standard system and the explanatory adaptive system. Thus, in contrast
to the theoretical considerations by Smith et al. (2008), the adaptive systems did not seem to
have interfered with the development of a correct mental model. Drivers were able to under-
stand the significance of manoeuvre intention for the system’s alarm activation strategy, even
without explicit explanation. This conclusion was also supported by the fact that most drivers
of both adaptive systems were able to identify manoeuvre intention as adaption parameter.
To sum up, manoeuvre intention seemed to be a comprehensible adaption parameter. As long
as an adaptive system uses only one understandable adaption parameter and the adaption
works perfectly reliable, drivers do not seem to need an explicit explanation for alarm sup-
pression. Moreover, the results revealed that drivers went through a learning process which
increased their perceived system understanding with increasing system experience. Inde-
pendent of the used FCA system and its activation strategy, multiple encounters with situa-
tions that either led to an alarm activation or suppression helped drivers to comprehend how
the FCA system works. When interpreting the results, it must be considered that the develop-
ment of perceived system understanding and the identification of the adaption parameter
might have been easier and took a shorter period of time in the present study than under real
traffic conditions. In the study, drivers experienced each of the two traffic scenarios eight
times (with different environments) within a short time frame of 1 — 1.5 hours. In real traffic,
it would take a longer period of time to experience an equal amount of situations in which
FCAs are either activated or suppressed. Additionally, use cases for alarm activation or sup-
pression would vary to a higher degree than in the present study where similar traffic scenar-

ios were repeatedly encountered with different environments.

Furthermore, the study provided insights into drivers’ trust in the adaptive systems. In line
with the hypothesis, there was a tendency that drivers perceived higher trust in the basic
adaptive system than in the standard system. However, the result that drivers did not trust
more in the adaptive system with explanation for alarm suppression than in the basic adaptive
system contradicted the hypothesis. It is assumed that perceived system understanding might
serve as a basis for system trust. Therefore, as drivers perceived a higher understanding of the
basic adaptive system than initially expected, both adaptive systems with and without expla-
nation resulted in a similar level of perceived system trust. Future research could examine the

relationship between these two variables. Additionally, system trust in both adaptive systems
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increased with increasing system experience, while trust in the standard system remained at
a constant level. With multiple exposures to similar traffic events, drivers learned that the
adaptive systems suppressed FCAs in a consistent manner. The insights gained from this learn-
ing process might have caused an increase in system trust over time. Even if users of the stand-
ard system were able to understand its activation strategy, regularly issued unnecessary
alarms conceivably counteracted an increase of system trust. Future research should investi-
gate the further development of trust in a non-adaptive system that regularly activates un-
necessary alarms. It would be interesting to examine if system trust would remain at this con-

stant and tolerably high level or if it would start to decrease at a certain point.

System reliability did not differ between the FCA systems. Even though the descriptive data
suggested that drivers perceived both adaptive systems to be more reliable than the standard
system, the differences between the FCA systems did not reach statistical significance. Drivers
might have perceived the standard system as rather reliable because it was able to reliably
detect all situations with high collision risk. This ability of the standard system might have
served as a basis for perceived system reliability and was, finally, more important than the
ability to suppress unnecessary alarms. Moreover, contrary to the hypothesis, drivers per-
ceived both adaptive systems as equally reliable. This finding could be explained by the fact
that drivers’ perceived system understanding was equally high for both systems. Additionally,
their mental models for the applied adaption strategy had a similar quality. The knowledge
that the basic adaptive system intentionally suppressed certain alarms rather than missed to
detect hazardous situations might have led to a perceived reliability as high as that of the

explanatory adaptive system.

The study found no differences in the overall acceptance of the different FCA systems. How-
ever, even if the differences of the acceptance ratings did not reach statistical significance, the
means generally supported the hypothesis that drivers indicated the highest acceptance for
the explanatory adaptive system, followed by the basic adaptive system, while the standard
system received the lowest evaluation. Social desirability might have influenced drivers’ ac-
ceptance ratings. Participants were not informed of how their FCA system differed to the other
FCA systems tested in the study. They conceivably had their own hypotheses about the pur-
pose of the study. As participants generally know that simulator studies at WIVW GmbH are

usually conducted on behalf of a car manufacturer, they might have aimed to answer to the
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acceptance items in a favourable way. This might have masked potential differences between
the standard system and the adaptive systems. Furthermore, the between-subject design for
FCA system could have mitigated differences between the systems. There were several rea-
sons for the decision to vary this factor between participants, e.g. learning effects of the test
events and the total duration of the study per participant. However, there might have been
clearer differences between the acceptance ratings if FCA system had been a within-subject
factor and drivers had been able to compare the different FCA systems. However, there were
differences between the FCA systems concerning system trust despite the between-subjects
design. Moreover, as mean system acceptance was relatively high for all FCA systems, it is not
assumed that a within-subject design would have fundamentally reduced the acceptance rat-

ings of the standard system.

With regard to the development of drivers’ responses to unnecessary alarms with increasing
system experience, the findings supported both hypotheses. In response to the first unneces-
sary alarm in the intersection scenario and in the lead vehicle scenario, drivers reacted with
moderate decelerations and speed reductions. In contrast, drivers who showed their natural
driving behaviour without receiving an FCA did not or only minimally react to these first
events. Already at the second encounter with each traffic scenario, drivers reduced the inten-
sity of their responses to unnecessary alarms. The responses almost approached the level of
those of the drivers without FCAs. At the third and fourth encounter, drivers’ responses to
unnecessary alarms remained constantly low. The results were in line with the findings of the
naturalistic driving studies by Flannagan et al. (2016) and General Motors Corporation (2005)
and demonstrated that drivers’ responsiveness to unnecessary alarms decreased with increas-
ing system experience. Additionally, the difference in driver behaviour in response to unnec-
essary alarms and without receiving alarms became less pronounced with increasing system
experience. After having experienced only one event of each traffic scenario that activated an
unnecessary alarm, drivers with the standard system conceivably developed a schema that
allowed them to identify traffic constellations that previously activated an unnecessary alarm.
When they experienced the same situation a second, third, or fourth time, they were able to
use this schema. It helped them to anticipate that the other road user could potentially trigger
an unnecessary alarm even though it would not constitute a hazard. Therefore, in the natu-
ralistic driving studies, alarm rates decreased over time in the scenarios where the ego and

the lead vehicle did not remain in the same lane after the FCA was issued. Under real traffic
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conditions, drivers were able to use their schemata to adjust their behaviour in order to avoid
setting off an unnecessary alarm, while drivers in the present study could not avoid these
situations. It must be considered that the development of schemata would be presumably
more difficult and would require more time in real traffic than in the present study. Here, only
the environments around the basic traffic scenarios varied between the test events. There-
fore, the transfer of a schema to another event was facilitated. However, under real traffic
conditions, there are more variables that dynamically change from one use case to another.
The transfer of learned schemata to new traffic scenarios is assumed to be more difficult.
Thus, the choice of the most appropriate schema in order to anticipate unnecessary alarms
and to cross-check the validity of an unnecessary alarm would require more cognitive re-
sources than in the present study. Moreover, real traffic conditions usually lead to far fewer
unnecessary alarms within a short period of time which additionally impedes the development
of adequate schemata. Future research could investigate the development of drivers’ re-
sponses to unnecessary alarms under real traffic conditions. If drivers were able to develop
appropriate schemata within a quite short period of time that help them to not or only mini-
mally respond to unnecessary alarms, unnecessary alarms would not be very critical from a

safety perspective.

8.5 Conclusion

First, Study 4 provided insights into the evaluation of an adaptive FCA system that used ma-
noeuvre intention as adaption parameter. Second, the study investigated the development of
drivers’ responses to unnecessary alarms with increasing system experience. The system was
compared to a similar adaptive system that additionally gave an explanation for alarm sup-
pression and a conventional FCA system that activated unnecessary alarms. Drivers had no
difficulties to understand the adaption strategy of the adaptive system and to develop a cor-
rect mental model, even without explanation. Hence, manoeuvre intention seemed to be a
comprehensible adaption parameter for a negative adaption strategy. In the course of the
simulation drive, perceived system understanding of all FCA systems increased. Moreover,
drivers’ trust in the adaptive systems was higher than in the standard system. While trust in
both adaptive systems increased with increasing system experience, trust in the standard sys-
tem remained at a constant level. Even if the means of system reliability and acceptance
pointed in the hypothesised direction, the differences were not statistically relevant. To sum

up, the development of system understanding and system trust seems to represent a learning
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process that might, finally, influence drivers’ estimation of system trust, reliability, and ac-

ceptance.

The study found that drivers’ responsiveness to unnecessary alarms in situations with predict-
able dissolving outcome decreased as the number of encounters with unnecessary alarms in-
creased. When comparing responses to unnecessary alarms to driving behaviour in the same
situations without alarms, the behavioural differences became less pronounced with repeated
exposure to similar traffic scenarios that typically activate unnecessary alarms. After having
received the first unnecessary alarm in each traffic scenario that initially provoked decelera-
tions and speed reductions of medium intensity, drivers only minimally responded to the sub-
sequently activated unnecessary alarms. At least in a controlled driving simulator context,
drivers seem to be able to develop schemata that allow them to identify situations that po-

tentially trigger unnecessary alarms and to avoid unnecessarily intensive alarm responses.
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9 General Discussion

The alarm activation of conventional FCA systems depends on physical measurements. Such
an activation strategy regularly sets off alarms that drivers subjectively perceive as unneces-
sary (see Section 2.3.2). Although previous research on adaptive alarm systems sought to re-
duce the rate of unnecessary alarms, there was a lack of knowledge about factors that deter-
mine drivers’ need for assistance (see Section 2.4). Moreover, no previous study has system-
atically investigated the impact of unnecessary alarms on drivers’ subjective evaluations and

alarm responses (see Sections 2.3.4 and 2.3.5).

The main objective of this thesis was to investigate which psychological factors and processes
have an impact on drivers’ perceived need for assistance in potential collision situations to
understand under which conditions drivers perceive collision alarms as unnecessary. There-
fore, a theoretical framework of drivers’ subjective alarm evaluation was developed that
served as a basis to derive related hypotheses (Section 3.1, Figure 9-1). An additional goal of
this thesis was to elucidate the impact of unnecessary alarms on drivers’ acceptance and alarm

responses.

Environment
System l Driver
Sensing Perception
I l
Sltuatlclm Comprehension
analysis
! !
Prediction Anticipation
Action execution

Retrospective
subjective hazard
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kL 4

Perceived need

Alarm decision )
for assistance

Figure 9-1. Theoretical framework of drivers’ subjective alarm evaluation.

To address the research questions (see Section 3.2), four driving simulator studies were con-
ducted (see Chapters 5, 6, 7, and 8). In all studies, participants encountered situations with

identical physical conditions between their own vehicle and another road user (TTC values)
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that would usually activate FCAs, while the outcome of the potential conflict was varied. The
conflict either remained or dissolved within the next few seconds. The outcome was depend-
ent on drivers’ own manoeuvre intentions (manipulated by navigation instructions to the par-
ticipant) or intentions attributed other road users (manipulated by environmental cues). This
method allowed to create situations that would lead to constantly high risk assessments of
the alarm system, while drivers’ retrospective subjective hazard perception, perceived need
for assistance, alarm acceptance, and alarm responses were assumed to differ dependent on

their anticipations of the situation outcome.

The following sections summarise and discuss the main findings of the conducted driving sim-
ulator studies in relation to the hypotheses and research questions derived from the theoret-
ical framework of drivers’ subjective alarm evaluation (Chapter 3, Figure 9-1). Based on the
results, indications for the validity of the proposed theoretical framework are derived. More-
over, the insights into the impact of unnecessary alarms on drivers’ acceptance and alarm
responses are summarised and discussed. In addition, limitations, need for future research,

and practical implications of the findings of this thesis will be elucidated.

9.1 Drivers’ Perceived Need for Assistance in Potential Collision Situations

The results of this thesis provided evidence for the hypotheses derived from the theoretical
framework of drivers’ subjective alarm evaluation (see Chapter 3). Taken together, the results
revealed that situations which would cause a constantly high level of system risk assessment
due to identical TTC values can result in varying levels of human subjective hazard perception.
This discrepancy can be caused by an advantage of the driver over the system in anticipating
the outcome of a complex driving situation. While the system’s prediction based on physical
measurements is only valid if the potential conflict remains in the further course, drivers’ an-
ticipation additionally considers their own manoeuvre intentions and those attributed to
other road users. Given a dissolving conflict that was predictable for the driver, system risk
assessment exceeds drivers’ subjective hazard perception. Consequently, drivers perceive a
low need for assistance and evaluate alarms activated by the FCA system as unnecessary. Fig-
ure 9-2 illustrates the described factors and processes that lead to alarms which drivers per-
ceive as unnecessary. The following sections summarise and discuss the main conclusions con-
cerning drivers’ perceived need for assistance drawn from the results of this thesis in more

detail.
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Figure 9-2. Emergence of unnecessary alarms based on the theoretical framework and on the
results of the empirical research conducted in this thesis.

9.1.1 Retrospective Subjective Hazard Perception

The first hypothesis derived from the theoretical framework proposed that drivers’ subjective
hazard perception predict their perceived need for assistance (see Section 3.1; lower right part
of Figure 9-1). The results of Study 1 and 2 supported this hypothesis. Drivers’ subjective haz-
ard perception either measured during (Study 1) or after the encountered traffic event
(Study 2) mediated the effect of system risk assessment on drivers’ perceived need for assis-
tance. Hence, drivers’ subjective hazard perception regarding the encountered traffic situa-
tion was the central factor that influenced their perceived need for assistance. Additionally,
even though Study 3 did not explicitly test this relationship, it demonstrated that lead vehicle
behaviour and its predictability had the same impact on subjective hazard perception as on
perceived need for assistance. Drivers perceived situations with unpredictable outcome as
more hazardous than situations with predictable outcome and, thus, also perceived a higher
need for assistance. Prior research showed that the subjective hazard perception of a product
positively influenced the perceived necessity of static product warnings (Laughery
& Wogalter, 2006; Wogalter et al., 1991). The present research extended these findings and
revealed that subjective hazard perception also determines the perceived need for dynamic

alarms. The assumption that subjective hazard perception would also influence the perceived
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need for alarms provided by driver assistance systems was derived from results of surveys and
interviews (Eichelberger & McCartt, 2014; LeBlanc et al., 2006b; Portouli et al., 2006; van Driel
& van Arem, 2005). This thesis supports this assumption based on systematic experimental

investigations.

The gained knowledge about the impact of drivers’ retrospective subjective hazard perception
on their perceived need for assistance provides a first orientation for the understanding of
drivers’ actual need for assistance. The finding implies that drivers perceive those alarms as
unnecessary that are activated in situations which they perceive as little hazardous and, thus,
result in a low perceived need for assistance. In turn, drivers evaluate alarms as useful when
they perceived the encountered situation as hazardous and, therefore, perceived a higher
need for assistance. Prior research has usually taken into account only one single isolated
adaption parameter to predict need for assistance, e.g. visual attention (e.g. Hammoud et al.,
2008; Trefflich, 2010) or mental workload (Reinmueller et al., 2018). Based on the present
results, the consideration of only one adaption parameter seems to be insufficient and might
not appropriately represent drivers’ need for assistance. For example, despite being visually
and/or cognitively attentive, a driver might perceive a highly demanding and time-critical sit-
uation as hazardous. In this case, the driver would perceive an increased need for assistance
and would evaluate an issued alarm as useful. Drivers’ subjective hazard perception and, ac-
cordingly, their perceived need for assistance is conceivably predicted by an interaction of
several factors. This thesis provided evidence on relevant human factors that influence driv-
ers’ subjective hazard perception and perceived need for assistance. The corresponding find-

ings are discussed in the following section.

9.1.2 The Emergence of Discrepancies between Human Subjective Hazard Percep-
tion and System Risk Assessment
The second hypothesis derived from the theoretical framework of drivers’ subjective alarm
evaluation proposed that drivers perceive alarms as unnecessary which are activated in situ-
ations that simultaneously result in a high system risk assessment and a low retrospective
subjective hazard perception (see Section 3.1). The findings of Study 1, 2, and 3 supported this
hypothesis. It was shown that situations which would cause a constantly high level of system
risk assessment due to identical TTC values resulted in varying levels of human subjective haz-

ard perception. Based on the identified impact of subjective hazard perception on perceived
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need for assistance (see Section 9.1.1) in combination with the impact of system risk assess-
ment on alarm decision, the FCA system would activate an alarm while the driver perceives a
low need for assistance. In such situations, drivers perceive alarms as unnecessary. The fol-
lowing sections address the results of this thesis that provided evidence on how such a dis-

crepancy can arise.

Based on the theoretical framework of drivers’ subjective alarm evaluation, it was hypothe-
sised that a discrepancy between system risk assessment and human subjective hazard per-
ception results from an advantage of the driver of the system in anticipating the outcome of
a potential conflict (Hypothesis Il in Section 3.1.3). It was assumed that human drivers con-
sider additional factors for their anticipation compared to the alarm system. More specifically,
the proposed factors were drivers’ own manoeuvre intentions (Hypothesisllla in Sec-

tion 3.1.3) and those attributed to other road users (Hypothesis Illb in Section 3.1.3).

9.1.2.1 Drivers’ Manoeuvre Intention

The results of Studies 1 and 2 largely corroborated the hypothesis that drivers have an ad-
vantage over the system as they consider their own manoeuvre intentions to anticipate the
outcome of a potential conflict (Hypothesis llla in Section 3.1.3). In most of the examined sce-
narios, drivers perceived events with high system risk assessment (based on low TTC value) as
subjectively more hazardous when the critical traffic event interfered with their current ma-
noeuvre intention (conflict remained) than without interference between traffic event and
manoeuvre intention (conflict dissolved). When drivers anticipated a dissolving outcome of a
potential conflict dependent on their current manoeuvre intention, their subjective hazard
perception was lower than the system’s risk assessment resulting in a discrepancy. Based on
the mediated relationship between system risk assessment and perceived need for assistance
via subjective hazard perception (see Section 9.1.1), the findings imply that drivers also per-

ceive a lower need for assistance under these conditions.

Beyond perceived need for assistance, Studies 2 and 4 investigated the impact of manoeuvre
intention on drivers’ explicit usefulness evaluation of received alarms. In Study 2, the results
of the “turn right” scenario (left panel of Figure 6-2) revealed that most drivers classified re-
ceived alarms as unnecessary when their current manoeuvre intention caused a dissolving
conflict and as useful when the conflict remained (see Section 6.3.4). In this scenario, drivers

also indicated a lower acceptance for alarms predefined as unnecessary (dissolving conflict)
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than for alarms predefined as useful (remaining conflict). In the “turn left” scenario (right
panel of Figure 6-2), however, drivers’ classification of alarms as unnecessary or useful could
not be clearly assigned to their current manoeuvre intention. Accordingly, their acceptance
for alarms predefined as unnecessary or useful did also not differ. Possible explanations can
be found in the following paragraph. Study 4 provided clearer findings concerning drivers’ per-
ceived alarm usefulness dependent on their manoeuvre intention. On average, drivers disa-
greed that received FCAs were useful when their current manoeuvre intention caused a dis-
solving conflict. Based on this finding, a low level of perceived need for assistance expresses
that drivers perceive a received alarm as unnecessary. Similarly, drivers agreed that FCAs were
useful when the conflict remained due to their manoeuvre intention. Thus, a high level of

perceived need for assistance implies that a received alarm is evaluated as useful.

It must be considered that the impact of manoeuvre intention was not consistent in all tested
scenarios. In both braking lead vehicle scenarios in Study 1 (“turn right” and “turn left”, Fig-
ure 6-2) and the “turn left” scenario in Study 2 (right panel of Figure 6-2), drivers perceived
the braking lead vehicle as equally hazardous independent of their manoeuvre intention (see
Section 6.3.1). However, Studies 2 and 4 revealed a clear impact of manoeuvre intention on
drivers’ subjective hazard perception, perceived need for assistance, alarm usefulness, and
acceptance for the “turn right” scenario (left panel of Figure 6-2). Thus, it is assumed that the
method of blanking the screen in Study 1 might have caused a misjudgement of the magnitude
of deceleration of the braking lead vehicle in situations with low system risk assessment and,
thus, mitigated the moderating effect of manoeuvre intention. A detailed explanation for this
assumption can be found in Section 5.4. Nevertheless, in the “turn left” scenario (right panel
of Figure 6-2), manoeuvre intention neither had an effect in Study 1, nor in Study 2. As already
discussed in Section 6.4 in more detail, this finding could be explained as follows. Low TTC
values were always forced by another road user in a time-critical manner. Thus, drivers’ ad-
vantage over the system in anticipating a dissolving outcome of a conflict became relevant
just a maximum of two seconds before a potential crash could have happened. If drivers them-
selves had provoked such a traffic constellation, they would have been able to consider their
manoeuvre intention earlier. Under this condition, manoeuvre intention might have influ-
enced subjective hazard perception, perceived need for assistance, and alarm acceptance.

However, this assumption remains to be tested. The combination of this methodological lim-
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itation and the lack of perceived spatial separation in the “turn left” scenario (see also Sec-
tion 6.4) is assumed to be the most probable explanation for the deviating results in this sce-

nario.

9.1.2.2 Intentions Attributed to Other Road Users

In line with Hypothesis lllb (see Section 3.1.3), Study 3 revealed that drivers’ ability to antici-
pate subsequent actions of other road users represents a further advantage of the driver over
the system. Dependent on drivers’ ability to anticipate the other’s subsequent actions and the
outcome of the conflict, potential conflicts with identical TTC values resulted in varying levels
of human subjective hazard perception. Drivers perceived the situation as less hazardous in
retrospect when they were able to anticipate that the conflict will finally dissolve than if this
possibility was not given due to sight obstructions. The results suggested that drivers were
able to infer intentions of other road users from the context in which the actions were em-
bedded. They understood the significance of certain environmental cues by using schemata
stored in long-term memory that were developed by prior experiences with similar situations
(Stahl, 2015; Zunino et al., 2017). This ability allowed for anticipations of the outcome of the
potential conflict and, therefore, for more differentiated subjective hazard perceptions than
the system’s risk assessment exclusively based on TTC values. In all conditions, drivers’ per-
ceived need for assistance was equally pronounced as their subjective hazard perception. Ac-
cording to the results, system risk assessment deviates from drivers’ subjective hazard per-
ception under certain conditions. Such a discrepancy is most pronounced when the human
driver is able to anticipate a dissolving outcome of the conflict. In contrast, system risk assess-
ment and drivers’ subjective hazard perception approach each other when neither the system

nor the driver are able to anticipate that the potential conflict would finally remain.

Drivers indicated a lower acceptance for alarms issued when the lead vehicle left the lane than
for alarms activated when the conflict remained as the lead vehicle stayed in the lane. In ad-
dition, drivers’ ability to anticipate that the lead vehicle intends to leave the lane and the con-
flict will dissolve had an impact on their acceptance of unnecessary alarms. They evaluated
unnecessary alarms as less acceptable when they were able to anticipate the subsequent ac-
tion of the lead vehicle than if not. This result suggests that drivers might perceive unnecessary
alarms as more pardonable when neither they themselves nor the system could anticipate

that the conflict will finally dissolve and the alarm would be unnecessary. This finding might
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offer an explanation for relatively positive subjective evaluations of unnecessary alarms in the
study by Naujoks et al. (2016) (see Section 2.3.5). In their study, drivers were not able to an-

ticipate that the encountered potential conflict would finally dissolve.

9.2 Driver Responses to Unnecessary Alarms

This thesis aimed to provide knowledge about drivers’ responses to unnecessary alarms. Stud-
ies 2, 3, and 4 addressed this research question. It was assumed that previous experiences
with unnecessary alarms and drivers’ ability to anticipate a dissolving outcome of the potential
conflict might influence the intensity of braking responses to unnecessary alarms. In all rele-
vant studies, driver responses to unnecessary alarms were compared to driving behaviour in

the same situations without receiving an alarm.

In the short term, without prior experiences with similar situations that activated unnecessary
alarms, these alarms resulted in driver responses of moderate intensity. The results of Stud-
ies 2 and 3 revealed that drivers who received unnecessary FCAs in situations with predictable
dissolving outcome showed stronger braking reactions than drivers who experienced the
same situation without FCAs. On average, drivers responded to unnecessary alarms under
these conditions with maximum decelerations of -5.61 m/s? (SD = 2.09) and speed reductions
of 26.84 km/h (SD = 11.18). The responses were more intense when drivers’ anticipation of a
dissolving conflict was based on intentions attributed to other road users (Study 3) than on
their own manoeuvre intentions (Study 2). This finding may be explained by the fact that driv-
ers were more confident about their own manoeuvre intentions than about those attributed
to other road users. Drivers conceivably considered the estimated reliability of their current
anticipations for their action selection. Without being warned, drivers showed only minimal
reactions to the encountered situations. This result demonstrates that the dissolving outcome
of the situations seemed to be predictable for drivers in both studies. To investigate if the
ability to anticipate a dissolving outcome of the conflict influences the intensity of driver re-
sponses to unnecessary alarms, drivers in Study 3 additionally encountered situations with an
unpredictable dissolving outcome. Independent of receiving an unnecessary alarm or not,
driver reactions did not differ in situations with predictable and unpredictable dissolving out-
comes. It is assumed that this result was associated with drivers’ ability to dynamically adjust
their situation awareness and actions (Endsley, 1988). Nevertheless, although there were no

differences in driving behaviour, drivers perceived situations with unpredictable dissolving
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outcome as more hazardous and indicated a higher need for assistance than when they were

able to anticipate the outcome of the conflict.

The results of Study 4 showed that the intensity of driver responses to unnecessary alarms
decreased with multiple exposures to unnecessary alarms. Participants encountered four
events of each traffic scenario that varied only with regard to the environmental surrounding.
In response to the first experienced unnecessary alarm in each traffic scenario, drivers reacted
with moderate decelerations and speed reductions. These responses were of similar intensity
as those in Study 2. Already at the second encounter with each traffic scenario, driver re-
sponses to unnecessary alarms decreased and approached almost the intensity of driver re-
sponses without FCAs. From then on, their alarm responses remained at a constant level. Con-
sequently, by adapting their response criterion f, drivers increased the rate of correct omis-
sions and, at the same time, decreased the rate of commission errors (see Sections 2.3.1 and
2.3.3). In comparison, drivers who did not receive unnecessary FCAs reacted only minimally
from the first encounter on. Previous driving simulator studies (Lees & Lee, 2007; Zarife, 2014)
and naturalistic driving studies (Flannagan et al., 2016; General Motors Corporation, 2005)
provided inconsistent results regarding the impact of unnecessary alarms on driver responses.
The findings of this thesis offer an explanation for the relatively high braking response rates
to unnecessary alarms with moderate speed reductions in the driving simulator studies by
Lees and Lee (2007) and Zarife (2014) on the one hand and the low braking response rates
and minimal decelerations in the naturalistic driving studies by Flannagan et al. (2016) and
General Motors Corporation (2005) on the other hand. While the results of the simulator stud-
ies represent short-term effects of unnecessary alarms on driver responses, the results of the
naturalistic driving studies represent rather long-term effects. The findings can be explained
as follows. As unnecessary alarms are usually activated by an apparent trigger, drivers need
to invest cognitive resources to comprehend and anticipate if this alarm trigger still constitutes
a hazard within the next few seconds. In the short term and without prior experience with
situations that usually activate unnecessary alarms, the process of cross-checking the validity
of an unnecessary alarm requires cognitive resources and is, therefore, demanding (Gérard
& Manzey, 2010). Hence, an FCA initially triggers moderate braking responses as automated
stimulus reaction patterns (see Section 2.1.1). This skill-based behaviour (Rasmussen, 1983)
does not require much cognitive resources and appears to have a lower probability of a neg-

ative outcome than not responding to the alarm and taking the risk of a missing response.
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With long-term or increasing system experience, drivers regularly experience unnecessary
alarms and learn action-effect relations associated with these special traffic constellations
(ideomotor theory; see Section 2.1.2.4; e.g. Hoffmann, 2009). In addition, they are able to
develop a schema consisting of traffic constellations that typically activate unnecessary
alarms. Drivers might have perceived the action effects during the first encounter(s) as too
intense. The next time they encounter such a situation, they can use the knowledge stored in
the schema to identify the situation. This knowledge enables drivers to anticipate the activa-
tion of an unnecessary alarm or to cross-check its validity when already activated. This process
requires less cognitive resources. Drivers have a mental representation of the related action
effects and reduce their alarm response in anticipation of a more pleasant sensory effect. Dur-
ing this learning process, drivers learn to select a less intense alarm response or to completely
ignore the alarm. Alternatively, drivers might adjust their behaviour to avoid setting off an
unnecessary alarm. This assumption is in line with the finding by Flannagan et al. (2016) that
alarm rates decreased over time in the scenarios where the ego and the lead vehicle did not

remain in the same lane after the FCA was issued.

9.3 The Effects of Reducing Unnecessary Alarms

In Study 4, the findings of Study 1 and 2 were used to test an FCA system adapted to drivers’
actual need for assistance dependent on their current manoeuvre intention. Drivers either
used a conventional FCA system that activated as many unnecessary as useful alarms, or one
of two different adaptive FCA systems that activated only useful alarms and suppressed un-
necessary alarms. One adaptive system simply suppressed unnecessary alarms, while the

other adaptive system displayed the explanation for alarm suppression in the HUD.

The results showed that drivers were able to understand the activation strategy of the adap-
tive system without the need for an explicit explanation. Thus, the adaptive system did not
impair the development of an appropriate mental model. It was assumed that system under-
standing would represent the prerequisite for the adaptive system to have a positive effect
ondrivers’ system trust and acceptance. Drivers perceived higher trust in the adaptive systems
than in the conventional system. While their trust in the adaptive systems increased during
system usage, the trust in the conventional system remained at a constant level. It is assumed

that drivers learned that the adaptive system is reliably able to differentiate between situa-
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tions in which an FCA is either useful or unnecessary and, therefore, their system trust in-
creased over time. In contrast to the positive effect on system trust, the results did not reveal
a difference between drivers’ acceptance of the conventional FCA system and the adaptive
systems. It seems that drivers appreciate the benefits of correct alarms activated by an FCA
system so much that — at least in the short term — unnecessary alarms do not significantly
decrease system acceptance. In Study 3, the acceptance ratings of unnecessary alarms also
varied in the middle range rather than in the lower range of the corresponding scale. This
assumption is additionally supported by the deactivation rate of the FCA system with auditory
alarms in the naturalistic driving study by Flannagan et al. (2016). The authors defined the
deactivation rate as the primary measure of system acceptance in the field (see Section 2.3.5).
Despite the high rate of unnecessary FCAs, the system off time was only 17 %. In comparison,

the LDW system off time was much higher with 71 % (with auditory alarms).

9.4 Limitations and Future Research

When interpreting the findings of this thesis, some limitations must be considered. This sec-
tion discusses general limitations of the conducted studies, while study specific limitations are
addressed in the related chapters. Associated therewith, this section gives suggestions for fu-

ture research.

Data of driving simulator studies do not necessarily transfer directly to driving behaviour and
subjective evaluations under real traffic conditions (Purucker, Riiger, Schneider, Neukum, &
Farber, 2014; Purucker, Schneider, Riger, & Frey, 2017; Shinoda et al., 2001). The driving sim-
ulator setting enabled a high standardisation and a controlled manipulation of the independ-
ent variables. Additionally, participants took part in a training that should ensure the transfer-
ability of driving behaviour in the simulator to reality (Hoffmann et al., 2003). However, the
tested scenarios were less complex and offered less variability compared to driving in real
traffic. Despite this limitation, it is assumed that the results of the conducted driving simulator
studies provide relative validity (Blaauw, 1982). This means that relative differences between
experimental conditions in the driving simulator have the same order and direction as under
real driving conditions, even if the absolute values may differ. For example, it can be assumed
that the absolute differences between subjective evaluations of FCA systems that regularly
activate unnecessary alarms and more reliable FCA systems are greater when being used dur-

ing every day driving.
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In all studies of this thesis, participants were actively forced into the traffic situations with
dissolving outcomes. These situations were always caused by the behaviour of other road us-
ers. This method might represent a limitation as drivers’ advantage over the system in antici-
pating a dissolving outcome of a conflict became relevant just a maximum of two seconds
before a potential crash could have happened. Under real driving conditions, unnecessary
alarms are presumably usually caused by the driving behaviour of ego drivers themselves. In
these situations, they intentionally approach a standing or braking lead vehicle at constant
speed, either as a prelude to change lanes or to turn (considering their own manoeuvre inten-
tion) or because they are able to anticipate the other’s intention to turn out of their lane until
this place is reached. Thereby, they provoke TTC values that result in a high system risk as-
sessment and, finally, activate an unnecessary alarm. In the driving simulator studies of this
thesis, it would have been difficult to manipulate such a driving behaviour. In the simulator
training in which every participant of Study 1, 3, and 4 had taken part, drivers were trained to
drive safely (Hoffmann et al., 2003). In general, most participants drive cautiously and rule-
compliantly when taking part in a driving simulator study. It is assumed that drivers might have
had an even higher advantage over the system in anticipating the outcome of the conflict if
they themselves had provoked the traffic constellation resulting in unnecessary alarms. They
would have had more time to perceive all relevant cues, integrate them into a holistic com-
prehension of the situation, and anticipate the further situational development. This method-
ological limitation might have decreased effects of manoeuvre intentions and intentions at-
tributed to other road users on the measured variables. It is assumed that unnecessary alarms
could result in more negative subjective evaluations when they are a result of the described

driving behaviour.

The research of this thesis did not take into account interpersonal and intrapersonal differ-
ences that might influence the rate of received unnecessary alarms under real traffic condi-
tions and related subjective evaluations of unnecessary alarms. Previous research showed
that alarm rates under naturalistic driving conditions varied greatly between individuals, from
0.08/100 miles to 4.34/100 miles (General Motors Corporation, 2005). Furthermore, men are
more likely than women and younger drivers more likely than older drivers to perceive alarms
as unnecessary (Eichelberger & McCartt, 2016; Nodine et al., 2011). It is conceivable that driv-
ers with “aggressive” driving styles who consciously take the risk to provoke a low TTC by

closely approaching another road user receive more FCAs than drivers with a more “cautious”
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driving style. This higher overall rate of FCAs might also include a higher rate of alarms per-
ceived as unnecessary for “aggressive” than for “cautious” drivers. Presumably, “aggressive”
drivers will be more annoyed by unnecessary alarms and evaluate them as more negative than
“cautious” drivers who generally receive a lower rate of unnecessary alarms. Furthermore,
driving styles and, thus, the number of experienced unnecessary alarms, and subjective eval-
uations of unnecessary alarms could also differ dependent on drivers’ current state, e.g. their
stress level. Future research could examine the impact of interpersonal and intrapersonal dif-

ferences on unnecessary alarm rates and subjective evaluations of unnecessary alarms.

An additional subject of future investigation should be the identification and examination of
further variables that influence drivers’ retrospective subjective hazard perception and,
hence, their perceived need for assistance. For example, in Studies 1 and 2, evaluations of
subjective hazard perception and perceived need for assistance differed between traffic sce-
narios. Events with vulnerable road users in combination with low TTC values led to higher
ratings of subjective hazard perception and perceived need for assistance compared to other
events involving another car as conflict partner (Figure 5-4). These events were probably per-
ceived as more hazardous because a collision with a vulnerable road user would have had
more severe consequences than with another car. To improve the adaption of driver assis-
tance to drivers’ needs, it would be useful to examine the influence of environmental factors
like vulnerability of the involved road user on subjective hazard perception and perceived
need for assistance. This could expand research by Kassner (2011) concerning driver assis-

tance that should be adapted to task demands influenced by variable situational conditions.

This thesis purposely examined drivers’ self-reported perceived need for assistance while ne-
glecting implicit measures for need for assistance. Future research should aim to replicate the
results by measuring need for assistance implicitly, for example, by comparing the number of

critical situations in different non-assisted driving situations.

Future research should investigate the development of drivers’ responses to unnecessary
alarms in real traffic. The development of schemata that enable drivers to anticipate and
cross-check the validity of unnecessary alarms might be more difficult and would require more
time under real traffic conditions than in the simulation environment. If drivers were able to

develop appropriate schemata and learn action-effect relations within a quite short period of
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time even in real traffic, unnecessary alarms would not be very critical from a safety perspec-
tive. Drivers would react with unnecessary braking responses only a limited number of times
before the learning process would enable them to reduce the intensity of responses to unnec-
essary alarms. In addition, to develop a more complete picture of drivers’ acceptance of FCA
systems that regularly activate unnecessary alarms, further research needs to examine long-
term effects of such systems in the field. It would be important to identify which particular
experiences with the system or which relation between correct and unnecessary alarms ulti-

mately cause drivers to develop a low system acceptance and to deactivate the system.

Furthermore, this thesis did not investigate the development of driver responses to unneces-
sary alarms in situations with unpredictable dissolving outcome with increasing experiences.
It is assumed that drivers cannot develop appropriate schemata for such situations and, thus,
unnecessary alarms might intensify driver responses compared to driving behaviour without
alarms also in the long term. Moreover, prior research has provided contradictory findings on
the effect of unnecessary alarms on compliance with correct alarms (Cotté et al., 2001; Lees
& Lee, 2007; Naujoks et al., 2016; Sullivan et al., 2008). To evaluate the overall impact of un-
necessary alarms on driving performance, it is important to examine if frequently issued un-
necessary alarms impair drivers’ reactions to correct alarms in the longer term, e.g. decrease

reaction rates and increase reaction times (cry wolf effect, see Section 2.3.4).

Additionally, further research needs to examine the transferability of the present findings con-
cerning FCA systems to other ADAS, such as LDW systems, and systems that intervene instead

of warn the driver, and to other alarm systems in general.

9.5 Practical Implications

Alarm activation strategies that base their risk assessment on physical measurements were
initially designed for the worst-case scenario in which the driver is inattentive. Although the
implemented algorithms are useful and improve driver performance in imminent collision sit-
uations (e.g. Lee et al., 2002; Lees & Lee, 2007), the results of this thesis provide evidence that
alarm activation strategies of conventional FCA systems might be too simple to meet the per-
ceived need for assistance of attentive drivers. The findings clearly support the relevance of
drivers’ retrospective subjective hazard perception for their perceived need for assistance.

Drivers perceive collision alarms as unnecessary if there is a mismatch between system risk
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assessment and their subjective hazard perception. An activation strategy associated with sit-
uations which average drivers usually perceive as hazardous in retrospect seems to be a prom-
ising approach to reduce the rate of unnecessary alarms. To decrease discrepancies between
system risk assessment and drivers’ subjective hazard perception, the results highlight the im-
portance of considering human factors for warning algorithms of FCA systems. Instead of bas-
ing its prediction, risk assessment, and alarm decision exclusively on physical measurements,
the system needs to consider factors that human drivers take into account for their anticipa-
tion of the outcome of the situation and, thus, for their subjective hazard perception and per-
ceived need for assistance. The results of this thesis identified drivers’ current manoeuvre in-
tention and intentions attributed to other road users as relevant factors. An integration of
these information on the prediction level would enable the FCA system to decide if a potential

conflict will remain or dissolve.

The adaption parameter most frequently used and investigated in prior research is visual at-
tention. However, the results of this thesis imply that visual attention alone represents an
inappropriate adaption parameter (see Section 2.4.2.2). Participants in the conducted studies
of this thesis were always visually attentive. Nevertheless, their retrospective subjective haz-
ard perceptions and perceived need for assistance varied dependent on their current antici-
pations. Additionally, a driver who is looking at the road does not necessarily have a correct
situation awareness (Schmidt, 2012). Therefore, it is not always suitable to suppress alarms
when drivers have their eyes on the road. The system would need much more information
about the driver before it should suppress alarms in situations with low TTC values and a dis-
solving outcome of the conflict. It would additionally need information about the current cog-
nitive workload level to decide if the driver is able to comprehend the situation and to cor-
rectly anticipate its further development. Therefore, it is important to emphasise that the
findings of this thesis should not yet be used to suppress alarms under the condition that an
attentive driver would anticipate a dissolving outcome of a conflict. It must be considered that
unnecessary alarms caused moderate braking reactions only in the beginning. The response
intensity decreased with increasing system experience. Furthermore, while drivers accepted
unnecessary alarms less than useful alarms, their overall system acceptance was not reduced
by unnecessary alarms, at least not in the short term. Based on these results, the impact of
unnecessary alarms on drivers’ behaviour and subjective evaluations does not appear to be

harmful enough to take the risk of missing alarms in hazardous situations. If the effects of
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unnecessary alarms on driver responses and acceptance had been more detrimental, the ac-
tual need to shift thresholds and to completely suppress unnecessary alarms would have been
higher. Nevertheless, it is important to examine the long-term effects of unnecessary alarms

on acceptance and driving behaviour as they are assumed to be more severe.

There remain technological challenges in order to extend the system’s situation awareness
and, more specifically, its prediction. Building on prior work to predict the next planned driving
manoeuvre (e.g. Cheng & Trivedi, 2006; Doshi & Trivedi, 2009; McCall & Trivedi, 2009;
Rodemerk et al., 2015; Smith & Zhang, 2004), the challenge now is to further develop algo-
rithms that reliably predict drivers’” manoeuvre intentions. For the prediction of subsequent
actions of other road users, the system could make use of artificial intelligence. Thereby, the
system will be able to learn from experience comparable to human drivers (Bengler et al.,
2014; Goodfellow, Bengio, & Courville, 2017). The observation of a large number of objects in
the environment enables the system to identify stereotypical traffic situations and, thereby,
to make accurate predictions about the behaviour of the driver and other road users. Although
artificial intelligence is currently mainly used in the field of automated driving (e.g. Augustin,
Hofmann, & Konigorski, 2018), FCA systems might also profit from its application to improve
the system’s prediction in complex driving situations. Moreover, V2X is a promising technol-

ogy to consider actions of other road users for anticipation.

Additionally, the knowledge gained in this thesis has implications for automated driving. The
situation awareness of an automated driving system needs to approach that of a human driver
to offer a natural driving experience. Therefore, the system needs to take into account the
same factors as the human driver. Instead of carrying out a hard braking manoeuvre in poten-
tially critical situations (TTC < threshold) with dissolving outcomes, the system should consider
its own manoeuvre intention based on the programmed navigation destination and the sub-

sequent actions of other road users.

To sum up, the insights gained by this thesis provide an important element to tailor alarm
activation of FCA systems to drivers’ actual need for assistance. However, further research
and technological improvements are important prerequisites for the implementation of safe
adaption strategies. Additionally, the findings provide indications of factors that must be con-

sidered by automated driving systems to ensure a natural driving experience.
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10 Conclusion

The research in this thesis investigated which psychological factors and processes influence
drivers’ perceived need for assistance in potential collision situations. The findings showed
that the developed theoretical framework of drivers’ subjective alarm evaluation (Figure 3-1)
is useful to understand the underlying processes that cause drivers to perceive certain colli-
sion alarms as unnecessary. The results provided evidence that drivers have advantages over
a conventional FCA system in anticipating the further course of a potentially critical situation.
While the system’s prediction is usually based on TTC values, this thesis showed that drivers’
anticipation additionally considers their own current manoeuvre intentions and those at-
tributed to other road users. Thereby, traffic constellations with identical TTC values can result
in different human anticipations. As soon as the current TTC value falls below a predefined
threshold, the system predicts a potential crash which leads to a high risk assessment and an
alarm activation. If drivers anticipate a dissolving outcome of the potential conflict, they do
not perceive the situation as hazardous in retrospect. As a consequence, the system’s risk
assessment is higher than drivers’ retrospective subjective hazard perception. The results re-
vealed that drivers’ retrospective subjective hazard perception determines their perceived
need for assistance. Under the described conditions, drivers’ perceived need for assistance is

low and, therefore, they perceive the activated alarm as unnecessary.

Unnecessary alarms seem to be more acceptable and pardonable when neither drivers them-
selves nor the system can anticipate that the conflict will finally dissolve. Drivers indicated a
lower acceptance for unnecessary alarms when they had an advantage over the system in
anticipating the outcome of the conflict. Nevertheless, drivers’ overall acceptance of an FCA
system with a 50% unnecessary alarm rate and an adaptive FCA system without any unneces-
sary alarm did not differ. At least in the short term, drivers seem to appreciate the benefits of
correct FCAs so much that unnecessary alarms do not have a detrimental impact on their sys-
tem acceptance. It is assumed that system acceptance decreases with long-term experiences
with unnecessary alarms in real traffic. Future research should address this open research

question.

With regard to drivers’ responses to unnecessary alarms, the findings of this thesis provided

evidence that drivers go through a learning process. While they showed moderate braking
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responses without prior experiences with unnecessary alarms, the intensity of responses de-
creased with multiple exposures. It is assumed that drivers were able to develop schemata
consisting of traffic constellations that usually activate unnecessary alarms and that they
learned and adapted action-related effects in this specific context. This knowledge enabled
them to anticipate unnecessary alarms and to select a less intensive alarm response. If drivers
were able to learn to reduce the intensity of their alarm responses even under real traffic
conditions, it could be concluded that unnecessary alarms only have a minor negative impact
on traffic safety. To obtain a complete picture, there is a need for future research that inves-
tigates the effects of unnecessary alarms on driving behaviour in the longer term and under

real traffic conditions.

The results contribute to the development of assistance systems adapted to users’ needs. The
findings are useful to build a bridge between human and machine situation awareness. How-
ever, before the knowledge gained in this thesis should be implemented into existing warning
algorithms, further research must investigate the role of additional factors that might influ-
ence the need for assistance, e.g. cognitive workload, and develop methods that validly meas-
ure drivers’ intentions and situation awareness. Although unnecessary alarm rates of approx-
imately 50 % are insufficient for present-day FCA systems (Flannagan et al., 2016; General Mo-
tors Corporation, 2005), the negative impact of unnecessary alarms on drivers’ alarm re-
sponses and acceptance seems to remain within tolerable limits. Therefore, unnecessary
alarms should not be suppressed prematurely as this, in turn, carries a risk of missing potential

collision situations.

This thesis provides a meaningful theoretical evidence for psychological factors and processes
that render collision alarms unnecessary in the eyes of human drivers. The results revealed
that drivers’ current manoeuvre intentions and those attributed to other road users lead to
different anticipations of the outcome of physically identical traffic situations. As FCA systems
base their prediction exclusively on physical measurements, discrepancies between human
and machine situation awareness of the same situation can evolve and result in different sub-

jective evaluations and driving behaviour.
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