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Abstract

Anticipation is a basic human skill allowing people to travel safely and with foresight on the
road. This cognitive ability can be improved through experience, training, and specific support
systems. For these enhancements to succeed, there is a need to understand the underlying
information processing procedures and identify factors that promote or inhibit anticipation. The
process of anticipation is based on developing an adequate mental representation of the situa-
tion by integrating perceived environmental information and knowledge from long-term memory.
The key to this is perceiving and processing specific, situational characteristics from the envi-
ronment that activate existing knowledge structures.

This cumulative thesis focuses on investigating these cognitive processes relating to anticipatory
driving, particularly examining selected environmental characteristics and retrieval cues in the
presence of specific individual and situational influencing factors. In the course of this thesis,
I proposed and refined a retrieval cue characterization determined by coherence, perceived
causality, spatial proximity, and contingency. The characterization allows for the discrimination
of situational cues based on underlying cognitive processes. Furthermore, it provides the basis
for derivating and investigating multiple hypotheses published in four peer-reviewed scientific
articles.

To investigate the process of anticipation, I selected objective measures of response and psy-
chophysiology, as well as subjective ratings. A two-stage response scheme was developed,
tested and extended. The metacognitive process of subjective confidence regarding one’s an-
ticipation was addressed by recording (1) initial anticipation under high uncertainty and (2) the
certain anticipation of an event by applying a tactile response. The first two studies (I & II)
investigated the influence of cognitive load and experience on the processing of situational
characteristics and related retrieval cues in lane change anticipation. In study III, the focus
was on uncertainty reduction through anticipation, supported by reduced psychophysiological
activity when people were confident in their anticipation. Study IV examined the effect of cue
compatibility, linking anticipation and behavioral intention.

The findings from all studies were incorporated into a revised version of the retrieval cue char-
acterization. Furthermore, recommendations were made for more in-depth investigations of
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Abstract

the anticipation process, especially considering confidence and uncertainty. Based upon this,
future research ideas were proposed and practical applications in training or human-machine
interfaces addressed that assist humans in anticipatory driving.
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Zusammenfassung

Antizipation ist eine grundlegende menschliche Fähigkeit, die sichere und vorausschauende
Fortbewegung im Straßenverkehr ermöglicht. Diese kognitive Fähigkeit kann durch Erfahrung,
Training und spezifische Unterstützungssysteme verbessert werden. Zur erfolgreichen Imple-
mentierung solcher Maßnahmen, müssen die zugrundeliegenden Informationsverarbeitungs-
prozesse verstanden und Faktoren ermittelt werden, die den Prozess der Antizipation fördern
oder hemmen. Dieser Prozess basiert auf der Entwicklung einer adäquaten mentalen Repräsen-
tation der Situation durch die Integration von wahrgenommenen Informationen aus der Umge-
bung und Wissen aus dem Langzeitgedächtnis. Entscheidend ist die Wahrnehmung und Ver-
arbeitung spezifischer, charakteristischer Reize aus der Umwelt, die vorhandene Wissensstruk-
turen aktivieren.

Die vorliegende kumulative Dissertation befasst sich mit der Untersuchung dieser kognitiven
Prozesse im Zusammenhang mit dem vorausschauenden Fahren. Insbesondere wird die Unter-
suchung spezifischer Umgebungsinformationen und Abrufreize in Abhängigkeit von ausgewähl-
ten individuellen und situativer Einflussfaktoren betrachtet. Im Rahmen dieser Arbeit wurde eine
Charakterisierung von Abrufreizen vorgenommen und erweitert, die durch Kohärenz, wahrge-
nommene Kausalität, räumliche Nähe und Kontingenz bestimmt wird. Diese Charakterisierung
ermöglicht die Unterscheidung von situativen Reizen auf der Basis der zugrunde liegenden kog-
nitiven Prozesse. Darüber hinaus bildet sie die Grundlage für die Ableitung und Untersuchung
mehrerer Hypothesen, die in vier wissenschaftlichen Forschungsartikeln mit Peer-Review Ver-
fahren veröffentlicht wurden.

Zur Untersuchung des Antizipationsprozesses, wurden objektive Reaktions- und psychophysiol-
ogische Maße, sowie subjektive Bewertungen ausgewählt. Ein zweistufiges Reaktionsschema
wurde entwickelt, getestet und erweitert. Der metakognitive Prozess der subjektiven Sicherheit
hinsichtlich der eigenen Antizipation wurde einbezogen, indem (1) die anfängliche Antizipation
unter hoher Unsicherheit und (2) die sichere Antizipation eines Ereignisses durch Tastendruck
aufgezeichnet wurden. Die ersten beiden Studien (I & II) untersuchten den Einfluss von kogni-
tiver Belastung und Erfahrung auf die Verarbeitung von situativen Merkmalen und zugehörigen
Abrufreizen hinsichtlich der Antizipation eines Fahrspurwechsels. In Studie III lag der Schwer-
punkt auf der Verringerung der Unsicherheit durch Antizipation. Dabei ging eine hohe Sicherheit
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Zusammenfassung

der Antizipation einher mit einer verringerten psychophysiologischen Aktivität. Studie IV unter-
suchte die Auswirkung der Kompatibilität von Abrufreizen und stellte eine Verbindung zwischen
Antizipation und Verhaltensabsichten her.

Die Erkenntnisse aus allen Studien wurden in eine überarbeitete Version der Charakterisierung
von Abrufreizen eingearbeitet. Darüber hinaus wurden Empfehlungen für vertiefende Unter-
suchungen des Antizipationsprozesses ausgesprochen, insbesondere unter Berücksichtigung
von Vertrauen und Unsicherheit. Darauf aufbauend wurden zukünftige Forschungsideen vorge-
schlagen und praktische Anwendungen für Fahrertrainings oder Mensch-Maschine Schnittstellen
aufgezeigt, die Menschen beim vorausschauenden Fahren unterstützen.
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1 Introduction: Anticipation - the Essence
of Good Driving

Are you a very good driver? Driving is a complex skill that requires every level of human cogni-
tion, from perceiving and selecting relevant information, understanding and projecting situations,
to decision-making and choosing appropriate actions (Bellet et al., 2009). Especially training,
age and experience have been shown to be critical factors in the objective and subjective char-
acterization of the driving skill (Beanland et al., 2013; Duncan et al., 1991; Horswill et al., 2021).
Concerning their own driving ability, most drivers are convinced that they can perform better
than average, although they would not equate their skills to those of a very good driver (Freund
et al., 2005; McCormick et al., 1986). Accordingly, questions arise such as what makes a driver
a very good driver, how one can become one, or what the essence of good driving is. The
Driver and Vehicle Standards Agency (DVSA) of the United Kingdom determines being a very
good driver: anticipating traffic changes, especially potential hazards, and counteracting them
in a focused, responsible and confident manner (DVSA, 2010).

Anticipation, as the ability to predict the future states of a situation and adjust and coordinate
appropriate responses accordingly (Poulton, 1957), positively affects driving performance. It in-
volves active and conscious vehicle control to avoid potential conflicts and accidents in advance
(Stahl et al., 2014). Anticipation causes larger time headways, adapted speed, and faster re-
action times (Baumann et al., 2008; Fitch et al., 2010; Van der Hulst et al., 1999). Thus, the
time and space for appropriate actions increase (Fitch et al., 2010; Jackson et al., 2009). It also
elicits selective and focused sensory processing and provides a reduced number of behavioral
repertoire options (Carlsson et al., 2000), leading to goal-directed and rapid behavioral adap-
tation. Accordingly, anticipation contributes to safe driving in road traffic. Supporting drivers in
this task is a sensible measure to further reduce the number of accidents. Many activities have
shown to be useful in previous research, such as hazard anticipation training (Krishnan et al.,
2019; McDonald et al., 2015; Unverricht et al., 2018) or anticipation displays (He et al., 2021;
Stahl et al., 2016). These measures facilitated the recognition of potential hazards and more
appropriate actions, although transferability to real traffic is only partially proven. These antici-
pation training or user interfaces have in common that attention is drawn to relevant cues and
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1 Introduction: Anticipation - the Essence of Good Driving

their respective meanings. Knowledge of the critical cues in the environment positively affects
encoding speed, categorization, and anticipation (Durso & Gronlund, 1999). Thus, the effective
utilization of cues might be the essence of good driving, as they are the basis for anticipation
(Durso & Gronlund, 1999; Stahl et al., 2014).

Fundamental research on processing situational characteristics and retrieval cues, their influ-
ence on anticipation and driving behavior is needed to effectively facilitate drivers’ anticipation
and related action. Only if one knows what mechanisms promote or disrupt the formation of
anticipation conclusions for possible support can be derived. This knowledge might also be
relevant in automated driving because, so far, automated driving technologies lack the ability to
understand complex situations, which is necessary for anticipating other road users’ behavior
and intentions (Grahn et al., 2020).

Accordingly, this thesis focuses on the basic processes of drivers’ anticipation in dynamic traffic,
as specific investigations on underlying processes are rather rare despite its importance (Suss
& Ward, 2015; Wickens, 2015). It provides insights into the processing of situational charac-
teristics and related retrieval cues. For this purpose, specific methodological approaches that
address confidence in combination with anticipation in road traffic were developed and applied.
Furthermore, experimental psychological studies with objective behavioral, psychophysiological
and subjective rating measurements were conducted to enable a holistic view of the processing
of multiple retrieval cues. Further, anticipation in dynamic traffic situations is linked to action
activation and the resulting behavior.

This cumulative dissertation is based on four published research articles. In study I (Mühl, Stoll,
et al., 2020), we proposed a retrieval cue characterization relevant for anticipation in traffic in an
urban lane change scenario. We demonstrated the disruptive influence of high cognitive load,
especially at the beginning of the anticipation process, and the impact of specific cues in the de-
velopment of confident anticipation. Study II (Mühl, Koob, et al., 2019) was a follow-up study in
which we additionally investigated the effect of experience. Experienced drivers tended to show
earlier assumptions about traffic events. Thus, the anticipation process differed between expe-
rienced and inexperienced drivers, but not the final outcome. Study III (Mühl, Vogt, et al., 2020)
extended the scope by focusing on the reduction of uncertainty through anticipation. Higher crit-
icality in the situation caused increased uncertainty, which specific retrieval cues could reduce.
Not only was subjective confidence increased by anticipation, but psychophysiological indica-
tors showed lower arousal. Study IV (Mühl et al., 2021) revealed the close relationship between
anticipation of another road user’s behavior and one’s own behavioral intention in dependence
of retrieval cues. In the anticipation process, subjects mainly stuck to their first intuition, thus
showing consistent response behavior, even if additional retrieval cues were incompatible with
the previous assumptions. Inconsistent compared to consistent responses were associated with
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1 Introduction: Anticipation - the Essence of Good Driving

reduced subjective confidence, and in part with increased perceived criticality. The findings of
these four studies are linked and discussed in the context of this dissertation.

The conceptual scope of anticipation in road traffic within this thesis is given in chapter 2. Chap-
ter 3 focuses on understanding the cognitive process in the context of anticipation by reviewing
concepts and models closely related to anticipation. Situational characteristics and retrieval
cues are covered in Chapter 4, including the generation of a retrieval cue characterization. Ad-
ditionally, related research and determinants on situational characteristics and retrieval cues are
discussed. The central research objectives of the thesis were defined in chapter 5. Methodolog-
ical considerations and the experimental paradigm for investigating the process of anticipation
are illustrated in chapter 6. Summaries of the four published studies are presented in chapter 7.
Finally, the key findings are discussed and theoretical and practical implications are outlined in
chapter 8.
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2 Conceptual Scope of Anticipation in
Traffic

Different research areas have dealt with anticipation in dynamic environments with varying focus.
Anticipation as the “ability of individuals to perceive what will happen ahead of an act or event
itself” (Williams et al., 2020, p. 194) is beneficial not only in road traffic (e. g., Stahl et al., 2014)
but also in aviation (e. g., Doane et al., 2004), sports (e. g., Williams et al., 2019), music (e. g.,
Colley et al., 2018) or medicine (e. g., Nadin, 2016).

Investigations of future-oriented cognitions are carried out using various terminologies, such as
anticipation, prediction, projection, or prospection, to name only a few. Conceptual differentia-
tions are made in some cases (e. g., Bubic et al., 2010), but a consistent use of terms is rather
not present in the literature. However, a clear separation of these terms is essential if targeted
investigations of the processes are desired (Endsley, 1995).

The term anticipation is primarily seen in close connection with future-oriented actions (Bubic
et al., 2010; Poulton, 1957; Schubotz, 2015). Anticipation as the basis for decision-making and
action can be described as the culmination of good situation awareness (Endsley, 1995). Sit-
uation awareness (SA) is a frequently used framework in various domains referred to as “the
person’s knowledge of the environment at a given point in time“ (Endsley, 1995), including past,
present, and future characteristics. This knowledge leads to a representation that is constantly
updated. The representation of a situation is generated based on three levels: (1) the percep-
tion of the relevant surrounding characteristics, with their status, attributes, and dynamics, (2)
the integration of these characteristics into a holistic picture to comprehend the meaning of the
situational characteristics, and (3) the projection of their future status (Endsley, 1995). These
levels are ascending, which means that situation awareness is more appropriate when people
anticipate (SA level 3) than just understanding the situation (SA level 2). However, their rela-
tionship is not linear since people are able to anticipate even when not all details have been
perceived accurately (Endsley, 2015).

In the context of traffic, there is a large amount of research on situation awareness and antic-
ipation in the field of hazard perception. Hazard perception is known as the “drivers’ ability to
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2 Conceptual Scope of Anticipation in Traffic

perceive hazardous situations on the road ahead” (Horswill, 2016a) and serves as a predictor
for the crash likelihood (Horswill, 2016a). In addition, the hazard perception ability is also evi-
dent in real-life driving because people with slower recognition of hazards were more likely to
brake heavily in everyday driving (Hill et al., 2019). For these reasons, appropriate training and
tests are already successfully used as part of the drivers’ license examination in some countries
(Hill et al., 2019; Horswill et al., 2015). People have to recognize dangers in video-based traffic
scenarios via button press and, depending on the methodological approach, describe the future
course of the situation after the video stops (Crundall et al., 2021). Therefore, hazard perception
can be considered a subset of anticipation in road traffic, as it aims to anticipate hazards.

A number of individual and situational factors influence the process of situational awareness
and thus anticipation (Endsley, 1995). At the individual level, anticipation and action depend on
the current goal being pursued. Anticipation is based not only on sensory information but also
on desired or intended future states and properties (Butz, 2004). For example, one goal might
be to drive safely, thus, avoiding traffic hazards and accidents. As a consequence, proactive
actions can be detected. For instance, drivers enlarge their distances (Muhrer & Vollrath, 2011)
or refuse additional tasks (Schömig et al., 2011) while driving in more complex and challenging
situations where safety is compromised to gain more time and space for maneuvers. Another
goal could be to drive ecologically. To save energy or fuel, people can strategically decide
when to brake and coast (Thijssen et al., 2014). These examples show that people anticipate
with reference to a specific goal or motivation and, on this basis, perform purposeful actions in
advance.

Another important factor influencing anticipation at the individual level is preconceptions (Ends-
ley, 1995). They are formed by domain-specific prior knowledge, which is decisive in perceiving
and processing the information as the basis for anticipation (Durso et al., 2007). Stored precon-
ceptions and knowledge of familiar or stereotypical traffic situations and related characteristic
cue constellations (Stahl et al., 2014; Tanida & Pöppel, 2006) trigger information, based on
which derivations can be made for future events. An example often used in driving school is the
ball rolling across the street. You are taught to drive extra carefully in such a situation because a
child could run after the ball. Knowing which cues are relevant and what knowledge they entail
about specific events or actions can be built up through experience or training (Endsley, 1995).
Accordingly, this high-level cognitive competence can be learned. Since this process is consid-
ered crucial for anticipation in road traffic, a detailed and focused review on the processing of
situational characteristics and related retrieval cues is given in the following chapters.

In addition, external factors such as the complexity of the task also influence the anticipation
process (Endsley, 1995). A characteristic feature of the driving task is the dynamic nature of the
scenario, where information changes depending on specific rules and constraints. The complex-

5



2 Conceptual Scope of Anticipation in Traffic

ity is amplified, for instance, by an increase in the number of relevant situational characteristics
or cues. Consequently, the temporal scope of the anticipation task is decisive. On the one hand,
the number of to be processed information increases with a larger temporal scope. On the other
hand, different temporal processing frames can be distinguished in road traffic (Tanida & Pöppel,
2006). Anticipation can be part of long-term processing, like planning a route to reach a goal,
and short-term processing, like steering or braking. However, anticipation in road traffic is often,
and also in this thesis, investigated on a maneuver level (e. g., Stahl et al., 2014; Van der Hulst
et al., 1999), for instance, when overtaking a slower vehicle. Usually, only a short time range of
approximately three to ten seconds in advance is considered in these cases (Tanida & Pöppel,
2006). It allows the anticipation of specific events by limiting possibilities and enabling more
than being reactive to stimuli. Actions in advance are facilitated to prevent a critical situation
from arising in the first place (Stahl et al., 2014).

Overall, based on the previous descriptions, anticipation in road traffic can be described as a
complex cognitive skill. Perception, comprehension and updating processes enable the goal-
directed anticipation on a maneuver level in dynamic traffic situations. Accordingly, conscious
mental simulation processes are explicitly not considered in this thesis since anticipation in daily
traffic situations is primarily a matter of learned routines as the basis for safe and targeted
actions in traffic. In contrast to a large part of the studies on hazard perception, no infrequent
and highly critical situations are considered within this thesis. In accordance, pattern matching
and comprehension processes are subject to anticipation in traffic. Different cues and cue
constellations trigger domain-specific knowledge and can thus induce proactive, safe behavior.
Detailed findings and assumptions on related cognitive processes in anticipation are presented
as follows.
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3 Understanding the Cognitive Processes
in the Context of Anticipation in Traffic

Driving with foresight means not only keeping your eyes on the road but also your mind. In
road traffic, various cognitive processes are relevant, ranging from attention allocation to com-
prehension and action selection. Anticipation is closely linked to these processes and cannot
be considered isolated.

3.1 Attention to and Perception of Relevant Situational

Characteristics

Perception is a critical component of situational awareness (Durso & Gronlund, 1999) and thus
also for anticipation. It mainly concerns the first level of situational awareness, where drivers
need to know where other relevant road users and obstacles are, their status and dynamics,
and the status and dynamics of their vehicle (Endsley, 1995). Anticipations about the behavior
of relevant situational characteristics can only be made if attention is focused on them. Suppose
people miss perceiving relevant cues, which refer to situational characteristics associated with
learned and stored information. In that case, this can lead to no anticipation being formed or to
false assumptions (Young et al., 2013).

When observing the environment, initial preattentive processing takes place, in which situational
characteristics are first perceived, providing certain features such as spatial proximity, color,
shape, or movement (Endsley, 1995; Neisser, 1967). On this basis, focused attention is quickly
and automatically drawn to specific situational characteristics affected by bottom-up and top-
down processes. Salience, effort, expectancy, and value are assumed to be relevant and can
be applied in modeling attention allocation in traffic (Horrey et al., 2006; Wickens et al., 2001;
Wortelen et al., 2013). Consequently, these aspects might also be relevant in perceiving and
processing retrieval cues.

Distinguishing where perception ends and understanding begins is challenging. For instance,
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3 Understanding the Cognitive Processes in the Context of Anticipation in Traffic

pattern recognition processes enable people to extract and categorize cues from the environ-
ment but can also lead directly to the activation of future actions (Durso & Gronlund, 1999).
Moreover, scene perception, i.e., determining the meaning of the scene, takes place in a very
short amount of time. It is based on the perception of individual objects and their relative location
and already includes expectations about other types of objects (Rensink, 2000). Related infor-
mation is not only stored in the short-term or working memory but also enriched with knowledge
from the long-term memory (Endsley, 1995). This knowledge that forms a complex retrieval
structure is referred to as mental model. It is a “representation of the typical causal intercon-
nections involving actions and environmental events that influence the functioning of a system”
(Durso & Gronlund, 1999, pp. 297-298). Mental models are decisive for comprehending situa-
tions.

3.2 Situation Comprehension

Perceiving situational characteristics is only one part of information processing in dynamic traf-
fic situations. People strive to understand situations by connecting perceived information and
knowledge based on mental models. The decisive factors here are mainly temporal and causal
properties, forming the basis for anticipation (Durso et al., 2007). These properties also affect
coherence which is the key to easily understanding content and situations (Durso et al., 2007).
In particular, findings from text comprehension research give reason to assume the importance
of coherence. For instance, readers benefit from globally coherent and explanatory texts, i.e.,
when the discourse segments are interconnected (Sanders et al., 2007), especially when little
prior knowledge is available (Kamalski et al., 2008; McNamara et al., 1996).

The extensive amount of research findings on comprehending texts might also be transferable
to understanding dynamic situations (Baumann & Krems, 2007; Durso et al., 2007). Durso et
al. (2007), as well as Baumann and Krems (2007), independently referred to Kintsch’s (Kintsch,
1998) construction-integration theory, which can be mapped to the cognitive process of text
comprehension on different levels. Parallels have been drawn between situation awareness and
the construction-integration theory, suggesting that situation awareness is constructed similarly
to text comprehension (Baumann & Krems, 2007; Durso et al., 2007).

Based on Kintsch’s (1998) construction-integration theory of text comprehension, the perception
of newly perceived information automatically triggers knowledge structures in long-term mem-
ory. In this constructing process, learned associations are activated in an unstructured way.
The construction phase is followed by the integration phase, where the recently activated knowl-
edge is compared with already integrated, learned information. Knowledge is described as an
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3 Understanding the Cognitive Processes in the Context of Anticipation in Traffic

associative network, whereby several pieces of information can be activated simultaneously de-
pending on the association’s strength (Kintsch, 1988). Highly associated, compatible knowledge
remains activated and serves as a basis for the situation model, while incompatible information
inhibits each other (Baumann & Krems, 2007; Kintsch, 1998). The result of these repeating
activation and retrieval processes are updated episodic memory representations that include
surface information (e.g., knowledge about objects and their spatial relations, scene knowl-
edge), event base information or a situation-specific representation (e.g., integrating information
across scenes), and the situation model (Baumann & Krems, 2007; Durso et al., 2007). The lat-
ter connects event base information with activated knowledge from long-term memory and can
therefore be seen as equivalent to Endsley’s (Endsley, 1995) definition of situation model emerg-
ing from level 2 and 3 situation awareness. The situation model represents the current state of
the situation as the basis for anticipation (Endsley, 1995) and is kept active in long-term working
memory (Durso & Gronlund, 1999). Repeated updating processes allow more comprehensive
and accurate anticipation of the situation (Endsley, 1995; Schubotz, 2015). Furthermore, the
better the mental models are trained with corresponding knowledge links (retrieval cues), the
more comprehensive and specific situation models can be developed (Durso & Gronlund, 1999)
and thus also facilitate and improve anticipation.

A comprehensive understanding of the situation provides a solid basis for good decision making
and action. As the underlying processes of decision making and action selection are related to
anticipation (Endsley, 1995), they are addressed in the following.

3.3 Decision Making & Action Selection

Specifically in road traffic, anticipation “allows for the efficient positioning of a vehicle for proba-
ble, upcoming changes in traffic” (Stahl et al., 2014). Accordingly, the three-level model of sit-
uation awareness is assumed to be the basis for decision making and actions (Endsley, 1995).
Understanding and anticipating other road users’ behavior provides the basis for making well-
elaborated decisions regarding one’s behavior. However, since drivers in real traffic are not
only passive observers but active agents, operational knowledge is already stored in the mental
model, especially in the case of experienced drivers (Bellet et al., 2009). Actions in the form of
routine operations are automatically triggered by the activation of the knowledge in a retrieval
structure which can also be referred to as a schema (Norman & Shallice, 1986; Richman et al.,
1995). The action selection takes place automatically according to the principle of contention
scheduling, whereby the activation strength is decisive for the decision for a competitive schema.
In very complex or new situations, where schemas are not or only insufficiently available, the
supervisory attentional system intervenes. It is a structure that consciously and actively influ-
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ences the choice of action but which also has limited processing capacity (Norman & Shallice,
1986). Again, the retrieval of knowledge is crucial, with similar processes taking place in situa-
tion comprehension (Baumann & Krems, 2007; Durso et al., 2007) and action selection (Norman
& Shallice, 1986). The combination of both models enables an even deeper understanding of
the relationship between anticipation and corresponding behavior (Baumann & Krems, 2007).

Another relevant approach that deals with decisions in realistic situations, which are often time-
limited, uncertain, and subject to ever-changing circumstances, is the recognition-primed deci-
sion model (Klein, 1997). Many overlaps with the situation comprehension and action selection
models exist because rapid primed decision-making is mainly based on pattern matching pro-
cesses. Based on the recognition of familiar situations through relevant retrieval cues, expecta-
tions are automatically activated, reasonable goals identified, and typical reactions suggested.
This intuitive, fast, and unconscious part can be complemented by mental simulation processes
that elicit the best possible action (Klein, 1997). However, it has been shown that the first option
generated is frequently the best, especially for skilled persons (Klein, 1997). In accordance, in a
rather simple scenario, skilled people created fewer responses than novices. However, in more
complex situations, the experts generated less inferior and more high-quality options than less
skilled people, supporting the situation model approach proposed by Kintsch (Kintsch, 1998;
Ward et al., 2013).

These models show how action selection and activation can be accomplished. However, it is im-
portant to remember that anticipation does not necessarily lead to action or a change in action.
Stahl and colleagues (2014) observed only a low number of pre-event anticipatory actions in
complex simulated driving scenarios compared to post-event actions, which were rather a pure
reaction to the hazard. However, in two-thirds of the cases, participants indicated that anticipa-
tion, including action, had occurred, even if it was not diagnosed as pre-event action. Accord-
ingly, the distinction between mere reaction and specific future-oriented actions is challenging
(Stahl et al., 2014). The authors suggested that anticipation might increase the willingness to
act and focus attention accordingly. This intention to act is potentially already perceived as a
corresponding action by the participants.

Missing action can be attributed to a lack of appropriate retrieval cues or operating schemas.
However, it is more likely that no action will be deemed necessary based on the individual’s own
goals and understanding of the situation. A basic assumption is that action is only taken to avoid
hazards (Fuller, 1984). Action can also be omitted if one does not perceive any danger, i. e.,
feels safe in his driving margins (Näätänen & Summala, 1974). If a threat is subjectively per-
ceived, pre-event anticipatory actions can be executed to feel safe again (Fuller, 1984). Accord-
ingly, risk perception and the associated confidence in one’s perception are crucial for managing
anticipatory actions. Further implications are discussed in the next section.
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3.4 Risk, Uncertainty & Confidence

Anticipation is the basis for identifying future risk factors while driving. This process is sub-
ject to a certain degree of uncertainty, as assumptions are made based on specific patterns of
situational characteristics. Incomplete or incompatible information, unreliable cues, or undiffer-
entiated alternatives can increase uncertainty (Lipshitz & Strauss, 1997; Mushtaq et al., 2011).
The decisive factor is the "realization that our beliefs and representations of the world are un-
able to accurately predict future events in our environment" (Mushtaq et al., 2011, p. 1) which
defines uncertainty. Moreover, it is not only a purely rational realization but is also referred to as
an emotional component in the context of risk perception (Summala, 1988; Tanida et al., 2018).

Risk perception might consist of two components, according to Slovic (1987). First, there is
the aspect of the unknown, which describes the lack of knowledge or awareness of impending
dangers (Slovic, 1987). It is most likely to be associated with uncertainty. This was also evident
in the risk assessment of hazard types. Overt hazards were seen as less critical than covert
hazards (Sun & Hua, 2019). Furthermore, there is the aspect of dread, where the lack of
control and fatal consequences are included in the evaluation (Slovic, 1987). Younger drivers, in
particular, show weaknesses in their assessment of risks and overconfidence in their behavior
to handle the situation leading to higher vulnerability to be involved in crashes (Deery, 1999;
Sun & Hua, 2019). In general, it is crucial to have well-calibrated confidence, as overconfidence
is dangerous because it is associated with increased risk-taking (Sulistyawati et al., 2011).

The level of confidence regarding the perceived information and reliability of the resource has
been stated as an essential component of situation awareness (Endsley, 1995). The degree
of confidence determines the outcome success of decisions and actions, the implementation
effort, and the search for alternatives of responses (Bingi et al., 2001; Keller et al., 2020). A
good outcome is expected with a high level of confidence and extensive situation awareness.
Effectiveness is reduced when people are less confident despite good situation awareness be-
cause there may be a delay due to additional information search and processing. When both
confidence and situational awareness are low, people will correctly choose not to act and con-
tinue searching for more information (Endsley, 2020). The worst combination would be poor
situational awareness and high confidence, creating an overconfidence bias and poor decision
outcomes. The ability to appropriately assess confidence in one’s situation awareness is called
meta-awareness and is observed to influence performance independently of current objective
measures of situation awareness (Endsley, 2020).

In summary, an appropriate high level of confidence is associated with low uncertainty when
anticipating the further development of the situation. Uncertainty and confidence are closely
related. Uncertainty, however, refers to beliefs about possible values of an unknown quantity,
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while confidence can be understood as a belief that particular anticipation is correct (Peterson
& Pitz, 1988).

These concepts can be linked to information from various resources and incorporated into the
decision-making process (Endsley, 1995). Accordingly, uncertainty should not necessarily be
seen as a negative aspect because adequate assessments of uncertainty can improve the sit-
uation model and thus anticipation and related confidence (Endsley, 2020). The focused inte-
gration of situational characteristics can be a consequence of this assessment. The following
chapter will therefore look at them in more detail.
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4 Situational Characteristics and Related
Retrieval Cues in Anticipation in Traffic

The targeted retrieval of prior knowledge based on retrieval cues, as described in the previous
chapters, is crucial for anticipation in road traffic. What retrieval cues are, how a situational
characteristic becomes a retrieval cue, and how the processing of these cues can be influenced
will be examined in more detail below.

4.1 Relating Situational Characteristics and Retrieval Cues

Situational characteristics represent scenes, objects, or parts of objects in the environment
(Durso et al., 2007). If these situational characteristics trigger knowledge retrieval, they are
called retrieval cues (Ericsson & Kintsch, 1995). Since a certain level of knowledge is already
present when driving, e.g., through driving school or experience as a cyclist in traffic, many sit-
uational characteristics can trigger information in the situation comprehension and anticipation
process. In these cases, they are equivalent to retrieval cues. In accordance, retrieval cues can
be described as “snippets of information that allow one to access a memory trace” (Baddeley,
1999, p. 159). Retrieval cues have to be associated with encoded information to successfully
retrieve this information at a later point in time (Ericsson & Kintsch, 1995). They are formed
domain-specifically through experience and learning. Two factors are particularly decisive for
successful recall and increased retrieval performance. First, the condition of encoding is similar
or matches the circumstances of retrieval (Roediger & Guynn, 1996). Second, the retrieval cue
is distinctive and uniquely associated with specific information in memory, compared to when it
is related to several different information (Roediger & Guynn, 1996). Although these two princi-
ples are widely accepted in basic memory research, Nairne (2002) argues that the crucial point
is the diagnosticity of a cue in terms of correct recall instead. This aspect is also mentioned in
the context of situational awareness as a decisive factor. The better the recall speed and the
greater the cue’s diagnostic power, the better the anticipation should be (Durso et al., 2007).

In a dynamic world, not only single but rather multiple cues need to be processed (Endsley,
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1995; Stahl et al., 2014). The more experienced people are, the more likely it is that complex re-
trieval structures or schemata are present. Thus, relational, compatible information also serves
as retrieval cues (Ericsson & Kintsch, 1995; North et al., 2011). For instance, in the context of
sport, the movements of the team players in relation to each other (North et al., 2011), as well
as the relative movements of body structures such as arm or leg in relation to each other (Féry
& Crognier, 2001; Williams et al., 2011), enable the anticipation of future events, e.g., whether
the ball will end up in the goal or not.

Recent research approaches consider not only expertise, which is usually captured by years of
active engagement in the specific domain, concerning differences in comprehension and action
performance, but particularly the concept of cue utilization (Carrigan et al., 2021; Wiggins et al.,
2015). It describes the ability of cue-based recall and processing from memory and includes
identification, recognition, association, discrimination, and prioritization of cues, as measured by
a domain-specific test battery (Wiggins et al., 2015). Findings showed that drivers with higher
cue utilization abilities had fewer missed traffic signals and smaller mean fixation dispersions in
a driving simulator ride. Further, they experienced less cognitive load while driving compared
to people with low cue utilization (Sturman & Wiggins, 2021). In addition, a positive correlation
exists between diagnostic accuracy in the medical context and self-reported years of experience
but not between experience and cue utilization (Carrigan et al., 2021). These results highlight
the importance of focusing on the processing and use of cues in accordance with the previously
described memory processes related to situation comprehension. Previous research on retrieval
cues in the context of traffic will be examined in more detail below.

4.2 Previous Investigations on Retrieval Cues in Traffic

Various simulator or video studies used complex scenarios to investigate anticipation in road
traffic, with particular situational characteristics serving as retrieval cues. For example, a child
between two parked vehicles or a truck parked off to the side with its flashing lights on served as
cues in advance of a hazard (Crundall et al., 2012). Likewise, a pedestrian on a crosswalk (Kaß
et al., 2018), a slow truck followed by a chain of braking cars (Stahl et al., 2014), or a vehicle
with the right of way approaching from the side (Van der Hulst et al., 1999) were defined as cues
for rising conflicts with a breaking lead vehicle. These exemplary studies show that specific
situational characteristics of traffic scenarios can effectively trigger anticipation. However, in
most of these and comparable studies, the theoretical foundation and processing of the retrieval
cues are hardly addressed. The focus is rather on the outcome of anticipation in terms of action
and possible influencing factors.
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Some subdivisions of situational characteristics in road traffic were made, especially in the con-
text of hazard perception. In most cases, hazards have been subdivided or classified by ad-
dressing performance differences between novice and expert drivers in their hazard perception
ability (Borowsky & Oron-Gilad, 2013; Crundall, 2016; Garay-Vega et al., 2007; Pammer et al.,
2018). For instance, a different allocation of attention was observed depending on the haz-
ard level, i. e., low-, medium- and high-threat objects (Pammer et al., 2018). All participants
detected high threat objects, but expert drivers identified medium threat objects significantly
more often than non-experts and paid no attention to low threat objects. Analyses of a hazard
categorization task revealed that novices classified hazard perception scenarios most likely by
addressing the hazard instigator (Borowsky & Oron-Gilad, 2013). In contrast, experienced and
expert drivers paid more attention to environmental characteristics of the scene or criticality as-
pects, i. e., time to collision (Borowsky & Oron-Gilad, 2013). Thus, different types of information
might be relevant for experienced and inexperienced drivers. Another characterization is based
on the action’s urgency described as immediate or latent, the latter being further subdivided
by visibility into overt, covert, and signed (a covert hazard that cannot be perceived without
warning) hazards (Vlakveld et al., 2011). Accordingly, with regard to visibility, certain situational
characteristics are more accessible than others. Moreover, experience increases the probability
of directing attention to more relevant situational characteristics (Garay-Vega et al., 2007).

Few studies also explicitly referred to retrieval cues in reference to hazards. Crundall and col-
leagues (2012) developed a hazard typology linking hazard and precursor. Precursors are fore-
shadowing elements, equivalent to retrieval cues, which draw attention to potential risk before
a hazard occurs (Garay-Vega et al., 2007). Precursor and hazard can either relate to the same
object (behavioral prediction hazard) or be different if another element indicates an impending
hazard (environmental prediction hazard). In addition, several elements with more than one
precursor can become a hazard independently (dividing and focusing attention hazard). As
a function of this typology, the researchers found different fixations depending on the experi-
ence level (Crundall et al., 2012). Experienced drivers can particularly benefit from recognizing
precursors (Garay-Vega et al., 2007). In accordance, it was shown that the longer fixations
of relevant situational characteristics are accompanied by more anticipatory actions that coun-
teract a hazard’s development (Stahl et al., 2019). A distinction is made by Garay-Vega and
colleagues (2007) between these precursors and advance cues, i. e., stimuli that provide a clear
indication of the situation, such as signs or a cueing system. Unfortunately, the authors do not
provide a theoretical foundation for this definition.

In an experiment that examined the prediction of turning behavior, retrieval cues were classified
as valid or invalid predictors concerning future action (Lee & Sheppard, 2016). Since correct
anticipations were made despite invalid cues, the researchers assumed that the dynamics of
the situation provided additional information for anticipation. Distinctions between dynamic and
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static hazards have also been made, with older drivers, in particular, being more affected by
dynamic scenes, which might be a result of increased complexity (Kaber et al., 2012). In a
dynamic approaching scenario, perceived cues that predicted the driver behavior from the per-
spective of a cyclist were divided into bottom-up and top-down cues (Kovácsová et al., 2019),
with significantly more external cues (bottom-up) mentioned compared to procedural knowledge
or expectations (top-down).

In summary, different approaches have been proposed and tested to classify situational charac-
teristics. Differences between experienced and novice drivers have been observed in particular.
Furthermore, some situational characteristics were found to be more attractive or relevant than
others (Crundall et al., 2012).

However, these classifications can only contribute to a limited extent to explaining: 1) what
makes a situational characteristic a retrieval cue, 2) how retrieval cues are processed in the
context of anticipation, and 3) how retrieval cues can be differentiated. The processing of mul-
tiple compatible and incompatible retrieval cues and how they influence each other has not yet
been investigated in a structured way in road traffic studies to date. For these reasons, it is
necessary to develop a characterization of retrieval cues to better understand the process of
anticipation in dynamic situations using road traffic as an example.

4.3 Towards a Retrieval Cue Characterization in Traffic

The characterization of retrieval cues in a traffic situation was developed before conducting the
studies of this thesis. Situational characteristics were classified according to the relevance of
information and processing quality that is necessary for developing a coherent understanding
of the situation. The approach was driven top-down, considering task-specific requirements
when predicting the behavior of another traffic participant. Based on prior research findings
(bottom-up), described in chapter 4.2, it was analyzed which specific information is necessary
for anticipation in dynamic traffic situations.

General assumptions were made in the beginning. First, this thesis focuses on and investigates
the main objective of driving safely by anticipating the behavior of other road users. Second, the
characterization contains only external situational characteristics from the environment because
goal-related changes of other road users can not be observed if they are not displayed externally
(e.g., through indicators). These situational characteristics can reveal an adaption in behavior
to prevent critical situations.

For this purpose, it is particularly important to consider relevant situational characteristics that
already limit one’s own safety margin or will limit it in the future (Näätänen & Summala, 1974).
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These include relevant moving road users or objects referred to as targets in this thesis. Their
behavior is to be predicted. Studies on anticipation investigated, for example, targets like pedes-
trians or vehicles (e. g., Crundall et al., 2012; Kaß et al., 2018; Stahl et al., 2014). Their future
behavior can only be anticipated if objects or events related to the future behavior of targets are
perceived. Related means that they strongly influence the probability of the future behavior of
the targets and thus of one’s own. These objects or events are referred to as causal cues within
the scope of this research. For example, imagine following a car in an urban area and perceiving
a stranded truck on the road, a parked bus on the near side, or a child between parked cars.
These examples were investigated situational characteristics from prior research (e. g., Crundall
et al., 2012; Stahl et al., 2014) that can be defined as causal cues. They provide reasons why
a target will change its current behavior. Making causal connections is an essential dimension
in situation comprehension and human information processing (Durso et al., 2007; Waldmann
et al., 2006). This is why causal cues are assumed to form an essential basis for anticipating
behavior in traffic that might be easily processed.

The analyses of prior research revealed that other types of cues might promote anticipation.
For example, flashing and brake lights or waving of pedestrians provide indications of future
behavior (e. g., Crundall et al., 2012; Stahl et al., 2014). The expression of such intentions
or requests has a high spatial proximity to the target and is highly contingent on the targets’
behavior, i. e., explicitly representing the targets’ externally depicted goals. Those situational
characteristics are framed as target cues within this research. It should be noted that there can
be more than one target, e. g., multiple cars driving in front of one’s vehicle. Several target cues
might be available that could be represented as one information, such as a chain of braking
vehicles (example used by Stahl et al., 2014). As target cues are in proximity to the target and
often salient, they are assumed to be easy to process.

Moreover, there are elements in the environment that provide additional information only if they
are associated unambiguously with the causal cue. Examples are signs indicating a lane nar-
rowing or an upcoming construction site providing additional information about the environment’s
structure or the scope of action (e. g., Baumann et al., 2008). Processing these situational char-
acteristics only results in a coherent mental representation in combination with causal cues.
These retrieval cues are termed context cues in the scope of this research. They contain less
information directly linked to behavior, thus, are more complex to process. Therefore, their pro-
cessing might be more influenced than other retrieval cues, e. g., by cognitive load.

These categories of retrieval cues are associated with different processing qualities that fol-
low the underlying situation comprehension processes (see chapter 3.2). Assumptions on the
processing of theses retrieval cues are illustrated in Table 1. It is suggested that the retrieval
cues affect anticipation and related confidence differently depending on the respective category.
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These findings must also be taken into account when supporting humans in anticipation. For
this reason, the characterization of retrieval cues is the focus of this thesis.

The proposed characterization of retrieval cues in road traffic does not claim to be complete. It
was designed to be tested and optimized within the scope of this thesis in selected studies. How-
ever, the described retrieval cues can also be applied to several scenarios of existing research
in the context of road traffic anticipation. An overview with examples of studies is compiled in
Table A in the Appendix, suggesting generalizing the retrieval cue characterization of road traf-
fic retrieval cues. In these studies, compatible, i. e., non-contradictory, cue combinations were
examined throughout. Consideration of multiple compatible and incompatible cues is possible
on the basis of retrieval cue characterization and may contribute new insights into retrieval cue
processing in the context of anticipation.

Table 1
Assumptions of the retrieval cues

TARGET CUE

CONTEXT CUE

RETRIEVAL CUES

This cue represents a reason for an unavoidable future change in the behavior of a target, 
also affecting the anticipator. It enables anticipation of the future behavior of the target 
easily, requiring a low processing capacity.

ASSUMPTIONS ON THE PROCESSING OF CUES

CAUSAL CUE

This cue has a high contingency with the target's behavior and facilitates the assignment of 
cue and target due to the spatial proximity. It is a frequently occurring and often salient 
event, which means that the link between this event and the associated behavior is quickly 
accessible, requiring a low processing capacity.

This cue offers additional contextual information but needs to be related to the causal cue to 
be interpreted unambiguously and to become a meaningful retrieval cue. It requires more 
inferences, therefore, more processing capacity.

Experience facilitates the processing of  all retrieval cues, as better knowledge structures exist.

The subjective confidence score increases most with the causal cue, enabling understanding of 
the situation. The combination with additional, compatible retrieval cues increases confidence.

CAUSAL, TARGET 
& CONTEXT CUES

4.4 Selected Determinants of Processing Anticipation and

Retrieval Cues in Traffic

Driver characteristics influence the processing of retrieval cues and thus anticipation in traffic.
These include personality traits, such as cue utilization (Carrigan et al., 2021; Sturman & Wig-
gins, 2021); sensation-seeking (e. g., Ābele et al., 2018; Du et al., 2020); states like cognitive
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load (e. g., Baumann et al., 2008; Muhrer & Vollrath, 2011), or sleepiness (e. g., Hamid et al.,
2016; S. S. Smith et al., 2009); age (e. g., Clarke et al., 2006; Kaber et al., 2012); or experience
(e. g., Garay-Vega et al., 2007; Stahl et al., 2014). Environmental factors also affect anticipa-
tion beyond the lack of visibility of information, for instance, the complexity (e. g., Kaber et al.,
2012; Stinchcombe & Gagnon, 2010) or criticality of the situation (e. g., Bellet & Banet, 2012;
Stoll et al., 2018). Especially experience and cognitive load have turned out to be decisive for
processing retrieval cues (Durso et al., 2007), which is why they were chosen to be examined in
more detail within this thesis.

4.4.1 Experience

Driving experience is widely studied in the context of anticipation as it has extensive influence
on perceiving, predicting and acting on hazards (Durso et al., 2018; Garay-Vega et al., 2007;
Jackson et al., 2009; Stahl et al., 2014; Underwood et al., 2013). Moreover, driving experience
is strongly related to accident risk since drivers with less than three years of driving experience
are more often involved in accidents than drivers who have held their driver’s license for more
than three years (Clarke et al., 2006; Robbins & Chapman, 2019). In studies of driving experi-
ence, the selection of experience level groupings is crucial. The inclusion of extreme groups is
beneficial, as Robbins and Chapman (2019) recommended based on their meta-analysis. Eval-
uating people in driver training (novices) who did not have a license and limited experience and
professional drivers with high driving experience on an expert level such as driving instructors,
ambulance or cab drivers proved useful (Borowsky & Oron-Gilad, 2013; Crundall et al., 2012;
Johnston & Scialfa, 2016).

The effects different levels of driving experience have on anticipation can be explained based
on the memory and situation comprehension processes described above. Novice drivers may
have few or hardly any domain-specific schemata and less complex mental models (Durso et
al., 2018; Katrahmani et al., 2016). They are assumed to rely on impoverished memory struc-
tures with limited interconnected content, limiting information retrieval needed for anticipation. In
contrast, experts are considered to have concrete and highly differentiated domain-specific hi-
erarchical retrieval structures and an extensive knowledge base (Ericsson & Kintsch, 1995). For
this reason, relevant retrieval cues might be quickly activated and used by experts (Baumann &
Krems, 2009; Endsley, 1995).

These cognitive processes can explain a variety of research findings. Research showed that
experienced drivers perceive and react faster and more accurately to hazardous stimuli (e. g.,
Crundall, 2016; Crundall et al., 2012; Garay-Vega et al., 2007; Jackson et al., 2009; Wallis &
Horswill, 2007). Experienced drivers are also more confident about comprehending and antic-
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ipating traffic-relevant information (Renge, 2000; Vogel et al., 2003). When novices had more
time to identify relevant objects within a frozen scenario, they showed improved anticipation per-
formance and increased subjective confidence (Jackson et al., 2009). However, this additional
time does not exist in real traffic. Experts differ from novices in that they are better able to fil-
ter information in dynamic situations and allocate their attention less narrowed but targeted to
grasp the relevant information more quickly (Pammer et al., 2018; Robbins & Chapman, 2019).
Therefore, they can perform better in complex situations (Durso et al., 2018).

Experienced drivers are more likely to perceive so called precursors or pre-event cues (which
are referred to as retrieval cues in this thesis), and they fixated on them longer and more frequent
than less experienced drivers (Crundall et al., 2012; Garay-Vega et al., 2007; Stahl et al., 2019).
Accordingly, it can be assumed that novices process less information or cannot use all the
information from the situation for anticipation (Crundall et al., 2012). An increased number of
glances at retrieval cues also correspond to actions taken in advance when the conflict is not yet
visible (Stahl et al., 2014, 2019). Experienced drivers could also refer to multiple retrieval cues
and clearly state their interpretation and use for understanding and predicting the situation (Stahl
et al., 2014). To ensure that novices perform similarly to experts, displays that draw attention to
relevant areas or provide additional information for interpretation proved to be helpful (Stahl et
al., 2016). Experts did not benefit from these interfaces, but novices showed more anticipatory
actions, although no long-term benefits were observed after the interface was removed.

In general, the ability to recognize retrieval cues and related hazards can improve significantly
with training, e. g., in a simulator- or pc-based training (Pradhan et al., 2009; Vlakveld et al.,
2011). There is evidence that even brief interventions can be useful (Horswill, 2016b). A posi-
tive effect of such training has been proven also in real traffic, for instance, by evaluating gaze
distribution on the road (Pradhan et al., 2009). These trainings include a variety of risky sit-
uations and usually highlight critical areas, i. e., relevant retrieval cues for understanding and
anticipating the situation based on expert knowledge. In this way, the experience of novices
can be enhanced, by demonstrating meaningful viewing strategies, as well as by enriching and
linking the memory structures with new knowledge.

Overall, several studies have shown the advantage of high experience in terms of anticipation
ability. The anticipation ability and processing can further be significantly affected by visual and
cognitive load (Baumann et al., 2008; Muhrer & Vollrath, 2011). The role of cognitive load will
be discussed in more detail below.

20



4 Situational Characteristics and Related Retrieval Cues in Anticipation in Traffic

4.4.2 Cognitive Load

Visual and cognitive load can impair the processing of retrieval cues and anticipation. Visual load
impairs this process as non-perceived retrieval cues cannot activate knowledge in the mental
model. Accordingly, the situation model remains insufficient or incomplete. However, the com-
prehension and anticipation process is still ongoing based on information that was perceived
and retrieved so far (Young et al., 2013).

By contrast, it is assumed that cognitive load influences both the focus of attention and the
processing of retrieval cues. When people are cognitively loaded, their useful field of view
narrows and attention is predominantly directed to dominant or obvious information, termed as
cognitive tunneling (Dirkin, 1983). Accordingly, certain retrieval cues may be processed while
others are omitted, resulting in an incomplete situation model. This is for example reflected in the
fact that drivers who performed a cognitively demanding conversation task while driving showed
a reduced ability to monitor speed and to recognize and respond to specific visual events in
the external environment (Heenan et al., 2014). High cognitive load leads to fewer and shorter
glance durations to relevant hazardous driving locations (Ebadi et al., 2020; Garrison & Williams,
2013). However, research also showed that despite a reduction in the number of gazes, drivers
were able to prioritize and allocate resources appropriately by looking fewer at less relevant
objects or adjust the execution of secondary tasks (Garrison & Williams, 2013; Schömig et al.,
2011). Thus, people are able to adapt to cognitive load effects to a certain extent.

Further related findings revealed increased driving errors and decreased situational awareness
(Kass et al., 2007). Performance was diminished, as drivers could not adapt their behavior by
reducing the speed in advance of a braking lead vehicle, suggesting that they were not able to
anticipate under high cognitive load (Muhrer & Vollrath, 2011). Similarly, drivers were no longer
able to adequately process retrieval cues that provided a hint of an upcoming obstacle and,
accordingly, could only show reactive instead of anticipatory actions (Baumann et al., 2008).
Both novices and experts were found to suffer similar deterioration in performance when cogni-
tive load was high (Kass et al., 2007). One reason is that limited capacity of working memory
is exceeded as a result of high cognitive load independent of experience. Therefore, retrieval
cues cannot be processed effectively, which is detrimental to anticipation (Carretta et al., 1996;
Endsley, 1995). This leads to disturbed central executive functions (Baddeley & Hitch, 1974)
which are essential for processing retrieval cues and updating the situation model as a basis
for anticipation (Baumann et al., 2008; Heenan et al., 2014). Durso and Grondlund (1999) also
referred to the role of long-term working memory (Ericsson & Kintsch, 1995), whereby experts
might compensate for working memory overload. Findings indicate that both aspects, i. e., lim-
ited processing capacity of working memory and long-term memory strategies, influence the
processing of retrieval cues as a function of the level of expertise (Sohn & Doane, 2004).

21



5 Summary and Research Objectives

For safe driving, the ability to anticipate as a basis for appropriate behavioral decisions is crucial
in traffic. The research findings presented in previous chapters have shown that it affects driving
performance, gaze behavior, managing hazardous situations, confidence and further subjective
assessments.

The anticipation of traffic events is based on perceiving and processing information. Experience
is of primary importance hereby. Situational characteristics of the environment that are relevant
to anticipation can only be processed if they are linked to prior knowledge. Thus, they can serve
as retrieval cues. This retrieval process is crucial for anticipating the behavior of other road users
in dynamic scenarios. Only if we know how the process takes place, we will be able to support
people in anticipating, for example, through training or assistance systems. Uncertainty can be
involved in this process, which has rarely been considered in anticipating dynamic situations.
However, incorporating confidence into the design of supporting interventions may be the key to
strengthening anticipation. Therefore, in this thesis, the processing of situational characteristics
and related retrieval cues is investigated under consideration of confidence, especially regarding
anticipation and, in part, intentional behavior.

There is already a lot of research on factors influencing anticipation in traffic, such as experience
or cognitive load. Assumptions exist about how the process of situation comprehension is influ-
enced by cognitive load and experience (Durso et al., 2007). However, there is little systematic
research on situational characteristics and related retrieval cues, although they are crucial in an-
ticipation and behavior. Particularly in the context of hazard perception, researchers emphasized
situational characteristics, mainly related to specific hazards. These are very context-specific
and can only be transferred to other scenarios to a limited extent. The goal is to describe a more
general, cross-scenario taxonomy that considers the anticipation process as a whole based on
the integration of multiple retrieval cues. Therefore, a specific retrieval cue characterization has
been presented, referring to comprehension and anticipation processes and enabling new evi-
dence through targeted evaluation. The resulting division of causal, target and context cues is
therefore investigated subject to various influencing factors and in terms of cue compatibility.

For this purpose, a methodological approach is required that goes beyond single measurements
to capture not only the final outcome but also the process of anticipation. In addition, the sub-
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5 Summary and Research Objectives

jective component of uncertainty and related confidence is to be included. The use of multiple
methodological approaches can help capture the influence of situational characteristics and re-
lated retrieval cues at different levels, ranging from behavioral, subjective to psychophysiological
measures (see chapter 6 for further details).

On this basis, research objectives can be derived, which are targeted within the framework of
experimental studies addressing the anticipation process in the context of road traffic.

I Developing a methodological approach to investigate the processing of retrieval cues in
terms of anticipation

II Evaluating the effect of different situational characteristics and related retrieval cues in the
anticipation process following the proposed assumptions of the retrieval cue characteriza-
tion

III Exploring individual factors, especially experience and cognitive load, influencing the pro-
cessing of situational characteristics and related retrieval cues in terms of anticipation

IV Examining the relationship between anticipation and behavioral intention with respect to
situational characteristics and related retrieval cues

The studies of this thesis were designed to address the research objectives. Depending on
the focus of the study, each contributes to one or more of the objectives described above. The
summaries of these studies are described in chapter 7. Beforehand, chapter 6 explains the
chosen methodological approach in detail.
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6 Methodological Approaches of
Anticipation in Traffic

The research objectives described in the previous chapter require a methodological approach
that covers the process and not just the final outcome of anticipation. For a systematic evalua-
tion of situational characteristics and related retrieval cues, a controlled environment and high
reliability are necessary and the possibility to test specific stimulus constellations several times.
Based on these requirements, the methodological approach with a particular scenario was cho-
sen, applied in all studies of this thesis, and described below. A short overview of existing
methodological approaches to measure anticipation is given first.

6.1 Measures of Anticipation and Related Concepts

There are different methodological approaches for measuring anticipation and related concepts,
which have specific advantages and weaknesses. Action-based measures of anticipation (e. g.,
Baumann et al., 2008; Muhrer & Vollrath, 2011; Stahl et al., 2014; Van der Hulst et al., 1999)
provide objective data (for instance, distance to lead vehicle, lane keeping, velocity, brake tim-
ing) of realistic driving behavior mainly gathered in driving simulators. However, several factors
influence driving behavior, so specific actions cannot always be attributed to anticipation. Con-
sequently, this method provides only small insights into the underlying cognitive processes.

Probed-based approaches for measuring anticipation as part of situational awareness are fre-
quently used, such as the Situation Awareness Global Assessment Technique (SAGAT, Endsley,
1988). This objective measurement is based on situation- and domain-specific questions that
are asked after a freeze of a realistic simulation. Correct answers are assigned to one of the
three levels of situational awareness (Endsley, 1988). Other instruments have also been devel-
oped based on this approach, such as the Quantitative Assessment of Situational Awareness
(QUASA), which includes true or false statements and a confidence rating for each response
(McGuinness, 2004). However, concerning anticipation and the underlying processes, the ques-
tion is whether the measured anticipation performance results from the actively held anticipation
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6 Methodological Approaches of Anticipation in Traffic

in the situation, or whether cues within the query triggered it. Hence, the freeze can lead to a
distortion of the content.

A comparable method with real-time queries without freeze is the Situation Present Assessment
Technique (SPAM) that incorporates response time and accuracy (Durso et al., 1999). This
approach may allow in-depth views of the processes, but there is the problem that answering
questions during the drive might conflict with understanding the situation. Thus, negative effects
on performance and workload become visible (Endsley, 2021).

Reaction time-based approaches, particularly hazard perception tests, have proven to be valid
measurements (Horswill, 2016a). In hazard perception tests, people are typically asked to press
a button as soon as they detect a hazard within a video-based scenario. The problem may be
that the definition of a hazard, especially the subjectively perceived time of emergence, varies
interpersonally. Moreover, one response does not provide insight into the processing of hazard
anticipation. However, the hazard perception method provides a basis that has already been
extended in many ways incorporating other measures, such as the localization of the hazard
(Wetton et al., 2010) or queries about what will happen next (Jackson et al., 2009).

Process-based measures such as eye-tracking or psychophysiological measures also provide
insights into anticipation in the traffic situation and could be applied in combination with the
methods described above. For instance, skin conductance has been used as a measure of
subconscious processing, arousal and risk appraisal in hazard perception (Crundall et al., 2003;
Kinnear et al., 2013; Tagliabue et al., 2017). Eye-movement measures also provide information
about the allocation of attention and perception of situational characteristics, for instance, in
dependence of the driving experience (Stahl et al., 2019; Underwood et al., 2005) or the visual-
manual or cognitive demand (He & Donmez, 2022; Wang et al., 2014). A recent methodological
approach even suggests that eye movements differ between the levels of situational awareness,
particularly distinct for the anticipation when retrieving information about dynamic scenarios
(Frank et al., 2022). The disadvantage is that their manifestations or changes cannot always be
clearly traced back to anticipation due to the complexity of the underlying processes. Further,
these process-based approaches are complex to apply and, therefore, not always feasible.

In addition to the objective measures mentioned so far, subjective surveys can also provide
information and have already been partially incorporated into objective methods, one example
being the QUASA. The situation awareness rating technique (SART) is probably the most popu-
lar subjective measure that addresses three factors relevant to situational awareness: operator
understanding, supply, and demand of attentional resources (Selcon & Taylor, 1990). However,
the SART measures meta-awareness rather than situation awareness itself. It is highly related
to the individual confidence level and the subjective performance ratings in a given situation
(Endsley et al., 1998).
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In summary, there are a number of methods that can be combined beneficially. A combination of
different methodological approaches was also used in this thesis, as explained in the following
experimental paradigm.

6.2 Experimental Paradigm

The first part presents the scenario chosen in the papers of this thesis and motivates its choice.
The second part refers to the previously presented methodological approaches and describes
the measurement method used and adapted in all experiments of this thesis.

6.2.1 Scenario

In the context of this work, a specific scenario was chosen to investigate situational characteris-
tics and related retrieval cues in a traffic situation in a systematic, reliable, and focused way. In
contrast to hazard perception studies, where many different and highly critical traffic scenarios
are tested, in the present thesis, the interfering influence of other factors is kept as low as pos-
sible by using one basic scenario in an urban environment. The scenario includes a maneuver
at the tactical level since related actions require more anticipatory and cognitive skills compared
to maneuvers at the operational or strategic level (Kaber et al., 2016; Stahl et al., 2014).

Urban lane change scenarios were selected for investigation as they can be very structured
and simple. Still, their complexity and scope can also be expanded, for instance, by adding
branching roads. The basic scenario consists of a four-lane urban street with two lanes in each
direction. The participant takes the perspective of the driver of a car driving through a city.
At some point, a slower vehicle in front appears, representing the target that could potentially
enter the participant’s lane. Different situational characteristics in accordance with the proposed
retrieval cue characterization (see Table 1) are presented that might change the probability of
anticipating a lane change of the target vehicle.

In study IV the basic scenario was extended by adding a side street that the target vehicle could
turn into. As a consequence, it was not only possible that the target vehicle could change into
the participant’s lane when the target’s lane was blocked but equally likely (modulated by the
retrieval cues) that it would turn into a side street.
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6.2.2 Methodological Approach

For the in-depth investigation of anticipation in a given situation, a scenario needs to stop at a
certain point before the anticipated event becomes visible (or not). This is the only way to derive
evidence about the processing of cues independent of specific learning processes within the
experiment. In order to reliably measure cause-effect relationships, it should also be possible to
show scenarios multiple times by keeping the scenario constant and manipulating independent
variables, with each participant receiving exactly the same information.

For standardization and control of confounding factors, a video-based approach is preferred.
This approach is most commonly used when studying hazard perception and anticipation (e. g.,
Crundall, 2016; Crundall et al., 2012; Horswill & McKenna, 2004), as well as when investigating
the driver’s mental representations (Bellet et al., 2009). Particularly for attention processes,
which are also essential for evaluating anticipation, comparable results were found in real traffic
and the laboratory-based video condition (Hughes & Cole, 1986). The method of simulator
studies is very effective for investigating actions related to anticipation (Stahl et al., 2014, 2019).
Still, it is not considered in this thesis for anticipation processes as they would only be indirectly
measurable.

Uncertainty plays an important role in measuring changes in the anticipation process as it can
be associated with low confidence in anticipation. Accordingly, this aspect was included in the
method applied in this thesis. A two-step response method was designed, implemented, and
evaluated in this thesis for the first time to record the process of anticipation development. This
approach is an extension of the classical paradigm of hazard perception with a single response
button. In the two-step response method, participants were instructed to watch a simulated
driving scenario and press a button when their initial intuition that the target ahead might merge
into their lane was developed (low certainty anticipation) and to press another button when they
were confident about this prediction of future action (high certainty anticipation). They were not
required to press both buttons but were to follow their intuition. This means that some have
pressed corresponding buttons only once or some more than twice. The aim was to record the
point in time of the first anticipation that takes place with a high degree of uncertainty and the
point in time of certain anticipation that takes place.

In summary, this method allows data to be recorded in relation to the onset of retrieval cues.
The anticipation of a lane change (or equivalent behavior) and missing anticipation response
can be measured (anticipatory response yes vs. no). In addition, latencies of anticipation of
lane change (or equivalent behavior) and the anticipatory interval between low and high cer-
tainty anticipation can be gathered. Furthermore, the measurement of the anticipation process
can also be complemented by other methodological approaches. Skin conductance as a psy-

27



6 Methodological Approaches of Anticipation in Traffic

chophysiological measurement was used in study III being an additional indicator and to obtain
in-depth insights into associated processes. In addition, subjective measures were also col-
lected as a follow-up to the two-step response method, such as ratings of subjective confidence,
criticality, or workload (see Table 2 for an overview of measured variables in studies I - IV).

In study IV, the two-step response method was extended from a two-button to a four-button
response option. It was not only possible to anticipate the event of a lane change with low or
high certainty but also the event of a turn with low or high certainty. Further, participants could
change their intention within a scenario, for example, by first anticipating a lane change and
then a turn of the target. Again, the number of button responses was not limited. This approach
allows capturing a more comprehensive picture of the anticipation process than in the first three
studies.

Table 2
Overview of methodological approaches in studies I - IV

O
BJ

EC
TI

VE
SU

BJ
EC

TI
VE

STUDY I
Mühl, Stoll, et al. (2020)

STUDY II
Mühl, Koob, et al. (2019)

STUDY III
Mühl, Vogt, et al. (2020)

STUDY VI
Mühl, et al. (2021)

RETRIEVAL CUES
causal, context, & target
COGNITIVE LOAD
low & high

TWO-STEP 
RESPONSE METHOD

TWO-STEP 
RESPONSE METHOD

TWO-STEP 
RESPONSE METHOD

EXTENDED TWO-
STEP RESPONSE 
METHOD four buttons

RETRIEVAL CUES
context, & target
COGNITIVE LOAD
low & high
EXPERIENCE
low & high

RETRIEVAL CUES
causal, context, & target
CRITICALITY
low & high

RETRIEVAL CUES
causal, context, & target
SCENARIO
structural end, 
construction site

ANTICIPATORY 
RESPONSE
yes/ no
LATENCIES

SUBJECTIVE 
CONFIDENCE
NASA-TLX 
WORKLOAD RATING

ANTICIPATORY 
RESPONSE 
yes/no
LATENCIES

ANTICIPATORY 
RESPONSE 
yes/ no
SKIN 
CONDUCTANCE 
RESPONSES

SUBJECTIVE 
CONFIDENCE
SUBJECTIVE 
CRITICALITY

SUBJECTIVE 
CONFIDENCE
SUBJECTIVE 
CRITICALITY

ANTICIPATORY 
RESPONSE 
lane change/ turn/ no
BEHAVIORAL 
INTENTIONS 
decelerate, maintain, 
accelerate, no response

METHODO-
LOGICAL 
APPROACH

INDEPENDENT 
VARIABLES

DEPENDENT 
VARIABLES
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7 Summary of Studies

The following four studies were developed, conducted, analyzed, and published in relevant sci-
entific peer-reviewed journals and conference proceedings (three journal articles, one confer-
ence proceeding article). They complement each other and focus on specific aspects of pro-
cessing situational characteristics and retrieval cues in anticipation.

7.1 Study I: Look Ahead: Understanding Cognitive

Anticipatory Processes Based on Situational

Characteristics in Dynamic Traffic Situations

Mühl, K., Stoll, T., & Baumann, M. (2020). Look ahead: understanding cognitive anticipatory processes based on
situational characteristics in dynamic traffic Situations. IET Intelligent Transport Systems, 14(4), 233–240.
https://doi.org/10.1049/iet-its.2018.5557

Understanding the process of anticipation is essential to support safe driving and reduce uncer-
tainty in dynamic traffic situations. The model of situation comprehension (Baumann & Krems,
2007; Durso et al., 2007), which is ascribed to the construction-integration theory of text com-
prehension (Kintsch, 1988), allows assumptions to be made about the activation and use of
prior knowledge to understand and predict situations. The decisive factors here are situational
characteristics that serve as retrieval cues, which trigger the activation of knowledge structures
and thus cause a specific mental representation of the situation as a basis for the anticipation.
The purpose of this study was to investigate the processing of relevant retrieval cues to gain
insight into the anticipation process.

Only a few studies describe theory-based structures of cue characteristics, if so, focusing on
hazard perception relating the stimuli to upcoming hazards (Crundall et al., 2012) or their valid-
ity (Lee & Sheppard, 2016). We proposed a new characterization of retrieval cues to investigate
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the anticipation of future behavior of relevant road users that can be related to situation com-
prehension processes. These retrieval cues represent situational characteristics that provide 1)
a reason for a behavioral change of a target that has to be anticipated (causal cue), 2) infor-
mation linked to the intention of the target (target cue), and 3) additional contextual information
when associated with the causal cue to be unambiguously interpreted (context cue). Applied
to an urban lane change scenario, these selected retrieval cues were implemented as a road
blockade (causal cue: bus at a bus stop, parked cars, construction site), which forced a lane
change of another vehicle ahead. The activation of the indicator related to the target’s behav-
ioral intention (target cue) and a warning sign of the upcoming road narrowing was an indication
of the structural change that made an adjustment of behavior necessary (context cue). The
processing of these retrieval cues requires cognitive capacities. Studies have already shown
that increased working memory load decreases the ability to anticipate (Baumann et al., 2008;
Muhrer & Vollrath, 2011). In these studies, the secondary tasks interfered with updating the
working memory content, which led to impaired processing of the retrieval cues. We assumed
that context cues were more strongly affected by the higher cognitive load as their integration
process could require more cognitive resources than causal and target cues.

We set up a video-based experiment using urban animated lane change scenarios from a
driver’s perspective to investigate the effect of retrieval cues and cognitive load in the antici-
pation process. The aspect of uncertainty was integrated into a response schemata inspired by
the hazard perception measurement. However, instead of only receiving one response when
a hazard is detected, a two-step response paradigm offered insights into the development of
anticipation by capturing the certainty related to anticipation. Participants were asked to press a
button when the initial intuition that a car ahead might merge into their lane was developed (low
certainty anticipation) and when they were confident about this prediction of future action (high
certainty anticipation). In addition, subjective confidence about the anticipation assessment,
subjective workload rating, and qualitative feedback regarding the reason for an assumption of
anticipation were assessed.

The sample consisted of 42 participants, each of whom watched 48 lane change scenarios
presented in two parts, combined with either low or high cognitive load implemented by an
acoustic 1-back or 2-back memory updating task. Each scenario contained single or combined
retrieval cues (causal, target, or context cues). Thus, a within-subjects design was applied.

The causal cue noticeably increased the chance of low and high certainty anticipatory re-
sponses. Analyses revealed an effect of cognitive load for low, but not for high certainty an-
ticipation. Less anticipatory responses were made, and responses were slower in the high
cognitive load condition. In contrast, target cues did not affect low but high certainty anticipatory
responses. They increased the chance of anticipation and raised subjective confidence ratings.
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The advantage of earlier cue onset of context compared to target cues worked out only in the
low but not in the cognitive load condition. Anticipatory latencies were smaller with compared to
without context cues when participants were not cognitively high loaded.

Overall, study I showed that using the two-step response method is appropriate to study the
process of anticipation since factors such as cognitive load have a more substantial influence
at the beginning of anticipation development. A subdivision of causal, target, and context cues
seems pertinent since their processing and integration affected the anticipation differently.
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7.2 Study II: Driving with Foresight – Evaluating the Effect of

Cognitive Distraction and Experience on Anticipating

Events in Traffic

Mühl, K., Koob, V., Stoll, T., & Baumann, M. (2019). Driving with foresight – evaluating
the effect of cognitive distraction and experience on anticipating events in traffic. 10th In-
ternational Driving Symposium on Human Factors in Driver Assessment, Training, and Ve-
hicle Design, 321–327. https://drivingassessment.uiowa.edu/sites/drivingassessment.uiowa.edu/files/
da2019_50_muehl_stoll_final_0.pdf

Since the anticipation process is strongly influenced by prior knowledge and experience (Crun-
dall et al., 2012; Jackson et al., 2009; Stahl et al., 2014), we aimed at investigating their influence
on the processing of retrieval cues in dynamic traffic situations. Studies on hazard perception re-
vealed that experienced drivers were faster in anticipating hazards (Crundall et al., 2012; Patten
et al., 2006) and made more correct predictions compared to inexperienced drivers (Jackson
et al., 2009). This finding can be explained by the fact that experienced drivers are more of-
ten confronted with specific traffic situations and therefore have a more extensive knowledge
network and elaborated mental models. They enable efficient information retrieval for develop-
ing adequate mental representations as the basis for anticipation (Durso et al., 2018; Endsley,
1995).

Following the methodology of study I (Mühl, Stoll, et al., 2020), we investigated the effect of
retrieval cues, cognitive load and, additionally, experience on anticipation. Paramedics who
are familiar with driving ambulances under stressful and difficult circumstances were chosen as
highly experienced drivers (n = 11). They are assumed to have highly developed anticipation
skills compared to a student sample of nearly the same age with lower annual mileage who were
selected as inexperienced drivers (n = 26). A mixed design was applied with cognitive load,
context cue, and target cue as within variables, and experience as a between-group variable.

Experience and cognitive load did not affect the response chance of anticipation. In accordance
with study I (Mühl, Stoll, et al., 2020), target cues significantly increased the likelihood of high
certainty anticipation. With regard to response latencies, all participants were about one sec-
ond faster under low compared to high cognitive load for low certainty anticipation. Moreover,
experienced drivers were by trend faster than inexperienced ones in providing low certainty an-
ticipatory responses. Retrieval cues were not observed to affect anticipatory latencies, only in
combination with all other factors in low certainty anticipation.
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Despite the relatively small sample, evidence was found that experience influences the process-
ing of anticipation in addition to cognitive demand. Retrieval cues tend to influence the outcome
of anticipation, whereas other factors such as cognitive load or experience influence the process
itself.
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7.3 Study III: Reducing Uncertainty by Anticipation in Traffic

– the Effect of Situational Characteristics and Criticality

on Behavioral, Subjective, and Psychophysiological

Parameters

Mühl, K., Vogt, A., & Baumann, M. (2020). Reducing uncertainty by anticipation in traffic – the effect of situational
characteristics and criticality on behavioral, subjective, and psychophysiological parameters. Transportation
Research Part F: Traffic Psychology and Behaviour, 75, 173–186. https://doi.org/10.1016/j.trf.2020.10.004

Anticipation and uncertainty can be linked. Sources of uncertainty, such as insufficient under-
standing or incomplete information (Lipshitz & Strauss, 1997), might diminish with an adequate
situation model that is referred to be the basis of anticipation (Endsley, 1995).

Uncertainty can be associated with stress and raise psychophysiological activity (FeldmanHall
et al., 2016; Keller et al., 2020). The anticipation of an accident can also trigger stress and
lead to increased psychophysiological activity (Ba et al., 2016; Kinnear et al., 2013; Tagliabue
& Sarlo, 2015). However, this increased arousal also decreases when the uncertainty is lower,
for example because a situation is experienced repeatedly (Tagliabue & Sarlo, 2015). We as-
sumed that retrieval cues might render the situation as recognizable as if it had already been
experienced.

Therefore, in study III, we focused on uncertainty reduction by anticipation in dynamic traffic
situations. Besides performance and subjective data, we also included psychophysiological
measurements. Such a multimethod approach is the basis for the integrated investigation of
retrieval cues in relation to anticipation and uncertainty and creates a more comprehensive
insight into associated processes.

Since the previous studies I & II (Mühl, Koob, et al., 2019; Mühl, Stoll, et al., 2020) already ex-
amined the effect of cognitive load on anticipation, we aspired to investigate further influencing
factors offering insights into the processing of anticipatory retrieval cues. Therefore, we ma-
nipulated the criticality of the situation, which can be reduced in real traffic by anticipating and
adapting the behavior accordingly. However, a higher degree of criticality of the situation might
increase uncertainty and impair the process of anticipation.

A video-based lane change experiment was set up to investigate retrieval cues and the criticality
of the situation. Participants had to anticipate whether the target vehicle ahead would merge
into their lane using a two-step response paradigm indicating low and high certainty anticipation
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in accordance with prior studies (Mühl, Koob, et al., 2019; Mühl, Stoll, et al., 2020). Skin con-
ductance was gathered as objective, perceived criticality and confidence rating as the subjective
measures. Causal, target and context cues were implemented as in study I & II (Mühl, Koob,
et al., 2019; Mühl, Stoll, et al., 2020). The criticality of the situation was manipulated by time to
collision (TTC) and speed, implying a decrease in TTC and an increase in speed leading to high
criticality.

Analyses were based on 27 participants who performed each condition twice in two separate
experimental sessions to ensure data reliability. In accordance with studies I & II (Mühl, Koob,
et al., 2019; Mühl, Stoll, et al., 2020), target cues increased the chance of high certainty an-
ticipatory responses. When they were absent, subjective confidence diminished and perceived
criticality increased in highly critical situations. These findings are also reflected in the psy-
chophysiological activity, having higher arousal in more critical situations, which was reduced,
when target cues were displayed.

In summary, when people anticipate and feel confident about this assumption (especially with
a target cue), they estimate the perceived criticality lower and show less arousal indicated by
reduced skin conductance. This effect occurs, especially in critical situations. This finding con-
tradicts other research, which observed increased physiological activity when people anticipate
upcoming crashes (Ba et al., 2016; Kinnear et al., 2013). Several reasons for this discrepancy
were outlined, including the impact of less frequent and frequently experienced events in traffic
on anticipation and psychophysiological measures.
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7.4 Study IV: From Anticipation to Behavioral Intention:

Insights into Human Processing of Multiple Retrieval

Cues in Road Traffic.

Mühl, K., Lanzer, M., Bollenbach, G., Aepfelbacher, M., & Baumann, M. (2021). From anticipation to behavioral
intention: Insights into human processing of multiple retrieval cues in road traffic. Transportation Research
Part F: Traffic Psychology and Behaviour, 83, 252–265. https://doi.org/10.1016/j.trf.2021.10.009

Anticipation is the basis for decision-making and action selection (Endsley, 1995). In this study,
we captured not only the anticipation but also the behavioral intention, allowing us to investigate
their relationship based on the processing of retrieval cues. Compared to previous studies, these
cues did not only offer compatible information but could also contradicted each other. So far,
we investigated anticipatory retrieval cues in a lane change paradigm where a lane change was
unavoidable if the vehicle wanted to continue its journey (Mühl, Koob, et al., 2019; Mühl, Stoll,
et al., 2020; Mühl, Vogt, et al., 2020). The issue was not whether the vehicle would change lanes
but rather when the vehicle would change lanes, before or after the own car. Accordingly, the
scope of to be anticipated actions was limited. In addition, only compatible information could be
investigated. However, conflicting information also exists in the real world, leading to uncertainty
(Endsley & Jones, 2012). Therefore, one goal of this video-based experimental study was to
investigate the effect of cue compatibility and consistency of response patterns, thereby gaining
more insights into the processing of retrieval cues.

In study IV, the lane-change scenario was extended by creating the possibility of merging into
another lane or turning into a sideroad if the own lane is blocked. The retrieval cues were
varied to either support or oppose a lane change or turn. The causal cue manipulated by
a road blockage was varied by showing two different scenarios: 1) a construction site as a
temporary road restriction favoring a lane change (causal cue pro), 2) a structural end as a
permanent solution favoring a turn (causal cue contra). Based on previous research, we further
differentiated target and context cues. An indicator was used as the target cue, which flashed
either left or right or was absent to indicate either a lane change (pro) or a turn (contra) or
offered no indication (neutral). A context cue, which promotes a lane change (pro), was a
sign that shows that the street is a dead-end or a traffic-calmed area, thus reducing the basic
probability of entering. Direction arrows on the road were implemented to increase the likelihood
of a turn (contra) since the target vehicle is currently on the turn-by-turn lane. Cases without
any additional contextual cues were framed as neutral. All possible cue combinations were
created, resulting in 18 videos, allowing for conflicting stimulus pairs. Accordingly, a within-
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subjects design was applied with anticipatory cues (causal, target, context cues) and specific
orientation (pro/contra; neutral only for target and context cues).

In this study, 38 participants completed two parts with the same scenarios: In the first part, they
were asked to anticipate whether a vehicle ahead would enter into their lane or turn onto another
road by giving low and high certainty anticipatory responses. As an enhancement of studies I
to III, an extended two-step response method with a four-button option was applied to enable
low and high certainty anticipation of both courses of future action. In the second part, the
participants’ behavioral intention was measured by selecting one of three buttons: decelerating,
accelerating, or maintaining speed.

As in previous studies (Mühl, Stoll, et al., 2020; Stoll et al., 2021), the analyses indicated a
decisive influence of the causal cue. Consistent with the assumptions made, specific orientation
guided initial anticipation (low certainty), which in most cases corresponded to high certainty an-
ticipation, even when additional incompatible target or context cues were present. Compatible
compared with incompatible multiple retrieval cues showed a higher probability of consistency
in anticipatory response patterns (the assumption of lane change or turn for both - low and high
certainty anticipation). In addition, consistent compared to inconsistent response processes
were associated with higher subjective confidence and, in certain cases, lower perceived criti-
cality.

Summing up, a priori expectations guide the anticipation process. People usually stick to their
first intuition. Depending on specific retrieval cues, in particular target cues, these assumptions
are updated.

Furthermore, we observed a close relationship between the anticipation of the behavior of the
target vehicle and one’s intended behavior. In particular, when a lane change was anticipated,
the intention to brake followed; when a turn was anticipated, maintaining speed was the pre-
ferred behavior. However, it is not yet evident and further discussed in this study whether antici-
pation must be generated first or whether one’s behavior is automatically activated in the same
mental representation.
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8 General Discussion and Implications

A series of coherent and complementary findings were observed in the studies of this thesis.
A summary of the key findings is given first, relating to the research objectives of this thesis.
Theoretical implications regarding the retrieval cue characterization and comprehension and
anticipation process are then discussed. Furthermore, practical implications are outlined, which
discuss the use of the findings gained in this thesis with respect to their applicability for driver
training, driving assistance systems and automated driving. Limitations of this research com-
bined with future research potential are outlined. Finally, an overall conclusion is given.

8.1 Key Findings Referring to the Research Objectives

8.1.1 Objective I - Methodological Approach

Objective I aimed at developing a methodological approach to investigate the processing of
retrieval cues in terms of anticipation. In measuring the anticipation process, the goal was to
record more than just the outcome of anticipation. The process of understanding and thus an-
ticipation is cyclical, and further information is specifically sought to verify one’s perceptions and
assumptions (Endsley, 2015). A two-step response approach was designed to record substan-
tial changes in the process as a function of individual and situational factors. The initiation of
the anticipation process, which is subject to low certainty, should be identifiable, along with the
point at which the anticipation is made with high certainty.

Findings have shown that the absence of a high certainty anticipatory response was also associ-
ated with a low subjective confidence rating (Mühl, Vogt, et al., 2020). Accordingly, this two-step
response measure is closely related to subjective confidence in anticipation, which can be de-
scribed as the metacognitive level of situation awareness (Endsley, 2020). It is a complementary
method to previous ones (see chapter 6.1 for further details), allowing the linked assessment of
subjective confidence and anticipatory response data. Further, this method reveals the influence
of individual and situational factors on the anticipation process. It could be shown that individual
factors, such as experience and cognitive load, have an effect, especially at the beginning of the
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anticipation process, when the certainty of anticipation is low (Mühl, Koob, et al., 2019; Mühl,
Stoll, et al., 2020). The situational factor criticality affected the anticipation process more likely
in the high certainty anticipation (Mühl, Vogt, et al., 2020). In this case, just as with the retrieval
cues, it was the perceptible onset that mattered.

The participants could generally deal adequately with the two-step, two-button and the more
complex four-button response options. No problems were encountered during data collection.
Only single data sets had to be excluded when analyses revealed that just one of the two or four
buttons was used in the entire experiment, probably caused by a lack of understanding.

Summing up, the two-step response method proved valuable in gaining insights into processes
affecting anticipation. It can be adapted to meet the challenges of larger scopes of action when
different future behaviors can be anticipated. Using a four-button instead of a two-button re-
sponse option provided in-depth insights into two alternative courses of action.

As an adapted and extended method of the hazard perception approach, it might offer the
potential for application in hazard perception research as it addresses the related confidence
level of perceiving or anticipating an event.

8.1.2 Objective II – Retrieval Cues

Objective II aimed at evaluating the effect of different situational characteristics and related
retrieval cues in the anticipation process following the proposed assumptions of the retrieval cue
characterization. The retrieval cue characterization distinguishes between causal, target and
context cues, addressing the different cognitive processing qualities. The results of the studies
conducted in this thesis were consistent with the assumptions about the effects of retrieval cues
(see chapter 4.3). The decisive factor for the development of anticipation is the cue related to
a reason for a change in behavior, i.e., causal cues. Their occurrence increased the probability
and confidence that a change in the behavior of a relevant target is anticipated (Mühl, Stoll,
et al., 2020; Mühl, Vogt, et al., 2020). Causal cues have often not been designated or clearly
defined as the basis for anticipation in previous research.

Target cues highly raised the chance of anticipation and increased subjective confidence, as
shown in all studies of this thesis. Even when no causal cue was present, the target cue alone
triggered anticipation, but significantly less frequently and with lower confidence scores than the
combination of causal cue and target cue (Mühl, Stoll, et al., 2020; Mühl, Vogt, et al., 2020).
When target cues lead to anticipation, they reduce uncertainty and thus stress, as reduced skin
conductance amplitudes were observed (Mühl, Vogt, et al., 2020). Consequently, retrieval cues
that trigger anticipation also influence psychophysiological processes. The context cue effect
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depended strongly on the implementation and information content. If context cues mirrored
information that was already visible, such as the reference to a construction site by a sign, they
had no or only a minor influence (Mühl, Koob, et al., 2019; Mühl, Stoll, et al., 2020; Mühl, Vogt,
et al., 2020). Without a causal cue, the probability of high certainty anticipation caused only by
a context cue was very low (Mühl, Stoll, et al., 2020; Mühl, Vogt, et al., 2020). This supports the
need to link the context to the causal reference.

If context cues provided additional information, e.g., turn arrows on the lane, indicating the
enlargement of the scope of action, they significantly affected the anticipatory response (Mühl
et al., 2021). However, their influence was smaller than those of the target cue. This finding
needs to be integrated into the cue characterization and is explicitly addressed in chapter 8.2.2.

The interaction of multiple retrieval cues was explicitly considered. The compatible and not
contradictory combination of causal, target and context cues revealed the highest confidence
scores related to the anticipatory response (Mühl, Stoll, et al., 2020). Incompatible cues were
only examined in study IV (Mühl et al., 2021). The target cue was a dominant influence, even
when the causal or context cue was more likely to trigger the opposite behavior. The low and
high certainty anticipatory response were predominantly consistent, only affected by an incom-
patible target cue. However, the results showed that incompatible cue combinations were more
likely to lead to inconsistent anticipatory responses and were associated with lower subjective
confidence scores (Mühl et al., 2021). These results indicate that anticipation develops as a
function of retrieval cues and that behavioral relevance and contingency are crucial. However,
the compatibility of stimuli influences subjective confidence.

Moreover, the time of cue appearance is decisive for the anticipation process. Depending on
when target and context cues were presented, the occurrence of the low and high certainty
anticipation was influenced (Mühl, Stoll, et al., 2020).

8.1.3 Objective III - Individual Factors

Objective III aimed at exploring individual factors, especially experience and cognitive load,
influencing the processing of situational characteristics and related retrieval cues in terms of an-
ticipation. Insights into specific retrieval cue processing were possible by investigating individual
factors like experience and cognitive load. Previous research showed that experience positively
influences the comprehension of situations and anticipation (Durso et al., 2018; Endsley, 1995).
To evaluate the effect of retrieval cues in relation to experience, a remarkably experienced group
was selected with ambulance drivers in study II (Mühl, Koob, et al., 2019), in line with previous
research recommendations (Robbins & Chapman, 2019). Students with little driving experience
were selected as a group for direct comparison. Findings revealed that experienced drivers
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showed low certainty anticipation more quickly by trend (Mühl, Koob, et al., 2019). Accordingly,
in line with prior research, experienced drivers were more likely to know what was coming and
were better able to adapt to the situation and prepare for upcoming changes (Durso et al., 2018;
Stahl et al., 2014). Moreover, experienced drivers tended to show high certainty anticipatory
responses faster than inexperienced drivers when the cognitive load was high compared to low
(Mühl, Koob, et al., 2019). This finding suggests that experienced drivers can retrieve knowledge
from comprehensive retrieval structures more easily and indicate less uncertainty. However, no
effect of experience was found on the processing of specific retrieval cues (Mühl, Koob, et al.,
2019).

Further, effects of cognitive load were predominantly observed in the latencies of low certainty
anticipatory responses. Regardless of experience, high cognitive load slowed low certainty
anticipation (Mühl, Koob, et al., 2019; Mühl, Stoll, et al., 2020) in accordance with previous re-
search (Kass et al., 2007). Thus, despite significantly better retrieval structures, the anticipation
of experienced drivers is also affected by cognitive load (Mühl, Koob, et al., 2019).

Overall, experience and cognitive load influence the anticipation process, especially in the initial
anticipation phase (low certainty anticipation). In this phase, the retrieval from the knowledge
structures takes place, which can occur more easily and quickly through experience and is
limited in its capacity by cognitive load (Durso et al., 2018; Durso & Gronlund, 1999).

Another influencing factor that has been investigated in this thesis is situational criticality (Mühl,
Vogt, et al., 2020). It is not an individual factor but might affect individual states like stress
or cognitive load. Situational criticality was implemented in study III by increased velocity and
shorter time to collision. It did not affect the retrieval cue processing in low certainty anticipation
(Mühl, Vogt, et al., 2020). However, situational criticality probably only became effective at the
end of the scenario, when the target vehicle became relevant due to the small distance. In
accordance, higher situational criticality resulted in less high certainty anticipatory responses in
the absence of target cues (Mühl, Vogt, et al., 2020). Thus, more critical situations increased
uncertainty, which may have caused higher stress or cognitive load (Coutinho et al., 2015) and
thus might impair cognitive processing (Keller et al., 2020). However, specific retrieval cues,
such as target cues, could eliminate this effect (Mühl, Vogt, et al., 2020).

8.1.4 Objective IV – Anticipation and Behavioral Intention

Objective IV aimed at examining the relationship between anticipation and behavioral intention
with respect to situational characteristics and related retrieval cues. The close link between
anticipation and behavior in road traffic is facilitated by the structural design of the environment
and traffic rules. Other road users, specifically other vehicles, are bound to these restrictions
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and only show a specific behavior repertoire. Vehicles can decelerate, accelerate, or drive
at a constant speed and change lanes, turn or divert depending on the given road structure.
This list does not claim to be exhaustive but is only intended to show by way of example that
there does not exist an infinite number of behavioral options. Due to prior knowledge, adequate
behavioral adaptation is often automatically activated when anticipating the behavior of other
road users (Baumann & Krems, 2007; Bellet et al., 2009). In the specific lane change scenarios,
comparable patterns of behavioral anticipations and intentions triggered by retrieval cues were
observed (Mühl et al., 2021). If a lane change was expected with high certainty anticipation,
the intention to decelerate followed accordingly by most participants to allow the vehicle to enter
safely and with the necessary distance. If it was anticipated that the vehicle would turn with high
certainty anticipation, the probability of maintaining the speed or even accelerating was highest.
Thus, strong predictors exist for specific behaviors.

Target cues, in particular, were effective predictors. This finding is consistent with the results of
prior studies (Ba et al., 2015; Stoll et al., 2021), e. g., on cooperative driving, where anticipation
is a prerequisite. If these cues were not present, the subjective confidence was reduced and the
behavioral intention depended strongly on the causal cue. It can be inferred that a retrieval cue,
which is closely associated with an explicit behavior, might also strongly influence one’s behav-
ioral intention. In most cases, behavioral intentions, comparable to high certainty anticipations,
were initiated after the target or context cues became visible (Mühl et al., 2021). However, the
study does not allow a conclusion of whether high certainty anticipation must first be present to
develop a behavioral intention or whether this coincides, as related knowledge is automatically
activated (Baumann & Krems, 2007).

8.2 Theoretical Implications

Theoretical implications regarding the comprehension and anticipation process with respect to
previously described models and frameworks (see chapter 3) are discussed. In particular, the
crucial influence of retrieval cues is highlighted. The proposed retrieval cue characterization is
revised and extended.

8.2.1 Comprehension & Anticipation Process

From the perspective of cognitive psychology, the anticipation process was investigated in this
thesis, theoretically grounded on knowledge retrieval and situation comprehension approaches
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(Baumann & Krems, 2007; Durso et al., 2007). Based on the specifically derived situation mod-
els, drivers are able to understand and anticipate dynamic situations (Endsley, 1995). In this
context, it is hardly possible to clearly distinguish the concept of anticipation from mere under-
standing with respect to the cognitive processes in typical driving situations. In particular, the
processes involved in executing driving maneuvers on a tactical level are assumed to be highly
learned, and the associated knowledge might be easily retrievable and highly linked. There
should be no need for detailed deliberation and conscious planning of actions, so understand-
ing and anticipation usually coincide. For practical purposes, it is not necessary to distinguish
between these two cognitive processes since both understanding and anticipation are essential
for safe driving.

The crucial influence of specific situational characteristics on the retrieval and activation of prior
knowledge in situation comprehension was highlighted. Their relevance was demonstrated in
the studies of this thesis. Based on the study findings, more and less effective retrieval cue
characteristics could be distinguished in the anticipation process. It is assumed that this is highly
related to the activation strength. Thus, the cue characterization might represent an extension
of the situation comprehension approach and will be addressed and revised in the following
chapter 8.2.2.

The situation comprehension approach (Baumann & Krems, 2007; Durso et al., 2007), how-
ever, does not explicitly address the aspect of confidence as a metacognitive and moderating
variable. It can be assumed that a subjective feeling of confidence about the perceived infor-
mation or the resulting anticipation is possibly related to the activation strength of knowledge
units. This can be observed, for example, in the incompatible cue combinations that reduced
confidence in anticipation (Mühl et al., 2021). Thus, it might indirectly be part of the situation
comprehension approach without receiving much attention so far. Several studies have empha-
sized that attention to confidence in situation awareness is a kind of metacognitive process that
also affects information processing (Endsley, 2020).

It is important to note that uncertainty and related confidence are not reflected as a purely cogni-
tive process but are often also perceived as a feeling. Studies proposed that somatic processes
related to feelings in terms of increased arousal play a role in the anticipation process (Kinnear
et al., 2013). Study III also observed psychophysiological processes associated with antici-
pation as a function of the retrieval cues presented (Mühl, Vogt, et al., 2020). These insights
and findings show that anticipation is a highly complex human process. In order to deepen the
knowledge of this process, a systematic characterization of retrieval cues was developed and
investigated in this thesis.
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8.2.2 Retrieval Cue Characterization

This thesis focuses on retrieval cues as a crucial basis for anticipation. Only if the relevant
characteristics in the situation are perceived, retrieval cues can access information from long-
term memory, necessary for developing a situation model (Endsley, 1995). More knowledge
about these cues and their mechanisms is useful, on the one hand, to better understand the
overall process of situation comprehension and anticipation. In particular, the influence and
effect of situational characteristics and related retrieval cues and their interaction can be better
predicted and reproduced, also considering influencing situational and individual factors. On
the other hand, practical interventions can be derived to support people in this process, as
described in chapter 8.3.

Some characterizations or subdivisions of cues and hazards have been made, as described
extensively in chapter 4.2. A characterization of retrieval cues in anticipation was proposed in
this thesis since there has been no general systematic and theory-based view on distinctive
single and multiple situational characteristics in traffic with specific assumptions of processing
quality in anticipation. As described in chapter 4.3, coherence and perceived causality, spatial
proximity, and contingency of situational characteristics were decisive for the retrieval cue char-
acterization. It should be emphasized here that the anticipation process is more than a purely
statistically learned pattern since inference processes are undertaken on the basis of causal re-
lationships (Mühl, Stoll, et al., 2020). Accordingly, causal, target and context cues were defined
and empirically evaluated.

Critical points and ideas for supplementation have arisen through the examination and use of
the retrieval cue characterization within the context of the studies. An extension of the retrieval
cue characterization is described below and shown in Table 3.

The influence of context cues, which provide additional information about the structure of the
environment or the scope of action, was rather low in the studies. However, Study IV indicated
a difference in effect and influence depending on the operationalization. A closer look revealed
that a context cue that directly influences the scope of action has a more substantial impact on
anticipation than a context cue that indicates a reduced scope of action. The latter is partially
redundant to the causal cue but can be beneficial when the cue appears early in the scenario
to draw attention to crucial elements. Therefore, an extension of the previous assumptions is
necessary.

In addition to the present context cue, which provides a hint to the scope of action in relation
to the causal cue, I suggest a so-called structural cue. It allows for a change in the scope
of action even though this cue is not deterministic, in contrast to the causal cue. This means
that anticipation of the behavior change based on the structural cue is less likely than with
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Table 3
Overview of the revised retrieval cue characterization
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EXEMPLARY
OPERATIONALIZATIONS

DYNAMICSTATIC

a blockade of the other target 
vehicle's lane

e.g., 
construction 
site

e.g., truck

This cue represents a reason for an 
unavoidable future change in the 
behavior of a target. Creating causal 
connections is an essential 
dimension in understanding 
situations (Durso et al., 2007).

DESCRIPTIONS &
COGNITIVE PROCESSES

CA
U

SA
L 

CU
E This cue increased the 

probability of 
anticipation (up to 70%; 
Mühl et al., 2019; Mühl, 
Stoll, et al., 2020; Mühl, 
Vogt, et al., 2020).

EFFECTS ON 
ANTICIPATION

findings from Study 1 – 4

e.g., an 
activated 
indicator

e.g., 
acceleration of 
the target 
vehicle

This cue has a high contingency with 
the target's behavior and facilitates 
the assignment of cue and target due 
to the spatial proximity. 
This cue is a frequently occurring 
event, which means that the link 
between this event and the 
associated behavior is quickly 
accessible, thus, few cognitive 
resources are required.

This cue increased 
probabilities of 
anticipation, reduced 
anticipatory latencies 
(Mühl, Stoll, et al., 2020), 
and increased subjective 
certainty accompanied by 
lowered 
psychophysiological 
activation (Mühl, Vogt, et 
al., 2020).

characteristic of the target 
vehicle

This cue offers additional contextual 
information but needs to be related 
to the causal cue to be interpreted 
unambiguously and to become a 
meaningful retrieval cue. It requires 
more inferences, therefore, more 
cognitive resources.

contextual note

e.g., a warning sign 
indicating a road 
narrow

structural change that 
determines the route

e.g., a road sign 
indicating a 
turning road

This cue relates to the environmental 
structure and offers information 
about the route. In contrast to the 
causal cue, however, the relationship 
is not deterministic, i.e. there is still 
some room for maneuver. The 
situation must be carefully observed 
and understood in order to use this 
cue.

This cue was shown to be 
less effective when 
peoples' working memory 
was strained with regard 
to anticipatory latencies 
but had no effect on the 
anticipation of lane 
change (Mühl, Stoll, et al., 
2020).

This cue increased the 
probability of 
anticipation (Mühl et al., 
2021).

Note. The table is adapted and extended from Mühl et al., 2021, p. 253

the causal cue. The situation must be carefully observed and understood in order to use this
retrieval cue. An example here are arrows displaying a turning lane. An overview of the refined
characterization is given in Table 3.
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Further, it also became clear that the timing of the occurrence of the situational characteristics is
crucial. In studies I to III, the context cue always occurred before the target cue, in accordance
with an exemplary structure of realistic road events. This, of course, influenced the anticipation
process. Anticipations with low certainty were correspondingly more likely to occur earlier with
causal and context cues, which also shortened the overall anticipation process in time under low
cognitive load conditions (Mühl, Stoll, et al., 2020). However, this did not influence the outcome
of the anticipation process in the context of the current studies. Overall, however, the temporal
aspect should be taken into account since the criticality of the situation might also be influenced
by the time at which a cue becomes visible and can be processed.

The characterization described so far has an evident weakness in that dynamic features have
not been described or explicitly addressed in the depiction and the studies of this thesis. Dy-
namics add to the complexity of the scenarios but can also provide additional or more precise
information facilitating the anticipation process (Lee & Sheppard, 2016). Of course, dynamic
elements were also included since these were dynamic video scenarios. However, their move-
ments were kept as constant as possible, i.e., no braking or acceleration of the target vehicle
was noticeable.

It is unlikely that the process of anticipation based on retrieval cues is fundamentally altered
by dynamic cues. The dynamics or combination of static and dynamic elements may create
new situational characteristics that act as retrieval cues. Further research is needed to evaluate
possible influences on the anticipation process.

Based on this assumption, the cue characterization was extended by distinguishing between
dynamic and static examples of cues (see Table 3). This extension can be justified by applying
example scenarios from other studies related to anticipation (see Table A in the Appendix).
However, the distinctiveness and usefulness of the subdivision of dynamic and static elements
as retrieval cues still need to be investigated.

In general, the use of the characterization should be transferable to various scenarios in road
traffic, as described in chapter 4.3, but was only tested in the context of the anticipation of lane
change and turning scenarios. Accordingly, further optimization of the resigned retrieval cue
characterization in the context of advanced studies is desirable.

8.3 Practical Implications

The practical implications of the prior discussed findings of this thesis are addressed below. It
focuses on how drivers can be supported by training or assistance systems. Furthermore, in-
sights are given into possible applications in automated driving where the human hands over
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control and is more of a passenger than a driver. This aspect is addressed here because it has
also been of particular interest during my Ph.D. I was involved in various projects and publica-
tions on human-machine interfaces in automated driving and strive to combine both research
fields, taking this as a first step. The ideas presented in the following have not been explored in
the context of this thesis’ studies but may provide a feasible basis for future investigations.

8.3.1 Supporting Anticipation in Traffic by Training

The promotion of anticipation to increase safety in driving is already being pursued in many
research projects and practical interventions. Various training concepts address hazard antic-
ipation, i.e., the early prediction of possible future events in traffic. In some countries, hazard
perception training is part of driver education and examination (e. g., Australia: SmartDrive;
USA: RAPT, Road AwareTM, SuperRAPT, EDTS, V-RAPT; New Zealand: eDrive; Netherlands:
SimRAPT, for an overview, see Hilz, 2021). Various studies have shown a positive transfer of
training into real traffic (Pradhan et al., 2009; Taylor et al., 2011). Furthermore, a reduction in
the number of accidents was observed after introducing the training programs (Thomas et al.,
2016).

These programs are based on different didactic concepts, but all impart knowledge and, to a
lesser extent, experience of hazardous situations in road traffic, sometimes with explicit expla-
nations by experts, feedback-based error training, and interactive exercises (Horswill, 2016b).
The focus is also directed to relevant dangerous points, and thus, optimized visual behavior is
achieved. In this way, these training programs can contribute to developing elaborated mental
models in traffic, which are crucial for recognizing the critical cues in real traffic and anticipating.
The knowledge about systematic links of retrieval cues could be a very good addition here.

Based on the results of the studies in this thesis, the following general recommendations can be
derived without referring to specific training programs. It might be useful to relate hazards to sit-
uational characteristics in accordance with the retrieval cue characterization of existing training.
This knowledge could provide new insights for the further development of training. For example,
a stronger focus on hazardous situations where no target cue occurs could be of particular in-
terest. Increased attention and thus greater activation of structural and context cues in relation
to causal cues could lead to an overall improvement in comprehension and anticipation perfor-
mance. Furthermore, particularly addressing confidence as part of the dynamic comprehension
and anticipation processes in traffic situations might also be promising. Novice drivers can be
supported by teaching them specific strategies for dealing with uncertainty on the road. In gen-
eral, this can create a better awareness of one’s own driving ability and the risks experienced.
Especially young drivers might benefit from these strategies aimed at increasing road safety.
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8.3.2 Applications for Supported and Automated Driving

In automated driving, a distinction is made between levels 0 to 5 (SAE, 2016). As the level
increases, the vehicle takes over more driving tasks and the human turns into a passive pas-
senger. Up to level 2, one refers to driver support features, and beyond that to automated
driving features. The tasks and role of the driver change accordingly, with anticipation still a cru-
cial factor to be addressed in automation (Grahn et al., 2020). There exist systems that support
anticipation by indicating hazards. Thus, perceptual ability increases by directing attention to
specific situational elements in an attentional display, which benefits novice drivers in particular
(Stahl et al., 2016). Correct perception can also be supported by giving people more time to
explore their surroundings. According to this principle, a system that actively intervened in the
driving process by automatically braking in advance at crucial points in a public road experiment
proved effective with older and inexperienced drivers (Saito et al., 2021).

Moreover, interpretational displays were proposed giving concrete hints about a possible future
course of events (Stahl et al., 2016). They were developed to contribute to the comprehension
of the situation. However, compared to the attention display, drivers did not benefit from this ad-
ditional information. Instead, the distribution of attention indicated distraction (Stahl et al., 2016),
probably resulting from too much text, thus, improper design. Therefore, it might be crucial for
a lean and usable support system to specifically emphasize the causal cue so that relevant,
coherent knowledge is automatically activated, allowing an interpretation of the situation. In ad-
dition, retrieval cues to be processed together could be linked visually. Highlighting the causal
and context cue together might improve cue processing, especially in highly complex situations.

In the context of automated driving, one also refers to anticipatory displays, which are more
concerned with the system’s transparency, as they provide indications of an impending take-
over request (Johns et al., 2018). However, more is needed to guarantee a high level of driving
safety after the take-over to the human driver. He and colleagues (He et al., 2021) showed that
additional situational context information is crucial in an anticipatory display. Here, the retrieval
cue characterization could be relevant to promote less activated cues in particular. However, it
might be essential to display the causal cue to support the triggering of the understanding and
anticipation process.

Augmented reality is one way to highlight cues specifically (Rusch et al., 2013). It is important
to note that this changes the allocation of attention and makes unaccentuated cues less likely
to be recognized (Eyraud et al., 2015). The cue characterization can be an important basis for
defining crucial situational characteristics that need to be emphasized. Moreover, the systems
should also be adaptively adjusted to individual influencing factors such as experience, cognitive
load or uncertainty by giving specific indications or emphasizing them more strongly depending
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on the condition. Especially under uncertainty, the representation of multiple coherent pieces
of information based on retrieval cues can be useful. This assumption requires detecting this
state via sensors or direct queries (the latter is less suitable for driving). Current automated
systems do not adequately address uncertainty (Grahn et al., 2020), indicating a need for further
research in this area.

In an intelligent system, it would also be conceivable for humans to have the opportunity to
strengthen their mental model through focused training (see 8.3.1). This could be done, for ex-
ample, in situations in which the driver cannot drive (e.g., when stuck in a traffic jam) or does
not has to drive (e.g., when the automated vehicle is in control of the driving task). Especially
if people drive less due to the increasing automation in the vehicle, training is also necessary
to build up an understanding of the situation, comparable to pilots (Casner & Hutchins, 2019).
Precisely because it is assumed that automated driving technologies cannot map complex com-
prehension and anticipation processes so far (Grahn et al., 2020), it is essential to continue to
involve the driver and present the information when a takeover must occur. Even at high lev-
els of automation, where the driver is more of a passenger, it can be useful to present specific
information showing what situational characteristics the vehicle recognizes. They can serve as
retrieval cues for the human and thus increase subjective confidence and perceived safety when
driving. Higher confidence could be beneficial when adapting automated vehicles, as studies
have shown that trust is lower when a vehicle is controlled by automation than by a human
(Mühl, Strauch, et al., 2019).

8.4 Limitations and Directions for Future Research

This thesis and included published research studies extend the knowledge regarding retrieval
cue processing in the context of anticipation in road traffic. Particularly in the section theoretical
implications, several content-related limitations referring to retrieval cues were pointed out, and
directions for future investigations were derived, such as examining the timing or the dynamics
of retrieval cues. The revised version of the cue characterization provides several opportunities
for investigation and starting points for future research. In general, subjective confidence and
its influence on anticipation deserve to be emphasized. Furthermore, some ideas for implemen-
tations to support and adapt systems to humans have already been discussed in the practical
implications section. They require further evaluation in the future.

Moreover, methodological aspects are addressed here for consideration in further research
leading to a more profound level of knowledge. These include the use of eye-tracking as an
objective process measure. The recognition of elements or cues, the distribution of attention,
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or even cognitive load can be recorded (Rosner et al., 2019). The benefit is to directly assess
and draw conclusions about the perceptual processing of the retrieval cues, not just indirectly
via performance measures. Furthermore, it is also possible to measure cognitive load objec-
tively, such as by pupillometry or microsaccades (Krejtz et al., 2018). However, to account for
the greater effort involved, eye-tracking should be considered from the start when specifying the
methodology to obtain valid and reliable results. Among other things, retrieval cues must be
separable from each other. Thus, it is ensured that the element is visually fixed and not only
perceived peripherally to enable unambiguous deductions.

The use of eye-tracking in the context of confidence concerning anticipation, corresponding to
a series of research studies on decision-making under uncertainty (Brunyé & Gardony, 2017;
J. Smith et al., 2018), can be a promising expansion. In general, a deeper investigation of an-
ticipation under uncertainty can provide extensive insights into comprehension and behavior.
As shown in the studies of this thesis, confidence as a metacognitive process relating to antic-
ipation is a valuable complement. Accordingly, it may be worthwhile to consider and integrate
profound research findings from decision-making into anticipation research. Future research
could also focus on cue compatibility in retrieval and anticipation processes in this context. A
more in-depth analysis of the effects of anticipation in connection with retrieval cues on behav-
ioral patterns would also be desirable for future research. In this work, the behavioral intention
was captured in a first study (Mühl et al., 2021), but no actual performance in traffic. In general,
studying retrieval cues in a more applied setting could help collect more valid data on behavior
and confirm the findings on anticipation as a function of retrieval cues.

A distinct limitation of the present studies is the rather homogeneous sample characteristics.
The survey mainly involved students who, on average, had a little driving experience and a
higher educational level. The inclusion of persons with more diverse expertise levels should
have been carried out at best in all studies since the processing of the retrieval cues is notably
influenced by experience (Mühl, Koob, et al., 2019). Thus, it is important to consider larger and
heterogeneous samples in the future, especially for the complex underlying statistical models.
Moreover, including other factors that influence the anticipation process, such as the cue uti-
lization approach (Sturman & Wiggins, 2021; Wiggins et al., 2015), can also provide additional
information about the process itself and individual differences as a basis for adaptive systems.
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8.5 Conclusion

The aim was to investigate the cognitive process of anticipation in dynamic situations using driv-
ing as an example in this thesis. The focus was on situational characteristics and related retrieval
cues, whose potential has hardly been considered or systematically investigated in previous re-
search. Knowledge of the influence of different retrieval cues on the process of comprehension
and anticipation can be the basis for supporting humans and can also provide ideas for devel-
opments in automated driving. The present work includes four peer-reviewed published studies
investigating the characterization of retrieval cues in the context of different individual factors.
Based on the findings of these studies, a revised characterization of retrieval cues is presented
and the corresponding potential for future research is discussed. In particular, the importance
of confidence in the context of anticipation is highlighted for research and development aiming
at contributing to the essence of good driving.
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Abstract: Understanding the intentions of other road users increases subjective certainty, improves one's own performance and
contributes to enhanced traffic safety. The perception and processing of situational characteristics are pivotal to develop an
appropriate situation model as the basis of anticipation in dynamic traffic situations. To gather further insights into the process of
situation comprehension, different situational characteristics were tested in a laboratory experiment using urban traffic
scenarios. Participants had to indicate, in a two-step reaction method, the initial supposition and certain anticipation of another
car merging into their own lane while being cognitively distracted (high versus low). Retrieval cues that enable the formation of
causal relations and the development of a coherent mental representation increased the probability of anticipation. Furthermore,
different situational characteristics were identified based on distinct underlying processing patterns. Cues that imply a close
relationship with the target's behaviour (target cues) are assumed to require fewer inferences. They were less affected by
increased cognitive load compared to other situational characteristics (context cues). These findings enhance the understanding
of human anticipation and are discussed regarding the methodological approach and the generalisation of the proposed
situational cues.

1 Introduction
‘I did not see that coming…’. Several reasons can explain such a
failure of anticipation, including temporary unawareness,
misinterpretation of perceived information due to a lack of
experience or missing perception of relevant situational
characteristics. Failing to anticipate important events can lead to
serious consequences in the context of traffic. Accordingly,
anticipation is one prerequisite for safe driving. However,
appropriate anticipations can only be generated and driving
performance adapted accordingly when people are aware of
surrounding traffic events and their behaviour. For instance,
expectations about future behaviour as a result of anticipation
increase the time and space for action [1, 2] and enable effective
positioning in traffic [3]. A deeper understanding of the processes
that underlie anticipation builds a basis for increased road safety by
improving driver training or assistance systems. Therefore, the
main goal of this study was to investigate the cognitive
mechanisms that underlie the anticipation of events in traffic.

Different theoretical approaches and models are linked to
anticipation. First, the concept of situation awareness by Endsley
[4] is well established in the context of driving [5]. It describes the
development of a dynamic situational representation based on three
levels: (i) perception of relevant information in the environment
that are (ii) integrated into a holistic picture with regards to prior
knowledge to achieve an understanding of the situation and (iii)
enable prediction of future changes in the environment [4].
Consequently, it is assumed that situation awareness builds an
essential basis for anticipation. However, neither this approach nor
cognitive models of situation comprehension (e.g. [6–8], see
Section 2) provide detailed insights into the cognitive mechanisms
that underlie anticipation in dynamic situations. Thus, there is a
lack of research on prediction ‘despite its critical importance’ [9, p.
93].

Another, more functional approach describes anticipation as a
psychological process in order to reduce surprises and uncertainty
[10]. Uncertainty is defined ‘as a realisation that our beliefs and
representations of the world are unable to accurately predict future
events in our environment’ [11, p. 1]. The need to avoid
uncertainty leads to the continuous perception and comparison of

relevant situational characteristics in the environment with
predictions that were generated before [12] to confirm one's
assumptions prior to taking actions. This subjectively perceived
state plays a key role in executive functions and cognitive control,
especially in top-down monitoring processes [11]. Indeed, it is a
key function of the central nervous system that developed in order
to reduce the action delay that is caused by neuronal processing of
sensory signals [13]. The brain permanently estimates the state of
one's own body and surrounding objects. Based on the predictive
processing framework, which can also be applied to automotive
driving, the mismatch between the predictions and sensory input
leads to action [14]. Furthermore, feedback of correct or incorrect
assumptions is the basis for human learning. Hence, one can draw a
clear link between anticipation and action because anticipation
always relates to future-oriented actions of others and self-
behaviour [10, 15]. For this reason, models of attention and action
control [6, 8, 16] should be considered in research on anticipation
in dynamic situations.

The present study focused on different situational
characteristics that are supposed to act as cues triggering the
anticipation processes. This work serves as a basis to better
understand the underlying cognitive processes of anticipation in
traffic. The theoretical background explicates detailed information
about the cognitive process of situation comprehension in relation
to situational characteristics.

2 Theoretical background
Anticipation is related to the driver's motivation and goals. Stahl et
al. [3] described it as a conscious and deliberate reasonable
processing of environmental information. However, since there is
often only limited time in highly dynamic environments, such as
traffic, inherent and automatic human processes [6, 10] also play an
important role and may be more dominant in the context of driving.
This potential depends on the examined time frame of anticipation.
Researchers distinguished between long-term and short-term
predictions [15]. The latter is coupled with sensory and motor
functions and regulates ongoing behaviour [15] in traffic by
recognising and anticipating events a few seconds beforehand.
Consequently, people can show automated pre-event actions to
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avoid conflicts, and these actions need to be distinguished from
solely reactive driving [3].

This paper focuses on the question how drivers develop
anticipation based on deliberate or automated processes.
Furthermore, we inquire how they decide on one plausible
anticipation even though many developments of the situation into
the future are possible. Traffic situations are in general well-
structured environments, and thus the driver's knowledge allows
for easy sampling of the environment [7]. Based on the situational
characteristics, the driver perceives associated knowledge from
long-term memory that gets activated. Different researchers [6–8]
described this activating process of knowledge as a basis for
understanding situations using text comprehension models like the
construction-integration theory by Kintsch [17], with the concept
of situation awareness [4] as the foundation. The unstructured
activation of knowledge is based on matching perceived
information from the environment to prior knowledge and
experiences that are stored in long-term or current working
memory. Inhibitory and excitatory links between knowledge
chunks integrate activated knowledge into a coherent memory
representation in the integration phase (comparable to level 2 and
level 3 situation awareness) [8]. After this integration process, the
situation model emerges. This coherent mental representation of
the current situation also entails temporal and causal properties that
allow for expectations about possible future developments of the
situation [7].

Despite the fact that situation comprehension is based mainly
on automatic memory activation and integration processes, there is
evidence that it is influenced by visually and cognitively
demanding tasks (e.g. [18]). Incorrect or incomplete situation
models are developed when people miss perceiving relevant
information due to cognitive tunnelling, visual distraction or high
visual complexity [19–21]. Missing single cues might change the
content of situation awareness, but people can still construct a
situation model based on the observed information [20]. However,
even though relevant cues were previously perceived, cognitive
load can lead to a decreased ability to anticipate the upcoming
events [18, 22, 23]. Baumann et al. [22] indicated that central
executive functions that control the working memory content,
according to Baddeley's working memory model [24], are highly
involved in anticipatory processes. This assumption was based on
their findings of impaired processing of cues while driving and
conducting a secondary task that interferes with updating working
memory content.

The activation of knowledge, based on perceived situational
characteristics, is organised by retrieval structures. These memory
structures are developed as a consequence of frequent common
activation of knowledge items and represent stable structures in the
environment. They facilitate the development of appropriate
mental models. Mental models refer to a ‘representation of the
causal (and other) relationships between entities and events that are
typical across instances of a situation’ [7, p. 183]. These mental
models also include acquired knowledge about the probable future
development of the particular situation. Consequently, the
activation of a certain mental model facilitates the anticipation of
events in this situation. This kind of anticipation process mainly
relies on automated memory activation processes, and thus it is less
susceptible to cognitive load [25]. This explanation partly
underscores why experts show increased situation awareness and
perform better in hazard perception and anticipation tasks [23, 26].
They have acquired retrieval structures that represent different
stereotypical traffic situations. If the relevant retrieval cues are
present in a given situation, the associated knowledge becomes
activated. This phenomenon serves as the basis for anticipation on
a tactical level [3].

Retrieval cues for anticipation can be scenes, objects or parts of
objects [7]. The question, then, is what kind of situational
characteristics serve as retrieval cues and allow people to predict
other traffic participant's behaviour. Several investigations in the
context of anticipation or hazard perception in traffic described a
variety of scenarios with predictive elements. For instance,
Crundall et al. [27] introduced a child who is visible between two
parked cars or an offside parked truck with flashing lights as cues

that appear before a hazard occurred. Kaß et al. [28] determined a
pedestrian on a crosswalk as a cue for a rising conflict with the lead
vehicle. Furthermore, Stahl et al. [3] used five complex scenarios,
for example, a slow truck ahead followed by a chain of braking
cars, to gather insights into the efficacy of pre-event conflict cues.
All the mentioned studies included complex realistic traffic
situations that contained a variety of possible cues to maximise the
probability that the effective cues are present. There is only limited
knowledge about how drivers understand dynamic traffic
situations. Consequently, there is not much empirical evidence as
to whether there are certain structural features common to
situational characteristics of different situations that serve as cues
in retrieval structures. As a result, these studies demonstrate that
the presence of certain specific situational characteristics support
anticipation of events. However, no insights on common features
or the nature of such characteristics beyond their exact meaning in
specific situations could be achieved. However, according to our
view, this feature is necessary to better understand the underlying
cognitive process of anticipation. This understanding is crucial to
support human anticipation in driving.

Only some distinctive descriptions were made about cues in
prior research, predominantly in the context of hazard perception.
For instance, Crundall et al. [27] described cues as precursors that
enable predictions of upcoming hazards. The relationship between
precursor and hazard is the decisive factor for their proposed
hazard classification. Precursor and hazard can either be the same
(behavioural prediction hazard) or different when another element
indicates an upcoming hazard (environmental prediction hazard) or
various elements apart from each other can become a hazard
(dividing and focusing attention hazard) [27]. Lee and Sheppard
[29] distinguished between valid and invalid signals by using an
indicator in a turning situation as valid and in a non-turning
situation as an invalid cue. The judgement of the intention of other
road user's behaviour was more accurate for valid cues. However,
drivers could still anticipate correctly even if an invalid cue was
shown. The authors concluded that participants relied on other
cues, for instance, the dynamics of the traffic participants [29].

In summary, little is known about the processing of situational
characteristics in understanding dynamic situations and building a
mental representation of the current representation – the situation
model. However, there is evidence that different situational
characteristics are differentially effective for the formation of a
situation model, e.g. in hazard perception certain situational
characteristics are more relevant for recognising hazards than
others [27]. Research on comprehension processes in text
comprehension demonstrates that causation is an essential
dimension of readers’ representation of the meaning of text [30].
Furthermore, people have ‘a natural tendency to assume the
existence of causal relations’ [31, p. 307]. Their causal models
guide the processing of information to generate inferences that do
not exclusively reflect the statistical learned pattern [31].

Based on these findings, and the idea that the comprehension of
dynamic situations relies on the same or at least similar processes
as the comprehension of text [6–8], one can assume that situational
characteristics that establish a typical causal relationship across
situations form an essential part of drivers’ mental representations
of traffic situations. Consequently, the encoding of these
characteristics should be facilitated; they should serve as effective
cues in the respective retrieval structures. Furthermore, the
formation of associated anticipations, as part of the retrieved
mental model, should be less susceptible to effects from
cognitively demanding tasks. As a result, the processing of
situational characteristics with the goal to anticipate the
development of a current situation would not only be determined
by the availability of cognitive resources but also by the type of
dimension these characteristics represent in the drivers’ mental
model of the current traffic situation.

Based on previously mentioned findings, human anticipation
can be described as cognitive processing of situational
characteristics that lead to decreased uncertainty about future
events. In order to investigate situational characteristics, we
established a laboratory experiment using urban video scenarios of
simple lane change situations. Participants should anticipate
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whether another car is merging into their lane. Classic hazard
perception tests inspired the methodological approach, but we
included the additional component of uncertainty reduction.
Instead of pressing one button to signal a hazard, we introduced a
two-step reaction paradigm: participants were asked to indicate (i)
the point in time where they formed the initial intuition that another
car might merge into their lane (low certainty of anticipation) and
(ii) the point in time where they became confident that this other
car will merge (high certainty of anticipation). These two
anticipatory reactions were captured because we assume that
anticipation is not a binary event but rather a process that develops
in dynamic situations. This anticipatory interval provides more
detailed insights into driver's anticipatory behaviour.

We choose situational elements that might be predictive for
anticipating a lane change of a target vehicle. These potentially
predictive situational characteristics may be differentially affected
by cognitive load. Within this first exploratory investigation of its
kind, we evaluated the anticipatory performance and subjective
certainty as a result of the processing these situational elements.

First, to address the cause and effect relation, we used structural
information of the context by varying whether there is a blockade
in the lane of the target vehicle. Such a causal cue provides a
logical interconnection between the target and potential future
behaviour. Thus, we predicted that we would observe increased
anticipation when a reason for a lane change is observable, to
ultimately provide a coherent situation model.

H1: Causal cues increase the probability of anticipation.
Second, further situational characteristics were considered.

There are situational characteristics that are strongly linked to the
target and the behaviour of the target itself. For example, an
indicator is strongly related to lane change behaviour [29, 32].
Therefore, we named such characteristics ‘target cues’.
Furthermore, there are situational characteristics that provide
information about the structure of the current or upcoming traffic
situation. These characteristics are not directly linked to the
behaviour of other road users, such as target cues, but they provide
contextual information that can influence the interpretation of other
characteristics, e.g. target cues. We hypothesised that such ‘context
cues’ only become integrated into the situation model if they can
be associated with a causal cue. If a causal cue is not present or
cannot be found, the context cue would be regarded as irrelevant.
Consequently, more cognitive processing is necessary to
understand and integrate these cues into the situation model. This
process may be more fragile when combined with high cognitive
load compared to the processing of target cues that require less
cognitive resources. As an example of this type of context cue, we
used road signs that indicated a blockade (e.g. a construction site).

H2: Target cues are less affected by increased cognitive load
compared to context cues.

To address these hypotheses and gather further insights into the
processing of situational characteristics, we conducted a laboratory
experiment that tested the proposed single and combination of
cues.

3 Method
3.1 Design and procedure

In a video-based laboratory experiment, participants watched a
dynamic urban traffic scenario from a driver's perspective. The
experiment utilised a within-subjects design. Every subject
watched 48 videos presented in two blocks. Each block was
combined with either a low or a high load cognitive working
memory task. The order of blocks was counterbalanced for
participants. The second manipulation was applied to the different
situational characteristics. Three different video scenes were shown
within a block for each combination of situational characteristics
(causal cues present or not presented with no other cues or target
cues and/or context cues). Indicator and road signs served as target
and context cues to facilitate the anticipation of lane changes of
other road users (see 3.2 for detailed information). Twelve causal,
six non-causal and six distractor videos were presented in each
block in random order. An overview of the design and details of the
experimental procedure is provided in Fig. 1. 

The experiment was performed at the Human Factors
department of Ulm University and lasted ∼60 min for each
participant. Participants were seated about 60 cm from a 27″ flat
screen with full HD 1080p resolution. It started with the
declaration of consent and the demographic questionnaire. After
explaining the procedural details verbally and providing the
instructions in written form, participants ran a test trial with six
exemplary videos. This procedure was necessary to examine the
understanding of the task and to become familiar with the
secondary task. The sequence of one video trial started with a
fixation cross, followed by the simultaneous start of the video and
the cognitive secondary task. Participants were instructed to press
the yellow button as soon as they had the first intuition that another
car is merging into their lane. This signal represented a low level of
certainty. The video continued without interruption until they
pushed the blue button, which represented a high level of certainty.
They were instructed to push the blue button if they were certain
that the other car would perform the lane change. Immediately after
the activation of the blue button, the video and the secondary task
stopped, and follow-up questions were displayed. First, participants
had to rate their subjective certainty using a slider bar that ranged
from 0 to 100%. Second, they were asked to note why they were
sure that the other car would merge into their lane. Finally, subjects
could determine individually when to continue with the next trial
by pressing the space button.

The test trials were followed by the first block of 24 trials with
randomly assigned videos including the request of the subjective
rating of workload using the NASA-Task Load Index (NASA-TLX
[33]) at the end of the first block. Subsequently, the investigator
introduced the second part of the experiment. Participants again
experienced six test trials in order to practice the other secondary
task condition proceeded by the second experimental phase (24
trials) and the workload rating.

3.2 Material

Overall, 48 different videos of dynamic urban traffic scenarios
were developed using the software VICOM provided by TÜV |
DEKRA arge tp 21. The duration of the videos varied from 24 to
40 s to eliminate chronological expectations. The videos were
displayed at 1680 × 1050 pixels with 25 frames/s. A car driver's
perspective was shown driving along an urban road with a
maximum velocity of 30 km/h. In two thirds of cases, the ego car
turned on a crossing to the right or left before approaching another
car and a blockade. Three different blockades were used as a causal
cue: a bus at a bus stop, parked cars in the lane and a construction
site that obstructed the lane. The videos ended with a time to
collision (TTC) of 4 s between the ego vehicle and the slower car
in front (velocity of maximum 25 km/h), which also had a TTC of
4 s towards the blockade. We did not focus on critical situations in
this experiment, and thus we set the TCC level as low as possible.
A TTC of 4 s was found to be perceived as comfortable in
overtaking scenarios [34].

Fig. 1  Schematic visualisation of the experimental procedure
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The number of other moving traffic participants was kept
constant by showing one relevant element (the car that might
change lanes) and two irrelevant elements (e.g. pedestrians, cars).
Less relevant dynamic elements were determined as far away or on
a parallel lane (marked or separated from the participant's own
lane, as proposed by Rösler [35]). Furthermore, irrelevant static
information, like the design of houses or trees, was changed in
every scenario. The blockade on the other lane was varied to
prevent recognition and fatigue.

To generate the anticipatory situation, causal cues were
implemented by integrating a blockade in the situation. An
additional indicator of the vehicle in front of the ego car
represented the target cue. The turn-signal onset time was observed
to vary in real traffic from 2.4 s before to 3.6 s after the lane
change started [34]. To guarantee the perception of that cue, we
activated the indicator 5 s before a potential lane change started.
Road signs that indicated a narrow of the road, combined with a
construction site, a bus stopping point or a parking sign, were
implemented ∼14 s before a potential lane change commenced
(150 m in front of the blockade) and next to the blockade as
context cues. Non-causal cue videos, including indicator or sign,
did not contain a blockade so that the other vehicle should have no
reason for changing lanes. Distractor videos were designed without
indicators, signs or other relevant road users but with a comparable
speed level and scenery. They were implemented to ensure the
diversity of situational characteristics and thereby conscious
processing of cues.

A sequential n-back paradigm was implemented as an acoustic
secondary task derived from Jaeggi et al. [36]. Participants listened
to four letters with an alternate order: ‘P’, ‘W’, ‘D’, ‘G’. In the low
cognitive load condition, a 1-back or recognition task was
implemented. Participants had to recall the letter ‘D’ as soon as
they heard this letter. The high cognitive load condition comprised
a 2-back memory updating task. A maximum of 16 batched letters
were provided for each video that contained at least four hits in the
low cognitive load condition and three hits and three lures in the
high cognitive load condition. Based on the video length and the
reaction of the participants, which could cause an early stop of the
video due to high certainty of anticipation, only a portion of each
letter sequence could be processed. Each letter was presented for
500 ms. The inter-stimulus interval amounted to 2000 ms.

The experimental software PsychoPy was used to integrate
videos and sounds of the secondary task. The whole procedure was
implemented to enable precise data gathering regarding reaction
times and other input data. The NASA-TLX [33] was implemented
in a digital questionnaire.

3.3 Data preparation and analysis procedure

Data pooling and preparation were accomplished using R in order
to generate data files for statistical analyses with IBM SPSS 24.
Every combination of the independent variables cognitive load and
cues was measured three times to guarantee reliable data. Latencies
and individual ratings, including subjective certainty (0–100%) and
subjective workload (20-point Likert scale), were averaged across
the three repeated measures. General linear model repeated
measures procedures (GLM) were applied for these metric data.
Non-causal cues were excluded from those analyses to identify the
effect of different additional cues and cognitive load in comparable
scenarios. If the assumptions of equality of variances were not met,
based on Mauchly's sphericity test, we applied the Greenhouse-
Geisser correction. The effect of causal and non-causal cue
processing in relation to target and context cue and cognitive load
was descriptively analysed by using the sensitivity values based on
the signal detection theory [37] for anticipatory performance. The
response of low and high certainty anticipation (button press yes
versus no) was related to the signal, which was determined by the
presence of the causal cue. For inferential analyses of these
anticipatory reactions, generalised linear mixed models (GLMM)
were fitted due to the nominal outcome variable and
interdependence of independent variables.

Due to the variable video lengths and anticipatory periods,
reaction times were standardised. The anticipatory period describes

a time span that was determined by the visibility of the target and
the end of the video. It ranged from 0 to 100, and latencies of
anticipation were adapted to that scale.

Furthermore, a content analysis was conducted to evaluate
quantitative data of the free recall of reasons for high certainty of
anticipation. Based on Mayring [38], a frequency analysis was
performed by inductively generating categories regarding the
research question. The frequencies of answer categories were
determined and could be statistically tested and interpreted.

Overall, 45 people participated, but 3 people had to be excluded
from data analyses. They did not provide a reaction for low
anticipation and, consequently, did not understand the task.

3.4 Participants

The sample comprised 42 participants (81% female) with an
average age of 23 years (M = 22.8, SD = 5.7). They were all highly
educated, with a general qualification for university entrance or
Bachelor's degree. All held a valid driving licence for at least 1
year (M = 5.4, SD = 4.8). The driving experience ranged from daily
driving (23.8% drove 5 or more days per week) to very infrequent
driving (42.8% drove 3 days or less per month). Overall, the
driving range proved to be rather small; 66.7% of participants
completed on average less than 7000 km per year. The participants
received course credits or money for their participation.

4 Results
4.1 Anticipatory performance

For low certainty anticipatory reactions, there were 1512
observations from 42 subjects. Participants reacted in more than
90% of cases in a situation where a causal cue was present and in
∼50% of cases when there was no causal cue (see Fig. 2). In large
part, low certainty anticipatory reactions were made before a target
cue was presented (see white lines in Fig. 2). However, increased
cognitive load reduced this number of reactions. Consequently, the
mere presence of causal cue triggered an anticipation of lane
change, which was affected by cognitive load.

For the high certainty anticipatory reaction, there were 1192
observations. Only trials in which a low certainty anticipatory
reaction was performed were considered. Participants made two
thirds of high certainty reactions after a (potential) target cue onset.
Descriptive analyses showed that the presence of target cues
appeared to increase the probability of high certainty anticipatory
reactions (see Fig. 2).

We calculated a hierarchical binary logistic regression with
situational characteristics, cognitive load, the interaction of both
factors and a random intercept for the participants. The variances
of intercept were significant for low (σ2 = 0.778, p = 0.001) and
high (σ2 = 1.557, p = 0.002) certainty anticipatory reaction. This
finding indicates that participants differed in their reactions.

The presence of a causal cue significantly increased low
certainty anticipatory reactions (see Fig. 2 and Table 1), consistent
with H1. Facing the situational cue characteristics with a present
causal cue, there was no effect for low certainty anticipatory
reaction. High cognitive workload showed a trend for a reduced
number of anticipatory reactions for low certainty anticipation (b = 
1.304, p = 0.055). Consequently, when the cognitive load was high
compared to low, and keeping all other parameters constant, the
odds for low certainty anticipatory reaction decreased by 268%. In
contrast, cognitive load did not affect high certainty anticipatory
performance. However, situational characteristics influenced the
proportion of high certainty anticipation. In scenarios that lacked
the causal cue, the probability of high certainty anticipatory
reactions was smaller with the present context compared to target
cue. For causal cue combinations, no additional cue decreased
performance compared to the target cue (b = − 1.612, p<0.05) and
to the combination of target and context cue by trend (b = −1.193,
p = 0.087). The odds for high certainty anticipatory reactions
increased by 80% when a target cue was available and by 70% for
the combination of target and context cues. Interactions of
cognitive load and cues were not observed for high or low
anticipatory performance (see Table 1), contrary to H2.
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To gather further insights into the effect of target and context
cues in relation to causal cues and cognitive load, non-parametric
indexes of sensitivity A′  for the low and high certainty
anticipatory reaction were calculated [37] (see Table 2). Sensitivity
determines the capacity to discriminate between signals by relating
hits and false alarms. In our case, present causal cues serve as
signals and generate a hit when participants show an anticipatory
reaction. Results of low certainty anticipation ranged from 0.820 to
0.879, data that indicate a small increase in sensitivity when people
are highly cognitively loaded. A difference of context and target
cues was only present for high certainty anticipation. Overall,
scenarios with context cues yielded higher sensitivity scores
compared to target cue scenarios. This phenomenon is a
consequence of more false alarms provoked by target cues because
they may be interpreted irrespective of the entire situation.
Additionally, context cues compared to target cues appeared to be
more strongly related to the presence of causal cues.

4.2 Anticipatory latencies

Overall, 32 participants were included in the descriptive analyses.
The GLM repeated measures procedures of the anticipatory
interval showed standardised latencies of low and high certainty
anticipatory reactions. The data loss was determined by missing
data for latencies when no reaction was shown. Fig. 3 shows the
standardised reaction time data for the situational characteristics
with a present causal cue in relation to cognitive load and low and
high certainty anticipatory reaction. The lower yellow bars indicate
that high cognitive load was observed to negatively affect latencies
of low certainty anticipation. Inferential statistics confirmed this
difference (F(1,31) = 13.98, p<0.001). Furthermore, there was a
significant effect of situational characteristics (F(2.31,71.46) = 
4.18, p<0.05). Post-hoc tests with Bonferroni correction revealed a
significant difference between target and context cues (p<0.05).
Participants reacted faster with context cues compared to target
cues. Cognitive load also affected high certainty anticipatory
performance (total length of the bars in Fig. 3, F(1,31) = 4.50,
p<0.05).

The anticipatory interval describes the standardised latencies
between low and high certainty anticipatory reaction (see upper
blue bars in Fig. 3). The interval increased for low compared to
high cognitive load (F(1,31) = 6.49, p<0.05). However, there was
no difference between low and high cognitive load for context

Fig. 2  Percentage of low and high certainty anticipatory reactions subject
to cognitive load, situational characteristics and cue onset. Situational
characteristics contained causal cues and ‘n’ – no additional cues, ‘t’ –
target cues, ‘c’ – context cues, or ‘t&c’ – target and context cues. White
lines determine the proportion of reactions before (lower part) and after
(upper part) target cue onset (for comparison: dotted white lines are based
on a comparable time frame, but no target cue was present). Error bars
represent standard errors

 

Table 1 Coefficients for the GLMM with cognitive load and situational characteristics as predictors and anticipatory reaction as
the criterion variable
Fixed effects b SE t p exp(b)
Certainty anticipatory reaction Low High Low High Low High Low High Low High
intercept −3.990 −2.998 0.608 0.417 −6.567 −7.196 .000 *** .000 *** 0.018 0.050
cogn. load (low versus high) 1.034 0.458 0.680 0.484 1.918 0.947 .055 (*) .334 3.684 1.581
cue n - t 0.736 −1.612 0.727 0.807 1.012 −1.998 .311 .046 * 2.088 0.200
cue n - c 0.905 0.254 0.711 0.490 1.273 0.518 .203 .604 2.471 1.289
cue n - t&c 0.736 −1.193 0.727 0.696 1.012 −1.715 .311 .087 (*) 2.088 0.303
cue n - nc_t 3.635 2.505 0.622 0.457 5.481 5.483 .000 *** .000 *** 37.895 12.243
cue n - nc_c 3.924 4.707 0.622 0.518 6.309 9.090 .000 *** .000 *** 50.606 110.74
cogn. load *cue n - t −1.136 0.282 0.895 1.012 −1.270 0.279 .321 .781 0.056 1.326
cogn. load *cue n - c −0.795 0.464 0.851 0.642 −0.934 0.723 .350 .470 0.452 1.591
cogn. load *cue n - t&c −0.525 0.189 0.861 0.899 −0.610 0.210 .542 .843 0.591 1.208
cogn. load *cue n - nc_t −1.087 0.111 0.731 0.623 −1.486 0.179 .138 .898 0.080 1.118
cogn. load *cue n - nc_c −0.415 0.098 0.734 0.774 −0.566 0.127 .572 .889 0.660 1.103
Low certainty anticipatory performance: AIC = 8115, BIC = 8121; high certainty anticipatory performance: AIC = 6801, BIC = 6806; situational characteristics contained causal cues
and ‘n’ – no additional cues, ‘t’ – target cues, ‘c’ – context cues or ‘t&c’ – target and context cues; non-causal and target cues ‘nc_t’, non-causal and context cues ‘nc_c’; (*) p<0.01;
*p<0.05; **p<0.01; ***p<0.001.

 

Table 2 Non-parametric indexes of sensitivity A′
Low certainty anticipation High certainty anticipation

cognitive load low high low high
context cue 0.835 0.879 0.938 0.927
target cue 0.820 0.830 0.814 0.827
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cues. There was an interaction between cognitive load and cues to
support these descriptively observed differences (F(3,93) = 3.86,
p<0.05). Participants showed overall smaller latencies with context
cues only in the low cognitive load condition. This advantage
disappeared when people were highly distracted.

4.3 Subjective anticipatory certainty

Participants rated their subjective certainty after providing the high
certainty anticipatory reaction on a scale ranging from 0 to 100.
Fig. 4 shows that the average ratings ranged between 85 and 95. 
Overall, in low cognitive load conditions, people tended to rate
their subjective certainty higher compared to high cognitive loads.
However, missing significant effects of cognitive load and the
interaction of cognitive load and cues did not support that

assumption. Higher subjective certainty ratings were observed in
scenarios that contained target cues. Analysis of variance revealed
a cue effect (F(2.93,93.31) = 6.90, p<0.001). There were
differences between no additional cue and target cue as well as the
combination of context and target cue (p<0.05). Furthermore,
context cues differed from target cues as well as from the
combination of cues (p<0.05).

4.4 Workload ratings and secondary task performance

The overall NASA-TLX workload rating scores (mean values of
single NASA-TLX items) confirmed the expected differences in
the secondary task. High cognitive load tasks (M = 10.77, SE = 
0.32) were rated significantly more demanding compared to low
cognitive load tasks (M = 8.37, SE = 0.32, t(41) = −10.42, p<0.001).
The largest effect was observed for the item cognitive load (low
load M = 12.12, SE = 0.58 and high load M = 17.43, SE = 0.49).
This clear difference between the secondary task conditions was
also observed in performance (F(1,41) = 235.34, p<0.001). The low
cognitive demanding task was performed correctly in 92.4% of
cases. In contrast, the high cognitive demanding task was
successfully completed in 59.6% of cases. There was no effect of
cue characteristics and no interaction of cue characteristics and
cognitive load for secondary task performance.

4.5 Qualitative analyses

Participants were asked to justify their decision by declaring the
reason for high certainty anticipation of a lane change. Multiple
answers were considered. We identified five categories that were
relevant to explain the anticipatory decision. Situational
characteristics, including blockade or traffic sign as well as target
information like indicator, velocity or distance, were derived (see
Fig. 5). Structural information about the blockade was declared less
often in high compared to low cognitive load conditions. The
indicator was named in ∼30% of cases as a reason for a lane
change. A comparable percentage was observed for blockade. Sign,
velocity, distance and other aspects were mentioned considerably
less often.

5 Discussion
We aimed to investigate situational characteristics that are
subjected to the effect of cognitive distraction on anticipation. We
conducted a video-based experiment using a two-step reaction
method. While watching urban driving scenarios, participants had
to anticipate whether another vehicle was going to merge into their
lane. We recorded the point in time, in which the drivers generated
the initial intuition of anticipatory behaviour (framed as low
certainty anticipatory reaction) and when the drivers felt confident
about the oncoming behaviour (high certainty anticipatory
reaction). This method represents an extension of the traditional
push-button test that requires speeded responses in hazard
perception tests (e.g. [39, 40]). In these tests, people are urged to
push the button as soon as possible after they see a hazardous event
coming up or after they got prepared to intervene. This design
might lead to larger variances in responses due to differences in the
assumptions of the presence and missing considerations of
certainty about the upcoming hazard. In line with these notions,
several hazard perception studies did not indicate differences
within subgroups with regards to single-reactions [40, 41]. We
considered that anticipation does not just appear, but rather it
develops in cycles [10]. People attempt to confirm their hypotheses
by further perceiving the environment and searching for cues that
confirm the recently developed assumptions. By adding the aspect
of certainty, we gained additional information that is not
considered within traditional hazard perception tests.

These reactions differed with regards to situational
characteristics and cognitive load. Low certainty anticipation
appeared to be more strongly affected by cognitive load compared
to high certainty anticipation. We observed a trend for less
anticipatory reactions only for low-certainty anticipation in the
high compared to the low cognitive load condition. Considering the
signal detection approach by calculating indexes of sensitivity, we

Fig. 3  Averaged subjective certainty ratings for situational characteristics
with causal cues subject to cognitive load. Situational characteristics
contained causal cues and ‘n’ – no additional cues, ‘t’ – target cues, ‘c’ –
context cues, or ‘t&c’ – target and context cues. Error bars represent
standard errors

 

Fig. 4  Averaged subjective certainty ratings for situational characteristics
with causal cues subject to cognitive load. Situational characteristics
contained causal cues and ‘n’ – no additional cues, ‘t’ – target cues, ‘c’ –
context cues or ‘t&c’ – target and context cues

 

Fig. 5  Percentage of categories of reasons for anticipation with regards to
cognitive load (only causal cue situational characteristics were included)
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detected descriptively larger changes due to varying cognitive load
for context compared to target cues in low certainty anticipation.
Furthermore, low cognitive demand significantly reduced the
latencies for low and high certainty anticipation.

With regards to the situational characteristics, we revealed the
relevance of a perceivable reason for the behavioural change
because only about half of the anticipatory reactions were shown in
non-causal compared to the causal cue scenarios. These results
confirm H1 and provide an indication for the relevance of cause
and effect relationships in situation comprehension. In contrast, the
effects of additional situational characteristics were rather small
compared to causal cues like context and target cues. Considering
the proportion of anticipatory reactions, we only observed an effect
of target cue in comparison to no additional or context cue in the
high certainty anticipation reaction. However, because inferential
processes of situation comprehension were assumed, the
relationship between the proposed causal and non-causal cues with
other situational characteristics was of special interest. Sensitivity
values appear to have uncovered a stronger relation between causal
cues and context cues because the sensitivity of context compared
to target cues was larger.

Overall, we observed an effect due to cognitive load in
accordance with the results of previous studies. Consequently,
anticipation and processing of situational characteristics are
affected by cognitive distraction. The assumed distinction between
target and context cues was examined by analyses for high
certainty anticipatory performance. We identified a greater chance
of anticipation when a target cue was available. Consistent with
these results, target cues increased the subjective certainty of the
anticipatory decision.

Furthermore, the observed interaction of cues and cognitive
load in the anticipatory interval showed that people indicate high
certainty anticipation faster with high compared to low cognitive
load for each cue condition except the context cue. Since context
cues were shown for ∼9 s (∼75 m) earlier than target cues,
following a possible traffic infrastructure, it is unsurprising that
context cues revealed shorter latencies compared to target cues.
However, people only benefitted from a context cue when the
cognitive load was low. This finding leads to the assumption that
target and context cues are perceived and processed differently (as
assumed in H2). Cognitive tunnelling may represent one
explanation: Gaze distributions are smaller and peripheral vision is
reduced under high cognitive load, and thus people could miss
perceiving the context cue. Moreover, context cues must be related
to causal cues and integrated into the situation model, a
phenomenon that requires more processing and is known as a
cognitively demanding process (while target cues are strongly
connected to behaviour). This explanation also underscore why
more subjects remembered and stated structural situational
characteristics like the blockade or sign in the low compared to the
high cognitive load condition.

We can derive several insights by applying our results to road
safety interventions. First, depending on the driver's cognitive load,
s/he may benefit from assistance in integrating situational cues for
understanding and anticipating the situation. For instance,
highlighting context cues for distracted drivers or uncovering
possible wrong cues to reduce false alarms might be useful,
although this proposition requires further evaluation. Furthermore,
car to x communication systems can provide information about
other drivers’ future vehicle behaviour. Presenting the reason for a
behavioural change seems especially relevant because it may not
be perceived by the driver at that time. Current feasible
implementations like the proposed anticipation aiding system by
Stahl et al. [42] highlight the relevance of providing such a cause.
However, the authors did not provide theoretical foundation for
choosing a causal cue, a proposal we made during the course of
this research. Second, in driver training, people can intensify the
focus on context cues to increase awareness and facilitate
anticipation based on enhanced knowledge structures. Context cues
are related to the cause of behavioural changes, and thus they
might facilitate anticipation, for instance, by focusing on the
driver's attention.

However, this study presented a rather simple scenario and only
a small scope of action was evaluated. The general high probability
of lane change limits the external validity and should be addressed
in future experiments. Further limitations of our study mainly
address the fact that we had to focus on a subsample of a large
number of situational characteristics that influence anticipation.
Additionally, we only varied static situational cues (e.g. availability
of indicator and sign) instead of dynamic elements. The velocity of
the observed car was kept constant to exclude the effects of varying
dynamics. However, dynamic information is known to enhance
anticipation [29] and affect behavioural outcomes in lane change
scenarios [43]. Thus, we will strive for including dynamic
anticipatory cues in future investigations.

6 Conclusion
We addressed three major objectives in our study to enhance
understanding of human anticipation processes in traffic. First, we
established and tested a new methodological approach to gain
further insights into the processes of anticipation. The two-step
reaction method includes the construct of certainty and provides
more detailed information on human anticipation. Second, we
examined the effect of different situational characteristics on
anticipation based on exemplary cues. We differentiated among
causal, context and target cues, and the results indicated differential
processing of these situational characteristics. Finally, we
investigated the impact of cognitive load in relation to the
processing of situational characteristics. Future investigations will
aim to increase the complexity of anticipatory scenarios and further
evaluate and expand assumptions of processing of different
situational characteristics to increase the validity of results and
scientific knowledge as the basis for applications in real traffic.
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Summary: Driving with foresight is essential for road safety. Anticipating 
upcoming events and intended maneuvers of other traffic participants requires the 
perception and processing of meaningful and valid cues. To provide insights into 
the cognitive mechanisms of anticipation, we investigated the effect of cognitive 
load, experience and cue characteristic on the anticipation of upcoming lane 
changes in urban driving scenarios. A two-step reaction method gathered low and 
high certainty anticipatory reactions of student and ambulance drivers. Results 
indicated that different anticipatory cues affected anticipatory performance. 
Target cues highly associated with the intended behavior of another traffic 
participant increased while context cues in the surrounding environment seemed 
to hamper anticipatory reactions. Furthermore, high cognitive load prolonged the 
latencies of low certainty anticipation but did not affect the performance quality. 
This initial intuition of an upcoming lane change was indicated earlier by 
experienced than by inexperienced drivers. These findings enhance the 
understanding of the human process of anticipation in dynamic uncritical traffic 
situations. 

 
INTRODUCTION 

Safe Driving is a matter of anticipatory driving. Drivers need to be aware of the situation to 
perform adequately. Following the theory of situational awareness, it requires the perception of 
relevant situational elements as well as the integration and comprehension of this information to 
predict the intended behavior of other road users (Endsley, 1995). People are able to anticipate 
while driving based on gained knowledge about stereotypical traffic situations (Stahl, Donmez, 
& Jamieson, 2014). Because experienced drivers encountered a large number of traffic 
situations, they perform better in anticipation and hazard perception tasks. More specifically,  
they are faster in anticipating hazards (Patten, Kircher, Östlund, Nilsson, & Svenson, 2006) and 
can predict more hazards correctly than inexperienced drivers (Jackson, Chapman, & Crundall, 
2009).  

Anticipation is known as a high-level cognitive competence (Stahl et al., 2014), which is 
deteriorated by cognitive load due to inferences with central executive functions (Baumann, 
Petzoldt, Groenewoud, Hogema, & Krems, 2008; Mühl & Baumann, 2018). Even if the relevant 
information has been perceived before, induced cognitive load inhibits the integration of this 
information in the situation model (Baumann et al., 2008) and therefore reduces anticipation. 
While driving in real traffic, novice drivers were observed to have smaller workload reserve-
capacity compared to experienced drivers (Patten et al., 2006), as fewer processes of the driving 
task follow automatic patterns. This finding might explain why young drivers have increased 
crash involvement probabilities (Deery, 1999). 
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Furthermore, anticipation is determined by the perception of relevant characteristic cues (Stahl et 
al., 2014). We follow the proposed classification of characteristic cues by Mühl, Stoll, and 
Baumann (2019). They defined causal cues, which contain a reason for a potential change in the 
upcoming behavior, as the basis for anticipation. These can be, for instance, another car on the 
adjacent lane approaching a blockage on the road which enables the prediction of a lane change. 
Moreover, drivers can benefit from additional situational characteristics in the environment. 
Mühl et al. (2019) differentiated between target and context cues. Elements triggering the 
intention of another’s future behavior directly by the perception of a single cue are called target 
cues. For example, an indicator is strongly linked to lane change behavior in a specific direction. 
By contrast, context cues do not provide information about others’ intentions but can attract and 
focus attention to a specific event (e.g., like a construction site traffic sign). In a study from Mühl 
et al. (2019), anticipatory performance increased and was less affected by cognitive load, when a 
target cue was visible compared to the presence of a context cue. However, as most of the 
participants were inexperienced drivers, we aimed to conduct a similar study with a highly 
experienced sample. We assumed inexperienced drivers to benefit more from the presence of 
additional cues than experienced drivers, especially when being highly cognitively demanded. 
This expectation is based on the findings of reduced workload reserve-capacity (Patten et al., 
2006) and decreased pre-knowledge of inexperienced drivers, that hampers the prediction of 
future scenarios due to the insufficient situation model (Durso, Rawson, & Girotto, 2007). 
Additional cues might easily extend the situation model with information that was already 
available for experienced drivers. 

The study aims to investigate the effects of cognitive distraction and experience on the 
processing of anticipatory cues. We decided to test highly experienced drivers (paramedics), who 
are used to drive ambulances in stressful and difficult situations. Given their daily need to 
anticipate other traffic participants’ behavior, we assumed them to have developed higher 
anticipatory skills in traffic compared to student drivers with low annual mileage. 

METHOD 

Participants 

The driver sample consisted of 11 experienced and 26 inexperienced young drivers. Experienced 
(ambulance) drivers were recruited by announcements at emergency departments whereas 
inexperienced drivers were recruited from the student body of the Ulm University. The largest 
differences in these subgroups could be identified for gender and annual driving distance (see 
table 1 for an overview of sample characteristics). Experienced drivers drove at least 50 000 
km/year whereas inexperienced drivers did not exceed 10 000 km/ year. 

Table 1. Sample characteristics for the subgroups of experience 
 experienced drivers inexperienced drivers 
age in years M = 25.4 (SD = 1.14) M = 21.9 (SD = 0.46) 
sex ♂ n = 9, ♀ n = 2 ♂ n = 7, ♀ n = 19 
education 

school-leaving qualification 
general qualification for university entrance 
university degree 

 
n = 3 
n = 7 
n = 1 

 
n = 0 
n = 18 
n = 8 

driving experience 
possession of driving license in years 
annual driving distance in kilometer/year 

 
M = 7.9 (SD = 1.01) 
M = 56 090 (SD = 4 442) 

 
M = 4.2 (SD = 0.52) 
M = 4 588 (SD = 1 522) 
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Design & Procedure 

We conducted a video-based laboratory experiment using urban lane change scenarios from a 
driver’s perspective. A two-step reaction paradigm was performed in which participants had to 
state the point in time of the initial intuition (low certainty anticipation) and the high confidence 
(high certainty anticipation) by button press that another car might enter the own lane. A 2 x 2 x 
2 x 2 mixed design was applied to test the hypotheses. Cognitive load (low vs high), target cues 
(indicator vs no indicator), and context cues (traffic sign or no traffic sign) were varied using a 
within-subjects design. Experience was a between-group variable. 

Overall, the experiment lasted about 60 minutes. Participants watched 24 randomized videos 
comprising 12 stimulus videos (three repetitions of each cue combinations using different 
scenarios, see the next section for more details) and 12 distractor videos within each trial. 
Stimulus videos contained anticipatory cues showing a reason for a lane change while distractor 
videos did not. This balance was chosen to ensure participants’ attention because they were only 
able to anticipate in half of the trials. The participants encountered two trials, one with a low 
cognitive demanding (=low load) and one with a high cognitive demanding (=high load) 
secondary task. The additional secondary tasks were presented in a blocked design and random 
order. At the beginning of each trial, people had three practice scenarios to get familiar with the 
secondary task. At the end of the experiment, they completed a demographic questionnaire and 
were rewarded for participation. 

Material  

The experiment was set up using the software PsychoPy. Videos of urban two-lane road 
scenarios were developed lasting between 24 and 40 seconds. Participants saw another car on the 
adjacent lane approaching an obstacle (a bus, parked cars or a construction site) from a driver’s 
perspective in the stimulus videos. An indicator was used as the target cue starting with a time to 
collision (TTC) of 5 seconds before the video ended, which matched the time when the car 
would initiate a lane change. For the context cue, a traffic sign was placed 150 m in front of the 
blockage (TTC was 18 seconds) which was related to the kind of obstacle. The videos ended 
with a TTC of 4 seconds between the ego vehicle and the observed car, which also had a TTC of 
4 seconds towards the blockade. Distractor videos were comparable regarding length and 
situational elements but did not include any obstacle. 

While watching these videos, participants listened to four letters presented with an inter-stimulus 
interval of 2000 ms in an alternate order: “P”, “W”, “D”, “G”. In the low cognitive load 
condition, participants had to recall the letter “D” as soon as they heard this letter while watching 
24 scenarios. The high cognitive load condition comprised a 2-back memory updating task. 

Data analyses 

To investigate the effects of workload, cue characteristic, and experience a two-level mixed 
model approach was used to address the repeated measurements as well as the unequal number 
of observations per participant. Given the binary nature of the anticipatory reactions (button 
press yes or no), a multilevel logistic regression analysis (via generalized linear mixed models, 
GLMM) were fitted using a logit link function. Anticipatory latencies (in seconds) describe the 
time that passed between the onset of a primary cue and the participant’s reaction. They were 
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analyzed using linear mixed models (LME) assuming a normal distribution of errors and using 
an identity link function. Each model was built up in the same manner. First, a random intercept 
model without any fixed effects was set up to calculate the interclass correlation (ICC) using 
participants’ ID as a grouping variable. Then, workload, cue characteristic, and experience as 
categorical fixed effects were added. Note, that categorical variables were effect coded. Models 
were fitted using the lme4 package version 1.1-18-1 (Bates, Mächler, Bolker, & Walker, 2015). 

RESULTS 

For the low and high certainty anticipatory reactions, 851 observations could be derived. 
Regarding low certainty anticipation, no differences were observed for the different cue 
conditions (see Fig. 1I). A missing target cue reduced the number of high certainty anticipatory 
reactions considerably (see Fig. 1II). Neither experience nor workload seemed to affect 
anticipatory response. 

 
Figure 1. [I & II] Percentage of anticipatory reactions (with 95% confidence interval) and [III & IV] boxplots 

of anticipatory latencies of [I & III] low certainty anticipation and [II & IV] high certainty anticipation 
affected by experience, cognitive load and cue characteristics (target and context cue) 

 

[I] [II] 

[III] [IV] 
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For inferential statistics of low and high anticipatory reactions, a mixed model approach was 
chosen given a substantial variability between the participants (ICClowAnticipation = .476, 
ICChighAnticipation = .306). Results are displayed in Table 2. We observed a significantly higher 
chance for high certainty anticipation with a target cue (p < .001). Furthermore, no context cue 
led to a marginally increased number of high certainty anticipatory reactions (p = .087). This 
trend was also observable for low certainty anticipation indicated by the (close to significant) 
interaction of target and context cues (p = .088)  Overall, experience and cognitive load did not 
affect anticipatory reactions. 

Table 2. Coefficients for the GLMM with workload, cue characteristic, and experience as predictors and 
anticipatory reaction as the criterion variable 

Note. low certainty anticipatory performance: AIC = 544, BIC = 625; high certainty anticipatory performance: AIC = 601, 
BIC = 681; coefficients (b) of cognitive load, experience, target and context cue can be interpreted as the log odds of an 
anticipatory reaction relative to the grand mean, averaged over every other factor level; SE refers to the estimated standard error; 
z values were obtained using the Wald z-test; (*) p < .01; *p < .05.; **p < .01.; ***p < .001 
 
For low and high certainty anticipatory latencies, 707 and 693 observations could be derived. 
Low certainty anticipatory latencies seemed to be stronger affected by the independent variables 
than high certainty latencies (see Fig. 1 III & IV). To test our assumptions, a mixed model 
approach was necessary due to the substantial variability between the participants 
(ICClowAnticipation = .429, ICChighAnticipation = .409). Results showed (see Table 3) that participants 
reacted about 1 second faster with low compared to high cognitive load for low certainty 
anticipation. More specifically, compared to the averaged reaction latencies of each independent 
value, experienced drivers with low cognitive load showed a faster low anticipation reaction 
when there was no cue at all. However, workload did not affect the latencies of high certainty 
anticipation. Experienced drivers were faster (about 1 second) than inexperienced driver by trend 
(p = .097) for low certainty anticipation. Furthermore, experienced participants tended to react 
even faster in the high load condition. However, this tendency did not reach statistical 
significance (p = .080). 

 

  b SE z p 
Certainty of anticipatory  
reaction Low High Low High Low High Low High 

Intercept 2.865 2.574 0.406 0.357 7.053 7.201 < .001 *** <.001 *** 
Cognitive load (low) - CL 0.174 -0.213 0.136 0.157 1.272 -1.357 .203  .175  
Experience (high) - EH 0.122 -0.062 0.382 0.348 0.320 -0.178 .749  .858  
Target Cue (no) - TCN -0.010 -1.568 0.136 0.175 -0.077 -8.942 .939  <.001 *** 
Context Cue (no) - CCN 0.170 0.268 0.136 0.157 1.246 1.713 .213  .087 (*) 
CL * EH -0.097 -0.188 0.136 0.157 -0.709 -1.197 .478  .231  
CL * TCN 0.132 0.033 0.136 0.157 0.969 0.209 .333  .835  
EH * TCN -0.157 0.251 0.136 0.172 -1.156 1.462 .248  .144  
CL *CCN 0.005 -0.243 0.136 0.157 0.038 -1.549 .969  .121  
EH * CCN  -0.070 0.005 0.136 0.156 -0.512 0.034 .608  .973  
TCN * CCN 0.233 -0.041 0.137 0.156 1.709 -0.260 .088 (*) .795  
CL * EH* TCN  0.148 0.081 0.136 0.157 1.085 0.520 .278  .603  
CL * EH * NCC 0.001 0.217 0.136 0.157 0.011 1.383 .992  .167  
CL * TCN * CCN 0.213 0.180 0.136 0.156 1.563 1.151 .118  .250  
EH * TCN * CCN -0.149 0.092 0.136 0.156 -1.093 0.587 .274  .557  
CL *EH * TCN * CCN -0.003 0.016 0.136 0.156 -0.023 0.104 .982  .917  
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Table 3. Coefficients for the LME with workload, cue characteristic, and experience as predictors and the 
reaction latencies of the anticipatory reactions as the criterion variable 

Note. low certainty anticipatory performance: AIC = 4086, BIC = 4168; high certainty anticipatory performance: AIC = 3886, 
BIC = 3950; coefficients (b) of cognitive load, experience, target and context cue can be interpreted as the latencies of 
anticipatory reactions relative to the grand mean, averaged over every other factor level; SE refers to the estimated standard error; 
degrees of freedom were obtained using the Satterthwaite approximation; (*) p < .01; *p < .05.; **p < .01.; ***p < .001 
 
DISCUSSION  

The current study examined differences between inexperienced and experienced drivers in the 
anticipation of dynamic traffic situations regarding cognitive load and the availability of 
anticipatory cues. The applied two-step reaction method provides an extension presenting further 
insights into the cognitive process of anticipation (compared with the one-button reaction in 
hazard perception tests) since results differed for low and high certainty anticipation. For 
instance, high cognitive load increased latencies for about one second for the initial intuition of a 
lane change but did not affect the highly confident anticipatory reaction. Since the understanding 
of the situation precedes in cycles testing the prior developed assumptions (Durso et al., 2007), 
anticipation can be described as a process moderated by the subjective certainty about the 
occurrence of the predicted event. 

As assumed, people highly benefitted from target cues, especially for the high certainty 
anticipation. Overall, highly experienced drivers were observed to be about one second faster in 
low certainty reactions. This finding did not reach significance, which might be a consequence of 
the small sample size. The samples differed with regard to the proportion of gender, but gender is 
unlikely to account for differences between the subsamples since we focused on cognitive 
processes of anticipation. Related studies showed that female and male drivers did not differ in 
their hazard perception skills (Scrimgeour, Szymkowiak, Hardie, & Scott-Brown, 2011) which 
require the anticipation of events.  

It has to be acknowledged that we used a rather simple scenario. Future investigations should 
consider more complex scenarios containing more than just one dynamic, relevant object. 

  b SE t p 
Certainty of anticipatory  
reaction Low High Low High Low High Low High 

Intercept 7.515 15.758 34.186 35.779 11.883 28.454 < .001 *** < .001 *** 
Cognitive load (low) - CL -1.000 0.188 661.457 643.874 -6.154 1.234 < .001 *** .218  
Experience (high) - EH -1.078 -0.665 34.186 35.779 -1.705 -1.202 .097 (*) .237  
Target Cue (no) - TCN 0.228 0.102 656.088 647.325 1.429 0.660 .153  .510  
Context Cue (no) - CCN -0.020 0.086 656.896 643.19 -0.127 0.566 .899  .572  
CL * EH -0.074 0.267 661.457 643.874 -0.452 1.752 .651  .080 (*) 
CL * TCN -0.082 0.227 656.067 643.871 -0.513 1.491 .608  .137  
EH * TCN 0.109 -0.130 656.088 647.325 0.680 -0.838 .497  .402  
CL *CCN 0.128 0.101 656.518 643.319 0.797 0.663 .426  .507  
EH * CCN  -0.076 0.053 656.896 643.19 -0.475 0.348 .635  .728  
TCN * CCN -0.273 0.052 656.343 643.197 -1.709 0.343 .088 (*) .732  
CL * EH* TCN  -0.060 0.079 656.067 643.871 -0.375 0.520 .708  .603  
CL * EH * NCC 0.190 0.061 656.518 643.319 1.189 0.399 .235  .690  
CL * TCN * CCN 0.107 -0.125 656.312 643.458 0.671 -0.821 .503  .412  
EH * TCN * CCN 0.127 0.050 656.343 643.197 0.796 0.331 .426  .741  
CL *EH * TCN * CCN -0.331 -0.206 656.312 643.458 -2.068 -1.356 .039 * .176  
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Furthermore, the cue classification has to be tested with other traffic scenarios to endorse a 
generalization of the proposed situational characteristics, which served as anticipatory cues. 

REFERENCES 

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects Models 
Using lme4. Journal of Statistical Software, 67(1), 1–48. 
https://doi.org/10.18637/jss.v067.i01 

Baumann, M., Petzoldt, T., Groenewoud, C., Hogema, J., & Krems, J. F. (2008). The Effect of 
Cognitive Tasks on Predicting Events in Traffic. In C. Brusque (Ed.), Proceedings of the 
European Conference on Human Centred Design for Intelligent Transport Systems (pp. 3–
12). Lyon: HUMANIST Publications. 

Deery, H. A. (1999). Hazard and Risk Perception among Young Novice Drivers. Journal of 
Safety Research, 30(4), 225–236. https://doi.org/10.1016/S0022-4375(99)00018-3 

Durso, F. T., Rawson, K. A., & Girotto, S. (2007). Comprehension and Situation Awareness. In 
F. T. Durso, R. S. Nickerson, S. T. Dumais, S. Lewandowsky, & T. J. Perfect (Eds.), 
Handbook of Applied Cognition (2nd ed., pp. 163–193). Chichester, UK: John Wiley & 
Sons Ltd. https://doi.org/10.1002/9780470713181.ch7 

Endsley, M. R. (1995). Toward a Theory of Situation Awareness in Dynamic Systems. Human 
Factors: The Journal of the Human Factors and Ergonomics Society, 37(1), 32–64. 
https://doi.org/10.1518/001872095779049543 

Jackson, L., Chapman, P., & Crundall, D. (2009). What happens next? Predicting other road 
users’ behaviour as a function of driving experience and processing time. Ergonomics, 
52(2), 154–164. https://doi.org/10.1080/00140130802030714 

Mühl, K., & Baumann, M. (2018). The role of cognitive distraction and characteristics of 
situation elements on anticipation while driving. In Book of Abstracts of the 6th 
International Conference on Driver Distraction and Inattention. Gothenburg. 

Mühl, K., Stoll, T., & Baumann, M. (2019). Look ahead - understanding cognitive anticipatory 
processes based on situational characteristics in dynamic traffic situations. Manuscript 
Submitted for Publication. 

Patten, C. J. D., Kircher, A., Östlund, J., Nilsson, L., & Svenson, O. (2006). Driver experience 
and cognitive workload in different traffic environments. Accident Analysis & Prevention, 
38(5), 887–894. https://doi.org/10.1016/J.AAP.2006.02.014 

Scrimgeour, A., Szymkowiak, A., Hardie, S., & Scott-Brown, K. (2011). Gender and Hazard 
Perception Skills in Relation to Road Traffic Police Officers. The Police Journal, 84(4), 
333–343. https://doi.org/10.1350/pojo.2011.84.4.524 

Stahl, P., Donmez, B., & Jamieson, G. A. (2014). Anticipation in Driving: The Role of 
Experience in the Efficacy of Pre-event Conflict Cues. IEEE Transactions on Human-
Machine Systems, 44(5), 603–613. https://doi.org/10.1109/THMS.2014.2325558 



Orginal research articles

III Study III: Reducing Uncertainty by Anticipation in Traffic –

the Effect of Situational Characteristics and Criticality on

Behavioral, Subjective, and Psychophysiological

Parameters

Specification of authors contributions:
Literature research and development of the experimental idea and design were performed by
myself with the support of Andrea Vogt under the supervision of Martin Baumann. Data anal-
ysis and discussion were done by me. Andrea Vogt and me wrote the manuscript. All authors
revised the manuscript.

Mühl, K., Vogt, A., & Baumann, M. (2020). Reducing Uncertainty by Anticipation in Traffic – the Ef-
fect of Situational Characteristics and Criticality on Behavioral, Subjective, and Psychophysiologi-
cal Parameters. Transportation Research Part F: Traffic Psychology and Behaviour, 75, 173–186.
https://doi.org/10.1016/j.trf.2020.10.004

Copyright: Republished with permission of Elsevier 2022.

This article was published in Transportation Research Part F: Traffic Psychology and Behaviour,
75, Kristin Mühl, Andrea Vogt, & Martin Baumann, Reducing Uncertainty by Anticipation in
Traffic – the Effect of Situational Characteristics and Criticality on Behavioral, Subjective, and
Psychophysiological Parameters, 173–186, Copyright Elsevier (2022).

87



Reducing uncertainty by anticipation in traffic – The effect of
situational characteristics and criticality on behavioral,
subjective, and psychophysiological parameters

Kristin Mühl a,⇑, Andrea Vogt b, Martin Baumann a

aDept. of Human Factors, Ulm University, Germany
bDept. of Learning and Instruction, Ulm University, Germany

a r t i c l e i n f o

Article history:
Received 25 May 2020
Received in revised form 3 October 2020
Accepted 6 October 2020

Keywords:
Traffic
Anticipation
Situation awareness
Uncertainty
Criticality
Skin conductance

a b s t r a c t

Uncertainty in traffic may have fatal consequences when operating a vehicle. Enabling dri-
vers to anticipate the behavior of other traffic participants can help reduce uncertainty and
thus increase traffic safety. A multi-method approach using behavioral, subjective, and
psychophysiological measures was applied to investigate the relation of uncertainty and
anticipation. Participants (N = 30) observed simulated, video-based urban traffic scenarios
while skin conductance responses were recorded. They had to indicate, by pressing a but-
ton, (1) the moment they first thought another vehicle might merge into their lane (low
certainty anticipation) and (2) the moment they were sure another vehicle would merge
(high certainty anticipation). Situational characteristics served as anticipatory cues that
helped predict the other vehicle’s action. On the one hand, in this study, target cues (which
are clearly related to the target’s activity) served to indicate an imminent lane change. On
the other hand, context cues represented visible precursors in the traffic environment, e.g.
a traffic sign pointing to upcoming road work. In addition, causal cues were used to deter-
mine a reason for the other vehicle to change lanes (in this instance, a construction site
blocking the lane). These situational characteristics, as well as the situational criticality,
were manipulated to gain insights into factors influencing the process of anticipation.
Results offered an effect of target cue moderated by criticality: especially in more critical
situations, the anticipation rate and subjective certainty increased, and physiological acti-
vation was reduced with target cues. Overall, the anticipatory performance was found to be
a predictor of subjective certainty (through its impact on skin conductance responses). The
findings are discussed in the context of the methodological approach for applications in
traffic.

� 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Safety in traffic is an individual but also a public concern. Various laws, rules, and interventions exist to increase traffic
safety from an objective perspective. However, even if these needs are met, the subjective feeling of safety might not be auto-
matically provided. Anticipation plays a crucial role in this subjective appraisal: An anticipatory driving mode that is deter-
mined by ‘‘no or only little disparity between anticipated and actual driving result” (Tanida et al., 2018, p.108) can be
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associated with perceived safety. However, the impression of safety is shaped by various factors, particularly the driver’s per-
ceived control (Tanida et al., 2018). There is no doubt that a feeling of safety cannot occur when other vehicles come too close
and one cannot move freely within their own safety margin (as proposed by Summala, 1988). Of course, a predictable acci-
dent does not trigger a feeling of safety. However, anticipation can help to reduce the likelihood of an accident, as dangerous
situations can be prevented when one reacts in advance. In accordance, anticipation can be regarded as ‘‘a high level cogni-
tive competence that describes the identification of stereotypical traffic situations on a tactical level through the perception
of characteristic cues, and thereby allows for the efficient positioning of a vehicle for probable, upcoming changes in traffic”
(Stahl, Donmez, & Jamieson, 2014, p. 605).

Safe driving requires the perception and processing of predominantly visual information in traffic (Lee, 1976). A well-
established theoretical concept of information processing in traffic is situation awareness, proposed by Endsley (1995).
The three levels of situation awareness are characterized by the perception, interpretation, and anticipation of elements
of the driving situation. A correct mental representation and understanding of the dynamic traffic situations, providing
the basis for anticipation, are crucial for road safety (Baumann & Krems, 2009). If there is a mismatch between this repre-
sentation and the current environment, people may feel uncertain and show increased physiological activity (FeldmanHall,
Glimcher, Baker, & Phelps, 2016), start conscious information processing (Mushtaq, Bland, & Schaefer, 2011); thus, response
latencies can be extended (Green, 2000). Consequently, supporting anticipation comes along with a reduction of uncertainty,
which can be a key to safer traffic behavior not only in manual but also in automated driving (Grahn, Kujala, Silvennoinen,
Leppänen, & Saariluoma, 2020).

This study aims to understand anticipatory processes in relation to subjective uncertainty in traffic. In particular, we focus
on the processing of selected situational characteristics in low- and high-critical situations. To capture the various processes
that accompany or are related to anticipation, we applied a multi-method approach using behavioral, psychophysiological,
and subjective rating measures.

1.1. Uncertainty and risk in traffic

Research about uncertainty, in general, is strongly related to decision-making (Lipshitz & Strauss, 1997), which is neces-
sary for action implementation based on situation awareness in dynamic situations (Endsley, 1995). Uncertainty has been
defined as the ‘‘realization that our beliefs and representations of the world are unable to accurately predict future events
in our environment” (Mushtaq et al., 2011, p. 1). As a consequence, the action is inhibited or delayed, as indicated by increas-
ing response times (Green, 2000). Sources of uncertainty are inadequate understanding, incomplete information, and undif-
ferentiated alternatives (Lipshitz & Strauss, 1997). Consequently, a correct and extensive representation and understanding
of the situation (high level of situation awareness) decreases the amount of uncertainty. Lowered accuracy of the prediction,
e.g., when cues are unreliable, causes uncertainty (Mushtaq et al., 2011). This perception is subjective, differing in the expe-
rience of doubts for individual persons (Lipshitz & Strauss, 1997). Moreover, a high level of uncertainty is related to increased
physiological activity (FeldmanHall et al., 2016). This relation might be the result of stress, which is triggered by uncertainty
about future physical, mental, and social well-being (Peters, McEwen, & Friston, 2017).

Some authors (e.g., Summala, 1988; Tanida et al., 2018) draw a connection between uncertainty and risk perception. For
instance, uncertainty has been described as an emotional component of risk (Summala, 1988). However, it is not possible to
equate the two phenomena, as risk is characterized by two factors: the aspect of the unknown (hazard is new, unobservable),
which can be seen in close connection with uncertainty, and the aspect of dread (lack of control, fatal consequences; Slovic,
1987). Nevertheless, uncertainty can lead to a certain perception of risk.

1.2. Cognitive processing of anticipatory cues in traffic

Anticipation relates to a state of cognitive readiness. The term ‘‘cognitive readiness” refers to the fact that drivers are typ-
ically prepared for events that are likely to develop in the near future (Stahl et al., 2014). Consequently, as people have devel-
oped an extensive understanding of the circumstances and parameters of driving and can thus predict upcoming events,
uncertainty in traffic might be reduced.

Building situational awareness, including anticipation of the traffic situation, is a complex human cognitive process. It is
determined by the retrieval and retaining memory processes triggered by situational cues in the traffic scenery (Mühl, Stoll,
& Baumann, 2020). Prior knowledge and experiences affect these processes (Baumann & Krems, 2009). Anticipation is com-
prised of causal relationships between characteristic cues that facilitate the formation of a comprehensive mental represen-
tation of the traffic situation (Mühl et al., 2020). Mühl et al. (2019, 2020) proposed a classification of situational
characteristics in lane-change scenarios that are differentially processed. Causal cues are provided by structural information
regarding the driving context; these provide the reason for a behavioral change (e.g., a construction site on the lane that pro-
vokes a lane change). Target cues are characteristics that are strongly linked to the target’s behavior (e.g., an indicator). These
cues surmount other situational cues since they easily activate behavioral schema in retrieval structures. Additional contex-
tual information, termed context cues (e.g., warning signs of lane narrowing), can only be integrated into the mental repre-
sentation if they can be aligned to a causal cue (Mühl et al., 2020). Therefore, context cues are more fragile while being
processed under high cognitive-load conditions. Research findings (e.g., Mühl et al., 2020) have indicated that people could
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not benefit from additional context cues in demanding situations. However, target cues considerably reduced subjective
uncertainty in the situation. Consequently, situational characteristics may influence the subjective feeling of uncertainty.

1.3. Methodological approaches for measuring anticipation and uncertainty in traffic

A variety of measures exist to investigate situation awareness or, in particular, anticipation in complex situations. Pro-
posed techniques offer different perspectives on situation awareness and therefore are worth being used as a multi-
method approach (Salmon et al., 2009). Studies on anticipation in traffic (e.g., Stahl et al., 2014) often use performance mea-
sures such as braking reactions in driving simulators. However, one cannot clearly infer anticipation from the action. Even if
anticipation has taken place, the action may be omitted. Consequently, this method is not suitable for providing insights into
the process of anticipation. Other methodological approaches in this context are hazard perception and prediction tests;
these force people to react when they perceive a hazard and, further, ask for future behavior of situational elements (e.g.,
Crundall, Chapman, Phelps, & Underwood, 2003; Jackson, Chapman, & Crundall, 2009). Individual differences in reaction
times could reflect differences in sensitivity and, thus, the ability to discriminate between hazardous and non-hazardous sit-
uations and, as well, thresholds of perceived hazardousness (Wallis & Horswill, 2007). To address this variability and obtain
more detailed insight into the development of anticipation, Mühl et al. (2019, 2020) proposed a two-step reaction method
that includes the component of uncertainty. In a lane change situation, participants were asked to react when (1) they had
the first intuition that another car was going to merge into their lane (low certainty) and when (2) they were confident that
another vehicle would merge (high certainty). Results indicated that experience and cognitive load predominantly affected
low certainty anticipation, whereas situational characteristics (cues) only influenced high certainty anticipatory responses
(see Mühl et al., 2019, 2020).

Investigations about uncertainty and risk perception are predominantly based on subjective ratings (e.g., Kinnear, Kelly,
Stradling, & Thomson, 2013; Stahl et al., 2014; Yan, Eilers, Ludtke, & Baumann, 2016). By comparing these ratings with objec-
tive psychophysiological responses in hazard-perception videos, distinctions were found in cognitive and affective appraisals
(Kinnear et al., 2013). Whereas no differences in cognitive hazard ratings were observed for the different groups of driving
experience, experienced drivers generated more skin conductance responses (SCRs) compared to inexperienced and learner
drivers (Kinnear et al., 2013). Furthermore, Kinnear et al. (2013) assumed that prior emotionally-valenced driving situations
form somatic markers that are activated when a hazardous situation appears and serves as a warning prior to any action. In
line with this explanation, experienced drivers showed higher psychophysiological activity in anticipation of road hazards
(Kinnear et al., 2013). Additionally, several studies (e.g., Ba, Zhang, Chan, Zhang, & Cheng, 2016; Tagliabue & Sarlo, 2015)
observed fewer skin conductance responses in situations that subsequently led to an accident when drivers did not antici-
pate this event, compared to cases in which a collision was prevented because drivers anticipated this event. One could fur-
ther assume that the activation of an upcoming accident triggers stress, which is linked to high arousal. Tagliabue and Sarlo
(2015) proposed that drivers were more emotionally involved when they experienced an accident, which led to larger max-
ima of SCR amplitudes (a phenomenon related to increased activation in scenes with crashes than without crashes). In less
hazardous traffic situations – for instance, the anticipation of lane changes – stress might be reduced by situational charac-
teristics that mitigate the uncertainty about future behavior. Implementing a multi-method approach using objective psy-
chophysiological measures and subjective and behavioral responses is aimed to investigate the relationship between
anticipation and uncertainty.

1.4. Research goals and hypotheses

The present study aimed to investigate the relationship between uncertainty and anticipation to gather further insights
into the processing of situational characteristics as the basis for safe driving in traffic. On this account, we used a simple lane-
change paradigm with a two-step anticipation reaction method that integrates a low and high level of certainty about
expected behavior (based on Mühl et al., 2019, 2020). Participants had to anticipate whether another car was merging into
their lane based on different situational characteristics and varied situational criticality. In addition to this behavioral-
anticipation data, we gathered subjective ratings of certainty and criticality of the to-be-anticipated event. Furthermore,
objective data of skin conductance were recorded, which is related to the physiological activation of the sympathetic nervous
system.

When people anticipate, they are able to adapt their behavior accordingly and thus reduce the criticality of situations.
However, a higher level of criticality in advance might affect the process of anticipation. Therefore, we wanted to gain insight
into the processing of cues, applying varying situational criticality. In this study, criticality is increased by a higher speed of
the vehicles and lower time to collision, which might cause stress. As a result, arousal and uncertainty ratings should
increase.

Second, we focused on situational characteristics that trigger anticipation. In particular, target cues that are strongly
linked to the target’s behavior have a positive effect on anticipation (Mühl et al., 2020). They enable the activation of appro-
priate mental representations, which lowers subjective uncertainty and reduces stress and arousal.

Finally, we wanted to investigate whether the anticipation of a lane change situation affects subjective certainty and
arousal. We assumed that the development of situation comprehension leading to a confident prediction of the situation,
would reduce stress and arousal for the driver.
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Altogether, we proposed the following hypotheses:

I. I Situational criticality affects the process of anticipation: increased criticality reduces subjective certainty and increases
psychophysiological activation.

II. II Target cues promote anticipation: Situations with target cues increase anticipatoryresponses and subjective certainty,
which involves lowered psychophysiological activation.

III. III Relation between anticipation, subjective certainty, and arousal: individual certainty ratings increase, and psychophys-
iological activations decrease in case an anticipatory response was carried out.

2. Methods

2.1. Design

To investigate the effect of situational characteristics and criticality on anticipation in dynamic traffic situations, partic-
ipants performed a video-based anticipation test using a lane-change scenario (see Mühl et al., 2020). Drivers had to antic-
ipate whether another vehicle would merge into the own lane on an urban two-lane road. A 2 (criticality) � 2 (context
cues) � 2 (target cues) within-subjects experimental design was applied. Psychophysiological responses, anticipatory per-
formance, and subjective certainty and criticality ratings were recorded. Situational criticality was manipulated by inducing
increased criticality through reduced time to collision (TTC) between relevant objects by keeping cue onset distances con-
stant and adapting the velocity. The effects of context cues and target cues, as well as their combinations, were explored
through varying the presence of indicator usage and warning signs of an upcoming construction site and road narrowing.
Furthermore, scenarios were based on causal cues that provide a reason why another vehicle could not keep straight but
merge into the own lane (e.g., a construction site that blocks the path). Videos without causal cues were distractors that
did not force participants to anticipate a lane change with certainty.

This design was applied to eight scenarios and four distractors (see Fig. 1 for an overview). Each participant responded to
each condition twice, split into two testing sessions that took place with a time interval of at least 24 h and a maximum of
72 h. The repetition of data recording was applied to ensure reliable data, especially with regard to psychophysiological data
that are sensitive to a variety of factors (e.g., fatigue, coffee consumption, etc.). Overall, 24 videos (two versions of eight sce-
narios and four distractors that differed only in irrelevant visual components such as the kind and color of houses or vehicles)
were implemented and presented randomly for each version. To avoid training effects by participants recognizing the scene,
two versions of each condition were created and randomly assigned to the testing sessions.

2.2. Apparatus and materials

2.2.1. Video-based anticipation test
The videos were generated using the software VICOM provided by TÜV | DEKRA arge tp 21. Overall, the experiment

included 24 videos displayed in the size of 1680 � 1050 pixels with 25 frames per second. These scenes lasted between
25 and 33 s and contained a potential urban lane change scenario. From a driver’s perspective, after passing a crossing, par-
ticipants saw another car driving in the same direction on the adjacent lane. People were asked to watch all scenarios and

Fig. 1. Study design.
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push a button if (1) they had an initial sense that another car was about to merge into their lane (see Table 1 for exact
instructions), which corresponds to a low level of certainty. While the video continued, people were able to push another
button (2) as soon as they were certain about the lane change of the other car. As a result, the video stopped and follow-
up questions about situational certainty and criticality appeared.

Eight scenarios contained a causal cue: a construction site on the lane of the other car, presenting a reason why another
car might enter the own lane. This was combined with either no additional cue, with additional context cues (e.g., a traffic
sign indicating the construction site and narrowing part), with additional target cue (the indicator of the other car) or with
the combination of target and context cue. The distractors did not contain a causal cue (construction site) but included either
an additional context or target cue. An overview of the implementation and onset modalities of situational characteristics
and criticality are depicted in Fig. 2. Causal and context cues were visible directly after the turn into the lane. Target cues
appeared with a TTC of 5 s towards the causal cue. Low critical situations were defined by large TTC the end of Video
(TTC between EGO and the other car: 4.1 s; TTC between other car and causal cue: 2.8 s) and an EGO velocity of 30 km/h.
High critical situations were characterized by small TTC at the end of Video (TTC between EGO and the other car: 1.8 s;
TTC between the other car and causal cue: 1.2 s) and an EGO velocity of 50 km/h.

The experiment was presented using PsychoPy v1.90.2 on a 24-inch, high-resolution screen (1920 � 1080 pixels). The
behavioral responses (button press) were detected using the Cedrus Response Pad RB844. After each video, the participants
had to classify their judgment of the criticality of the situation (see scale used by Naujoks, Mai, & Neukum, 2014). Addition-
ally, the participants had to rate the certainty concerning their reaction on a one-dimensional scale from 0 to 100.

2.2.2. Skin conductance measurement
We used the Biopac MP150 system to measure the conductivity of the skin. The software AcqKnowledge 5.0 was utilized

to record and prepare the data. To ensure high-quality skin conductance data, the manufacturer specifications for data acqui-
sitions and guidelines for recording were used (Braithwaite, Watson, Jones, & Rowe, 2015). As recommended, a sample rate
of 2 KHz was chosen; the electrodes were attached to the index and the middle finger of the non-dominant hand.

Table 1
Instruction: German wording and English translation.

German instruction English translation of the instruction

Im Folgenden werden Sie Videos sehen, in denen Sie die Perspektive eines
Autofahrers einnehmen und auf einer Straße in der Stadt fahren.
Versuchen Sie sich dabei, so gut es geht, in diese Sicht
hineinzuversetzen.

Below you will see videos in which you take the perspective of a car
driver and drive on the street in the city. Try to put yourself into this
perspective as best you can.

Haben Sie das Gefühl – eine erste Vorahnung –, dass ein anderer
Verkehrsteilnehmer auf Ihre Fahrspur kommen wird? Dann drücken Sie
die gelbe Taste.

Do you have the feeling – a first impression – that another road user will
come onto your lane? If so, press the yellow button.

Das Video läuft weiter. . . The video continues. . .
Sind Sie nun sicher, dass ein anderer Verkehrsteilnehmer auf Ihre Spur

kommen wird? Dann drücken Sie die blaue Taste.
Are you now sure that another road user will come into your lane? If so,
press the blue button.

Pro Video kann nur einmal die gelbe und einmal die blaue Taste gedrückt
werden.

The yellow and blue buttons can only be pressed once per video.

Fig. 2. Methodological overview of the implementation of situational characteristics and criticality. Note. Depictions are not true to scale. TTC = time to
collision.
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2.3. Procedure

All participants were asked not to smoke or consume caffeine 2 h before the study started, in order to reduce noise in the
skin conductance data (Miró, Cano-Lozano, & Buela-Casal, 2002). The first session lasted about 45 min. It began with, for each
participant, reading the instructions, signing the consent form, and providing demographic data. Afterward, the EDA-
electrodes for measuring skin conductance were attached to the participants.

Participants were seated approximately 50 cm from the computer monitor with the response pad at a comfortable dis-
tance on the desk. During a training session, the participants were faced with six training videos that were comparable to the
experimental videos and that showed the different situational characteristics and both versions of criticality at least once.
Thus, they could gain familiarity with the instructions (see Table 1), the video material, keystroke reactions, and were able
to ask task-relevant questions. The anticipation test lasted about 20 min. After finishing, the electrodes were detached, the
participants signed for their compensation (test person credits as part of the study curriculum or money), and the next
appointment was arranged. The second segment lasting about 35 min, made use of the same procedure of the first part after
attaching the electrodes. The experimental design was approved in advance by the ethical review committee of Ulm
University.

2.4. Data preparation and analyses

2.4.1. Anticipatory responses
Anticipatory performance is determined by the binomial outcome of low- and high-certainty anticipatory responses.

Anticipatory responses that did not occur within anticipatory intervals (see Fig. 2) were excluded from analyses. Since there
was no stimulus onset before the anticipatory interval, we have to assume that a response was not related to anticipation.

2.4.2. Skin conductance responses
Skin conductance responses (SCRs) determine phasic changes of electrical conductivity of skin (Boucsein, 2012). Since we

want to focus on the effects of situational cues as stimuli, SCRs are appropriate.
The raw data of skin conductance measurements were processed in the Matlab-based software Ledalab (V3.4.9). Prepro-

cessing involved downsampling to 50 Hz and quality control for visual artifacts. Skin conductance data were analyzed uti-
lizing continuous decomposition analysis (CDA) with an amplitude threshold of 0.01mS. As a result, SCR onsets and
amplitudes were derived. Amplitude measures the difference of conductivity in skin conductance from response onset to
its peak (Schulte-Mecklenbeck, Kühberger, & Ranyard, 2011). It can be used to infer sympathetic arousal and is appropriate
for our research with short time intervals, since amplitudes are not affected by the preceding response (Bach, Flandin,
Friston, & Dolan, 2010). For our analyses, we focused on averaged and maximum amplitudes, which proved to be relevant
indicators in the traffic context (Tagliabue & Sarlo, 2015).

Further data preparation was performed with the statistical computing software R. Since SCRs are known to occur in a
response window between 1 and 3 s after stimulus onset (Levinson & Edelberg, 1985), the first 3 s of each video were
not considered in further analysis, as this may reflect SCR triggered by the video start. We calculated the mean and the max-
imum of all amplitudes for each condition and participant for the baseline and the anticipatory interval (see Fig. 2 for details
about these intervals). Subsequently, we compiled scores for the mean and maximum amplitude that reflect potential
change independent of individual differences by subtracting the baseline value from the value of the anticipatory interval.

The nominal data of SCR occurrence was used to check for non-responders (hypo-responsive) or technical errors. As a
major exclusion criterion, non-specific and event-related SCRs had to be observable in at least 20% of all scenarios. Two par-
ticipants did not meet this criterion. Furthermore, two sessions had to be excluded due to technical problems resulting in
low data quality.

2.4.3. Analyses procedure
Frequencies of anticipatory responses, mean values, and standard errors of SCR scores and subjective ratings were ana-

lyzed for descriptive statistics. For inferential statistics, binary data of anticipatory responses were dummy coded and fitted
using a logit link function in generalized linear mixed models (GLMM). Metric data with an assumed normal distribution of
errors (SCR scores and subjective ratings) were analyzed using linear mixed models (LME) and an identity link function.
Models were fitted using the lme4 package version 1.1-18-1 (Bates, Mächler, Bolker, & Walker, 2015) and lmerTest package
version 3.1-2 in R. Participants’ ID was used as a grouping variable. Criticality, target cue, and context cue were added as
categorical fixed effects.

In the beginning, we tested if the measurement repetition (session) and the variation in the videos (version) had an effect
on ensuring no possible learning effects. Results showed that neither session nor version significantly affected anticipatory
responses and skin conductance data as previously assumed. Therefore it is not necessary to include the factors session or
version in the model calculations.
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2.5. Sample

Participants were recruited via an online platform for participation in studies at Ulm University and via an internal test-
person database developed by the Human Factors Department. The prerequisites for inclusion were a valid driving license
and the minimum age of 18 years.

Of 30 tested participants, the data of 27 persons were included in the data analysis. Two participants were determined to
be non-responders, and one person had to be excluded due to outlier analyses of performance data (since he/she reacted in
most videos before the cue onset). The sample of 27 participants (30% male) consisted mainly of students with higher edu-
cation levels. The mean age was M = 23.70 (SD = 2.97). The driving experience was rather heterogeneous, with an average
number of years possessing a driver’s license of M = 6.26 years (SD = 2.60) and an average mileage of M = 9227 km per year
(SD = 19369).

3. Results

3.1. Anticipatory responses

Anticipatory responses depict whether participants anticipated a lane change of the car in front with low or high cer-
tainty. Descriptive analyses of low and high certainty anticipatory responses were based on 648 observations each and are
illustrated in Fig. 3. These graphs show a general high tendency (more than 85%) to anticipate a lane change in scenarios.
In distractor videos, this tendency was lower, but an existing target cue increased the anticipation rate considerably (see
Fig. 3).

Since the cue onset for the target cue was later than for causal and context cues, we additionally checked whether the
participants showed the anticipation response before or after visibility of the target cue (see Fig. 4). For the low certainty
anticipation, all but one participant had already responded before the target cue onset in the scenario. Even in the high cer-
tainty anticipation condition, more than half had reacted before the target cue onset. However, while watching the distractor
videos, most people only responded after the target. Accordingly, the basis for developing anticipation differed for the par-
ticipants, depending on whether they saw the target or not. Consequently, for further analysis of subjective ratings and psy-
chophysiological activation, we first excluded the person who reacted after the target for the low certainty anticipation and,
secondly, checked whether these two groups (pre- and post-target visibility) differed in their characteristics for the high cer-
tainty anticipation.

To analyze the influence of criticality and distractor, a mixed-model approach was applied due to the fundamental vari-
ability between the participants (ICClowcertainty = 0.344, ICChighcertainty = 0.057) for low and high certainty anticipation (N = 648).
For both, significantly more anticipatory responses were made in the scenario, when a causal cue was visible, compared to
the distractor video, when no causal cue was given (low certainty: b = 1.672, SE = 0.293, z = 5.709, p < .001; high certainty:
b = 3.097, SE = 0.398, z = 7.781, p < .001). In contrast, criticality had no influence on the anticipatory response. To gain insight
into how target cues affect the anticipation only in the scenario, we additionally calculated GLMMs (N = 432, ICClowcer-

tainty = 0.939, ICChighcertainty = 0.550) by excluding distractor videos. The results are displayed in Table 2. They show that

Fig. 3. Percentage proportion of (binomial) a] low and b] high certainty anticipatory responses for scenarios (with causal cue) and distractors (without
causal cue).
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low certainty anticipatory responses are not affected by (a) target cue, (b) context cue, or (c) criticality. Only target cues
increased the probability of high certainty anticipation (p < .01, H II, see Fig. 3b).

3.2. Subjective ratings

Participants’ subjective ratings of subjective certainty and subjective criticality (648 observations) were gathered after
each video (see Fig. 5 for descriptive analyses). Subjective certainty, in total, was larger in scenarios (M = 87.7, SD = 16.5) com-
pared to distractor videos (M = 79.7, SD = 19.1). Using a mixed-model approach (N = 648, ICC = 0.164) with criticality, dis-
tractors, target, and context cues as predictors, this difference between causal and non-causal cues (scenarios vs. distractors)
reached significance (b = 2.458, SE = 0.848, p < .01). However, to obtain a more detailed insight into the effect of criticality
and cues when there is a reason for anticipating a lane change (causal cue), we calculated a linear mixed-effect model (LME)
without distractors. Beforehand, we checked whether it made a difference if the people had seen the target cue or not (sug-
gesting a subdivision was worthwhile; see 3.2 for detailed explanation). Results indicated no difference between the pre
(M = 87.6, SD = 16.9) and post (M = 90.1, SD = 10.4) target visibility group (N = 213, b = �2.732, SE = 3.019, p = .370). Con-
sequently, we did not subdivide the target cue predictor for the LME (N = 432, ICC = 0.295; see Table 3 for detailed data).
Results show that people were more certain when a target cue was available (p < .01, HII), especially in the high critical sit-
uation, indicated by a significant interaction of criticality and target cue (p < .05).

A closer look was given to the relation of subjective certainty and anticipation (H III). When participants made a high cer-
tainty anticipatory response, they had an average subjective certainty rating of M = 88.0 (SD = 15.4). This rating was much
lower when no anticipatory response was performed (M = 38.5, SD = 21.2). Consequently, anticipatory performance is a sig-
nificant predictor of subjective certainty (b = 48.259, SE = 2.852, t(418.5) = 16.92, p < .001).

Fig. 4. Percentage proportion of (binomial) a] low and b] high certainty anticipatory responses depending on the target cue onset. Note. Anticipatory
responses made (1) before target cue onset = pre target visibility, (2) after target cue onset = post target visibility; scenarios (with causal cue) and distractors
(without causal cue).

Table 2
Coefficients for the GLMM with criticality, target and context cues as predictors and anticipatory response as the criterion variable.

fixed effects B SE z p

low high low high low high Low high

intercept 9.690 5.197 2.273 1.198 4.263 4.339 <0.001*** <0.001***
criticality (low) 0.368 0.433 0.363 0.301 1.014 1.413 0.311 0.158
target cue – TC (no) �0.123 �0.956 0.357 0.310 �0.344 �3.082 0.731 0.002**

context cue – CC (no) �0.123 0.063 0.357 0.303 �0.344 0.209 0.731 0.834
criticality*TC 0.123 0.433 0.357 0.306 0.344 1.413 0.731 0.158
criticality*CC 0.123 0.063 0.357 0.303 0.344 0.209 0.731 0.834
TC*CC 0.123 0.063 0.357 0.303 0.344 0.209 0.731 0.834
criticality*TC*CC �0.123 0.063 0.357 0.303 �0.344 0.209 0.731 0.834

Note. Low certainty anticipatory response: AIC = 94, BIC = 130; high certainty anticipatory response: AIC = 163, BIC = 200; (*) p < .10; * p < .05.; ** p < .01.;
*** p < .001,
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Subjective criticality ranged in the lower part of the scale (see Fig. 5b). Scenario and distractor videos (Mscenario = 3.84, SDsce-

nario = 2.05,Mdistractor = 3.56, SDdistractor = 2.08) differed in terms of subjective criticality as a function of target cue. While target
cues reduced the criticality rating in the scenarios, criticality was rated higher with target cues for the distractor videos. An
LME using criticality, distractors, target, and context cues as predictors proves this relation by indicating a significant inter-
action of target cue and distractor (N = 648, ICC = 0.507, b = 0.444, SE = 0.066, p < .001).

Again, to obtain a more detailed insight into the effect of criticality and cues when there is a reason for anticipating a lane
change (causal cue), we calculated an LME without distractors. In this case, too, it was found that there was no influence on
the subjective rating of whether the target cue had been seen before (post target visibility: M = 4.0, SD = 1.9) or not (pre tar-
get visibility: M = 3.5, SD = 2.0). Although criticality was descriptively estimated to be higher when the target was observed,
this factor had no significant influence on the criticality rating (N = 213, b = �0.072, SE = 0.304, p = .812). Consequently, the
target cue was not subdivided as a predictor for the LME (N = 432, ICC = 0.707; see Table 3 for detailed results). The highest
criticality ratings could be observed in the high critical scenario without target cue and the lowest in the high critical sce-
nario when target and context cues were available (see Fig. 5b). In accordance, analyses revealed a significant interaction
between criticality and target cue (p < .001).

3.3. Psychophysiological activity

The psychophysiological activity is inferred from the percentage of SCR (nominal data of occurrence) and SCR amplitude
(mean and maximum). The percentage of SCR is taken into account to provide a comparable measure to existing studies (e.g.,
Kinnear et al., 2013; Tagliabue & Sarlo, 2015). Only a small difference between baseline (baseline: M = 86.8, SD = 33.8) and
anticipatory interval (M = 88.6, SD = 31.8) was observed for the percentage of SCR in the scenarios. Overall, analyses revealed
no effects on the percentages of SCR.

Fig. 5. Averaged subjective ratings of a] certainty about the individual anticipatory response and b] criticality of the observed video for scenarios (with
causal cue) and distractors (without causal cue). Note. Error bars represent standard errors.

Table 3
Coefficients for the LME with criticality, target, and context cues as predictors and subjective ratings as criterion variable.

fixed effects subjective certainty subjective criticality

b SE df t p b SE df t P

Intercept 85.180 2.200 26 38.717 <0.001*** 3.838 0.340 26 11.295 <0.001***

criticality (low) 0.634 0.748 398 0.809 0.419 �0.166 0.052 398 �3.193 0.002**

target cue - TC (no) �2.491 0.748 398 �3.175 0.002** 0.148 0.052 398 2.838 0.005**

context cue - CC (no) �0.065 0.748 398 �0.083 0.934 0.051 0.052 398 0.976 0.330
criticality*TC 1.574 0.748 398 2.007 0.045* �0.189 0.052 398 �3.637 <0.001***

criticality*CC 0.111 0.748 398 0.142 0.887 �0.037 0.052 398 �0.710 0.478
TC*CC 0.560 0.748 398 0.714 0.476 �0.074 0.052 398 �1.419 0.157
criticality*TC*CC �0.856 0.748 398 �1.092 0.276 0.023 0.052 398 0.444 0.658

Note. Subjective certainty: AIC = 3633, BIC = 3674; subjective criticality: AIC = 1514, BIC = 1554; (*) p < .10; * p < .05; ** p < .01; *** p < .001
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Fig. 6a and b show averaged values of SCR amplitude (mean and maximum) for the anticipatory interval only (N = 538). The
graphs display enlarged SCR amplitudes in the high compared to the low critical scenario. But this difference was not observ-
able for the distractor condition. Consequently, a linear mixed-model approach showed a significant interaction between
criticality and distractor (SCR mean: ICC = 0.344, b = �0.010, SE = 0.004, t(501.2) = �2.455, p < .05; SCR max: ICC = 0.408,
b = �0.028, SE = 0.009, t(501.2) = �3.010, p < .01). Considering only the scenario by excluding distractors from analysis,
amplitudes are larger for high compared to low critical situations (SCR mean: ICC = 0.396, b = �0.014, SE = 0.004, t(324.7)
= �3.293, p < .01; SCR max: ICC = 0.429, b = �0.033, SE = 0.009, t(324.4) = �3.484, p < .001).

To identify the effect of the anticipatory cues and criticality, we extracted difference amplitude scores by subtracting the
baseline from the anticipatory interval. Thus, we can detect changes in SCR amplitudes resulting from the different cue
onsets independent of the interindividual differences. The SCR amplitude scores (mean) indicated smaller SCR amplitudes
in the anticipatory interval compared to the baseline for scenario and distractor videos (see negative values in Fig. 6c]). A
closer look into the scenario condition (N = 336) reveals that criticality affected SCR amplitudes (p < .05, H I; see Table 4
for detailed results). SCR amplitudes were, on average, larger for the anticipatory interval in more critical situations. Further-
more, we observed that target cues seem to reduce the SCR amplitude in the anticipatory interval (p < .1, H II). This result
accords with the findings on the investigated maxima (SCR amplitude score max, N = 336, see Fig. 6d]). However, target cues
reduced the peaks of SCR amplitudes only in the low criticality condition.

We further checked whether a subdivision was necessary for target cue trials when people already provided their high
certainty anticipatory response before the target cue became visible. As observable in Fig. 7 (a, b) SCR amplitudes were
increased when participants made the anticipation without having seen the target cue (pre target visibility). Furthermore,
when they have observed the target cue, the amplitude scores were mainly negative (see Fig. 7c, d). Consequently, the ampli-
tudes in the baseline were larger than in the anticipatory interval. The differentiation between pre and post target visibility
became significant for SCR amplitudes scores (SCR mean score: ICC = 0.070, b = 0.050, SE = 0.017, t(38.4) = 3.003, p = .005; SCR

Fig. 6. SCR amplitudes in the anticipatory interval (averaged a] means and b] maxima) and difference SCR amplitude scores (anticipatory interval –
baseline, averaged a] means and b] maxima). Note. Error bars represent standard errors.
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max score: ICC = 0.158, b = 0.079, SE = 0.039, t(45.8) = 2.034, p = .048). For the SCR amplitudes, (marginally) significant inter-
actions between criticality and pre/post target visibility were observed (SCR mean: ICC = 0.416, b = �0.023, SE = 0.012 t(152.
9) = �1.895, p = .060; SCR max: ICC = 0.456, b = �0.068, SE = 0.028, t(151.6) = �2.432, p = .017). In highly critical situations,
the amplitudes were greater if the reaction took place before the target cue (see Fig. 7a, b). Overall, we can conclude that the
amplitudes were even lower when the target cue has been perceived by the participants compared to the target overall vari-
able (see Fig. 6). In fact, the differences between the cue characteristics described above are only amplified.

Further, we looked at the relation of SCR amplitude scores and anticipation (H III). The scores do not differ for SCR amplitude
mean when there was no high certainty anticipatory response (M = �0.010, SD = 0.089) compared to the occurrence of an
anticipatory response (M = �0.015, SD = 0.087). Considering the maximum SCR amplitude score, anticipatory responses
involved smaller maxima (M = 0.021, SD = 0.195) than missing high certainty anticipatory responses (M = 0.074,
SD = 0.190). Consequently, anticipation affected the maxima of SCR amplitude scores (ICC = 0.101, b = �0.061, SE = 0.028,
t(333,1) = �2.215, p = .027).

4. Discussion

The main intent of this study was to investigate the effects of situational criticality and situational characteristics on
anticipation, respecting uncertainty. We used a multi-method approach to gain insight into behavioral, subjective, and psy-
chophysiological responses that relate to anticipation.

The results of the study are consistent with the findings of prior investigations using a comparable methodological
approach (see Mühl et al., 2020). First, causal cues are crucial for anticipation, mainly when no cues provide information
about the target’s activity. Second, situational characteristics that are strongly linked to the target and the behavior of the
target itself (target cues) increase the chance of high certainty anticipation (especially for the high criticality condition).
To gather further insights into the process of anticipation and perceived uncertainty, this investigation manipulated the crit-
icality of the situation. Hypothesis I (H I) refers to the relation between situational criticality and the process of anticipation.

Table 4
Coefficients for the LME with criticality, target and context cues as predictors and SCR amplitude score (mean and max) as criterion variable.

fixed effects SCR amplitude score - mean SCR amplitude score - max

b SE df t p b SE df t p

intercept �0.013 0.006 28.94 �2.290 0.030 * 0.027 0.016 28.93 1.683 0.103
criticality (low) �0.010 0.005 312.30 �2.174 0.031 * �0.017 0.010 310.34 �1.646 0.101
target cue - TC (no) 0.009 0.005 313.30 1.880 0.061 (*) 0.018 0.010 311.47 1.762 0.079 (*)
context cue - CC (no) 0.002 0.005 312.20 0.435 0.664 0.002 0.010 310.17 0.186 0.853
criticality*TC 0.002 0.005 309.10 0.415 0.679 0.016 0.010 307.56 1.639 0.102
criticality*CC �0.003 0.005 310.60 �0.694 0.488 0.004 0.010 308.80 0.391 0.696
TC*CC �0.001 0.005 309.00 �0.196 0.845 0.016 0.010 307.53 1.553 0.122
criticality*TC*CC 0.002 0.005 309.20 0.479 0.632 0.003 0.010 307.59 0.326 0.745

Note. SCR amplitude score - mean: AIC = -608, BIC = -570; SCR amplitude score - max: AIC = -94, BIC = -56; (*) p < .10; * p < .05.; ** p < .01.; *** p < .001.

Fig. 7. SCR amplitudes/ amplitude scores in the anticipatory interval subdivided by pre and post visibility of target. Note. Anticipatory responses that were
made (1) before target cue onset = pre target visibility, (2) after target cue onset = post target visibility; only scenarios (with causal cues) are displayed that
contain target cues.
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Anticipatory responses of low and high certainty anticipation were not affected by criticality. It can be assumed that the
anticipation rate was not sufficiently sensitive, since the subjective appraisal of criticality was significantly higher in the high
critical condition. It is also possible that the variation was more likely to influence the visual demand, which should not
affect the process of understanding the situation (Young, Salmon, & Cornelissen, 2013); this can account for why no signif-
icant difference for anticipatory responses was observed.

However, a connection between criticality and target cue was shown. If the target cue was present, the subjective criti-
cality was rated lower, and the subjective certainty higher in the scenarios. A clear effect of criticality was observed for the
psychophysiological activation. Consistent with H I, participants’ skin conductance amplitudes were reduced in low critical
situations. This effect was only seen in the scenario, however, it was non-existent in the distractor condition – a finding that
highlights the impact of the causal cue. Not only did criticality affect the psychophysiological activation, target cues were
also found to reduce the SCR amplitude of the observer (H II). This effect was increased on trials in which the test persons
saw the target cue before a response occurred. Target cues significantly increased subjective certainty and decreased the per-
ceived criticality of the situation. Overall, they led to an increased number of high certainty anticipatory responses (H II).
However, it depended on the criticality of how effective target cues were. High critical situations benefited from target cues,
whereas anticipation in low critical situations was less affected by target cues.

The last hypothesis (H III) concerned the relation of subjective certainty and anticipation. When participants anticipated,
their subjective certainty about an upcoming lane change was significantly higher. This finding is not surprising, given that
the definition of an anticipatory response already includes individual certainty. However, the observed score of maxima of
the SCR amplitudes was significantly lower when an anticipatory response was made. Consequently, observers were less
aroused when they were more certain and able to anticipate.

In summary, we observed less physiological arousal in situations that could be anticipated, that contained target cues and
that were less critical. These results are in line with our assumptions and findings from Tagliabue et al. (2015) regarding SCR
amplitude maxima. Prior studies that investigated the relation of anticipation of hazards and skin conductance reported con-
trary results. Kinnear et al. (2013) observed a higher percentage of SCR for experienced compared to inexperienced drivers in
a hazard perception task. In accordance, when a crash was anticipated and prevented in a driving simulation, the skin con-
ductance level was higher (Ba et al., 2016) and a higher percentage of SCR was observed (Tagliabue & Sarlo, 2015). All these
studies focused on hazardous situations with which drivers are generally familiar. Our study used a lane change scenario,
which is very common in daily road traffic and typically does not lead to an accident. Drivers often perceive and are familiar
with specific cues of lane changes that help anticipate the future behavior of another driver. In general, we would assume
that these stimuli do not cause pleasurable or aversive responses, which is the basis to induce somatic states (Bechara &
Damasio, 2005). As a consequence of repeated exposure, these cues can be easily used to retrieve knowledge from long-
term memory (Mühl et al., 2020) but do not lead to specific emotional arousal. Findings from Tagliabue, Gianfranchi, and
Sarlo (2017) support this assumption. They observed less percentage of SCR when participants drove the same course the
second time. As the authors concluded, when a driver ‘‘becomes more and more prudent [due to repeated exposure], reac-
tions of his/her affective appraisal system are less often required” (p. 9).

The present study inferred psychophysiological activation from SCR amplitude since it is the most common measure of
skin conductance and appropriate for several repetitions (Bach et al., 2010). However, in contrast to other studies (e.g.,
Kinnear et al., 2013), the percentage of the nominal occurrence of SCR did not reveal any effect and seemed to not be sen-
sitive in our study. SCR amplitude is associated with changes in stimulus intensity or novelty and thus is often used as an
indicator for attention (Fink, 2009). Thus, the usage of SCR amplitude was found to be sensitive for investigating the process
of understanding and anticipating traffic situations that are less hazardous scenarios, without an upcoming accident. Future
research, as well as probable applications for measuring skin conductance in the car, should consider the differing sensitivity
of various skin conductance measures.

A decisive limitation of this study is the implementation of criticality, which, by varying various variables (speed and
TTC), forms a confounding variable with the latencies, which is why it could not be analyzed meaningfully within the frame-
work of this experiment. Furthermore, the design is incomplete (missing conditions ‘‘target*context cue” and ‘‘no additional
cue” for distractor), which is why the overall analyses only refer to the scenarios and the distractors and, as well, possible
interactions with the characteristic cues cannot be analyzed meaningfully.

As validity is limited due to video scenes, we strive for a more realistic setting. The participants were mainly students,
which also limits validity, since experience determines anticipation, so a heterogeneous sample should be aimed for. For
future studies, we aspire to apply the multi-method approach to other scenarios beyond lane change to increase the validity
of our research. We used this rather simple scenario as it permits the application of distinct cue onsets. Besides, it shows a
high incidence rate in road traffic. Even less-experienced drivers are used to lane changes and should be familiar with related
situational cues – and thus be able to anticipate.

We further aim to investigate the relationship between anticipation and behavior and the role of subjective certainty
regarding performance indices. Thus, we strive for a holistic approach to increase the validity of our research.
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5. Conclusion

The present study emphasized the relation of anticipation and uncertainty in traffic. The enhancement of traffic safety
involves the reduction of uncertainty while driving. When drivers are able to develop a coherent understanding of the sit-
uation, they are able to anticipate correctly, which leads to the decrement of uncertainty. In a multi-method approach, we
observed the relevance of situational factors such as criticality and situational characteristics for anticipation, related sub-
jective appraisals, and psychophysiological responses. In urban lane-change scenarios, more critical situations increased psy-
chophysiological activation. The presence of characteristic cues that relate to the target’s behavior raised the anticipation
rate and subjective certainty by having reduced the psychophysiological activation. Overall, this study provides theoretical
insights and empirical evidence about the process of anticipation in relation to uncertainty and arousal. Findings can be
derived for the development and application in driver assistance systems.
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A B S T R A C T   

Anticipation in road traffic enables safer and more comfortable driving. Anticipatory driving is 
achieved through effective retrieval of prior driving-relevant knowledge using mental models and 
appropriate cues. Knowing when and which retrieval cues have a critical impact on the antici-
pation process and how information compatibility affects anticipation can be the basis for sup-
porting people in anticipating and appropriate behavior in road traffic. 

For generating in-depth insights into the processing of retrieval cues, a video-based experi-
mental study was conducted combining specific compatible and incompatible retrieval cues in 
urban driving scenarios. From a driver’s perspective, participants were asked to anticipate in a 
two-step approach (measuring low and high certainty anticipation) whether a vehicle ahead 
would enter their lane or turn onto another street due to a lane blockage ahead. Further, they 
choose their preferred behavioral intention (accelerate, decelerate or maintain speed). In general, 
drivers strived for coherent situation representation, and in this process, multiple retrieval cues 
influenced anticipation in different ways. Participants were more likely to be consistent in their 
anticipation response. That is, they tend to follow their first intention (equivalent low and high 
certainty anticipation for either lane change or turn) even in the presence of incompatible stimuli. 
Inconsistent compared to consistent anticipation responses, however, led to reduced subjective 
confidence, and in part to increased criticality. Not only anticipation but also intended behavior 
was influenced by retrieval cues. In accordance, the anticipation of others’ behaviors can be 
considered a predictor of specific intended behavior in road traffic.   

1. Introduction 

Everyday driving is interspersed with many small events that drivers can master without any problems. These include frequent 
turning situations, lane changes, or other maneuvers in interacting with other traffic participants. Driving with foresight is required in 
these situations to move safely and avoid (near) crashes in traffic. Experience helps cope with these daily events because more 
elaborated and well-organized knowledge structures in long-term memory can be accessed (Durso et al., 2007). Thus, experienced 
drivers can easily retrieve relevant information to deal with specific driving situations. Based on this information, it is possible to 
understand situations, predict their development, and initiate appropriate behavior that can be adaptive and preventive to avoid 

* Corresponding author at: Albert-Einstein-Allee 41, Ulm 89081, Germany. 
E-mail address: kristin.muehl@web.de (K. Mühl).  

Contents lists available at ScienceDirect 

Transportation Research Part F:  
Psychology and Behaviour 

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

https://doi.org/10.1016/j.trf.2021.10.009 
Received 14 February 2021; Received in revised form 17 August 2021; Accepted 24 October 2021   



Transportation Research Part F: Psychology and Behaviour 83 (2021) 252–265

253

critical situations and accidents (Baumann & Krems, 2007; Bellet et al., 2009; Durso et al., 2007). The underlying and decisive process 
is anticipation, an essential element of driving competence (Stahl et al., 2014). Despite its relevance to safe driving, research in this 
area is rare (Suss & Ward, 2015; Wickens, 2015). Therefore, we focus on how anticipation is developed based on processing multiple 
information in dynamic traffic situations. We aim to better understand the anticipation process and related behavior. Thus we can 
extend the theoretical basis for supporting human anticipation. 

1.1. The cognitive process of understanding situations and anticipation in road traffic 

The perception of elements in dynamic traffic situations, the comprehension of their meaning, and anticipation of their future status 
refer to the well-known concept of situation awareness (Endsley, 1995). To develop a more in-depth understanding of the cognitive 
processes involved in situation awareness, some researchers suggested referring to comprehension of texts, which are assumed to 
resemble comprehension of dynamic situations (Baumann & Krems, 2007; Durso et al., 2007; Kintsch, 1988). The advantage is that text 
comprehension research provides a large database of detailed processing knowledge that can be transferred to the applied context of 
comprehending dynamic traffic situations. 

The approach of comprehension of dynamic situations specifies how situational elements and their characteristics are kept active in 
a situation-specific representation (Baumann & Krems, 2007). For instance, a vehicle and its velocity or distance to another car can be 
represented. Specific situational elements serve as retrieval cues that allow for efficient retrieval of meaningful information from long- 
term memory. Thus, the situation-specific representation can be enriched with activated knowledge triggered by retrieval cues that 
have been developed through prior learning experiences. The resulting coherent mental representation is called situation model. It 
contains temporal and causal properties that are referred to as the basis for anticipation (Baumann & Krems, 2007; Durso et al., 2007). 

1.2. Retrieval cues as the basis for anticipation in road traffic 

The cognitive processes related to situation comprehension reveal the crucial role of retrieval cues for anticipation. The more 
extensive and interconnected the structure of retrieval cues and associated information is, the faster and better it is possible to un-
derstand and anticipate the situation. Moreover, it facilitates the recall of associated action plans that have been trained and proven to 
be successful in traffic (Bellet et al., 2009; Durso et al., 2007). Multiple domain-specific retrieval cues can be extracted from the 
environment and relate to scenes, objects, or parts of objects (Durso et al., 2007). As a result, people can identify the meaning of a 
traffic scene in a very short time. This ability, in turn, influences top-down processes in object recognition as expectations about 
potential objects and their locations are included (Rensink, 2000). In this way, a mental representation of the situation is formed 
quickly. It can be updated and specified by further activated and retrieved information. This process can be carried out particularly 
easily if the activated content matches the previous information in the situation model (Durso et al., 2007), thus if the information is 
coherent (Kintsch, 1988). 

When multiple retrieval cues provide conflicting information, uncertainty arises in situational awareness and decision making 
(Endsley & Jones, 2012). It can be reduced by gathering more information and weighing the related advantages and disadvantages 
(Lipshitz & Strauss, 1997). Thus, incompatible cues can lead to lower predictive performance because the processing of additional 
information requires time. 

Furthermore, when dealing with incompatible information in text comprehension, people are affected by prior attitudes or ex-
pectations (Van Strien et al., 2014). Moreover, they persist in their initial understanding of the situation by refraining from 

Table 1 
Classification and description of retrieval cues.  

Retrieval 
cue 

Exemplary 
operationalisation 

Cognitive process Effects on anticipation 

Causal cue a blockade of the other 
target vehicle’s lane 

This cue represents a reason for a future change in the 
behavior of a target. Creating causal connections is an 
essential dimension in understanding situations (Durso 
et al., 2007) 

This cue increased the probability of anticipation (up to 
70%; Mühl et al., 2019; Mühl, Stoll, et al., 2020; Mühl, 
Vogt, et al., 2020). 

Target cue an activated indicator on 
the target vehicle 

This cue has a high contingency with the target’s 
behavior and facilitates the assignment of cue and target 
due to the spatial proximity. 
This cue is a frequently occurring event, which means 
that the link between this event and the associated 
behavior is quickly accessible, thus, few cognitive 
resources are required. 

This cue increased probabilities of anticipation, reduced 
anticipatory latencies (Mühl, Stoll, et al., 2020), and 
increased subjective certainty accompanied by lowered 
psychophysiological activation (Mühl, Vogt, et al., 2020). 

Context 
cue 

a sign indicating a 
narrow road 

This cue offers additional environmental information 
but needs to be related to other information to be 
interpreted unambiguously, e.g., the causal cue to 
become a meaningful retrieval cue. It requires more 
inferences, therefore, more cognitive resources. 

This cue was shown to be less effective when peoples’ 
working memory was strained with regard to anticipatory 
latencies but had no effect on the anticipation of lane 
change (Mühl, Stoll, et al., 2020). 

Note. Exemplary operationalization is based on Mühl et al., 2019; Mühl, Stoll, et al., 2020; Mühl, Vogt, et al., 2020; the anticipation of a lane change 
on a two-way urban road was the used scenario. 
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incorporating new information into the situation model if it is not compatible (van Oostendorp & Bonebakker, 1999). If this is applied 
to the context of understanding road traffic, it is very likely that expectations not only guide attention (Rosner et al., 2019) but also 
influence the processing of cues by favouring cues that are compatible with prior assumptions. 

The characteristics of the stimuli could also influence the processing of cues that trigger inconsistent information. As prior studies 
have shown, some cues are more decisive than others and can influence subjective assessments like confidence or criticality (Crundall 
et al., 2012; Mühl, Stoll, et al., 2020; Mühl, Vogt, et al., 2020). Thus, it might depend on the predictive power, which of the conflicting 
cues determine the comprehension process. 

Different characterizations of retrieval cues were made in road traffic, for example, with regard to the validity of cues in relation to 
the behavior to be predicted (Lee & Sheppard, 2016), to the visibility of situational elements and hazards (overt vs. covert, Vlakveld 
et al., 2011), to the relationship between the cue (precursor) and hazard (Crundall et al., 2012), or to the underlying cognitive pro-
cesses contributing to differential effects of single and multiple cues in traffic (Mühl et al., 2019; Mühl, Stoll, et al., 2020). Table 1 
provides more detailed descriptions, exemplary operationalizations and effects of the retrieval cue characterization by Mühl and 
colleagues (Mühl et al., 2019; Mühl, Stoll, et al., 2020; Mühl, Vogt, et al., 2020). In previous studies, causal and target cues had a 
dominant influence (see Table 1). However, they examined only the effect of single and compatible combined cues, but not the in-
fluence of conflicting information. 

1.3. Relating anticipation and behavioral intention in road traffic 

As drivers are not only passive observers but rather actors in traffic, operative knowledge for acting efficiently is included in mental 
models. It is triggered automatically in the situation comprehension process (Bellet et al., 2009). Due to similar activation procedures 
that require the perception of cues, the processes of situation comprehension (Baumann & Krems, 2007; Durso et al., 2007) and action 
selection (Norman & Shallice, 1986) can be related to each other. Thus, they enable a more extensive understanding of anticipation 
and related behavior (Baumann & Krems, 2007). 

If drivers anticipate, they can adapt their driving behavior to the situation in advance to avoid conflicts, for example, by releasing 
the accelerator or pressing the brake pedal (Stahl et al., 2014). Stahl and colleagues (2014) investigated five scenarios with situation- 
specific cues, where no uniform nomenclature was defined. However, they found that there were only few preventive actions relating 
to anticipatory cues (e.g., braking in advance due to a slow vehicle ahead or diminishing distances of other vehicles). More direct 
reactions to a specific event were observed that required an action to avoid an accident (e.g., brake lights in the vehicle in front). They 
assumed that the anticipatory cues prepared the drivers to react quickly and increased their attention accordingly (Stahl et al., 2014). 

The processing of the retrieval cues as the basis for anticipation and related behavior is decisively influenced by various factors. For 
instance, the cognitive demand (Baumann et al., 2008; Mühl, Stoll, et al., 2020), experience (Mühl et al., 2019; Stahl et al., 2014), or 
the scope of action (Stoll et al., 2021) have shown to affect anticipation and behavior. In particular, it was shown that higher cognitive 
load slowed cue processing and that this effect was particularly pronounced for less experienced drivers (Mühl et al., 2019; Mühl, Stoll, 
et al., 2020). Moreover, the scope of action had a large influence on the behavioral decision to either brake or change lanes when 
another vehicle was about to merge onto the highway (Stoll et al., 2021). 

1.4. Research aims and questions 

This study aimed to assess the influence of multiple retrieval cues within the processing of anticipation and intended behavior. In 
contrast to prior related studies, one major focus is retrieval cues that trigger conflicting information in the situation comprehension 
process. In addition, we were interested in explicitly investigating the relationship between anticipation and behavioral intention as a 
function of multiple retrieval cues. 

In line with previous research by Mühl and colleagues (Mühl et al., 2019; Mühl, Stoll, et al., 2020; Mühl, Vogt, et al., 2020), this 
study used an urban lane-change scenario for investigating the effect of retrieval cues in the context of traffic. In a video-based 
experiment, participants took the driver’s perspective and had to anticipate whether another vehicle in the adjacent lane would 
enter their lane as a lane blockage followed. Compared to previous studies, the scope of action in this experiment was extended by a 
turning road. The probability of a lane change and of a turn was, therefore, equivalent. 

Depending on which situational elements act as retrieval cues, information is triggered that generates expectations and antici-
pations that support or oppose a lane change. In previous research, participants were asked to name cues that made lane changes likely 
or unlikely to occur. Participants most frequently referred to cues that favored lane changes (Simon & Bullinger, 2018). Situations in 
which another vehicle is approaching by changing lanes are more critical and, therefore, more relevant from the driver’s point of view. 
The corresponding cues might be easier to activate and retrieve according to the situation comprehension approach. 

Expanding the scope of action allows presenting different cues. They may be either compatible or incompatible with each other or 
with the expectations arising from the mental representation developed up to that point. For instance, conflicting cues that might be 
perceived include a turn signal flashing to the left and arrows on the road indicating that the other vehicle is already in the turn lane to 
the right. 

This study aimed to investigate whether and how multiple retrieval cues affect the processing of anticipation. Within the frame-
work of a two-step response paradigm, initial and certain anticipation were recorded. On that basis, the influence of cue compatibility 
on the consistency of anticipatory responses could be evaluated and related to the characteristics of the retrieval cues (see Table 1) and 
to subjective assessments of confidence and criticality. A further purpose of this study was to link anticipation to intended behavior as a 
function of retrieval cues. 
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2. Methods 

2.1. Participants 

In total, 38 participants took part in the study; one person had to be excluded (see 2.4 for details). The age of the sample (13 males, 
24 females) ranged from 20 to 53 years (Mage = 26.14, SD = 7.01). They were recruited using mailing lists, local Facebook groups, and 
a participant database of the Human Factors department. In general, participants had a high average education level, with 19 people 
holding a university degree. The prerequisite for participation was the possession of a driver’s license for at least one year. Participants 
held their driver’s license on average for 9 years (M = 9.08, SD = 7.75) and indicated an average mileage of 9363 km driven in the last 
year (min = 0 km, max = 100000 km, median = 4000 km). Taking part in the study was rewarded with money or course credits in case 
the participants needed them for their studies. 

2.2. Design 

The local ethics committee approved the design and procedure of the study. A within-subjects design was selected for investigating 
the effect of multiple retrieval cues on processing anticipations and behavioral intentions in dynamic traffic situations. Causal, target, 
and context cues served as retrieval cues and independent variables based on Table 1. They either promoted a lane change (pro), 
triggered the expectation of a turn (contra), or were not present (neutral), thus enabling the consideration of information compati-
bility. Accordingly, a two (causal cue – pro, contra) by three (target cue – pro, contra, neutral) by three (context cue – pro, contra, 
neutral) factorial design was applied. The first factor had only two levels, as the decisive influence of the causal cue (present versus 
absent) had already been demonstrated in previous studies (Mühl, Stoll, et al., 2020; Mühl, Vogt, et al., 2020). 

Causal cues pro and contra provided a reason to change lanes or turn by implementing a bottleneck due to 1) a structural end or 2) a 
construction site (see Fig. 1). The permanent structural end should facilitate the anticipation of a vehicle’s turn in front by having the 
lane approaching this blockage act as a turn lane. Thus, the structural end scenario is defined as the causal cue contra (contra lane 
change, pro turn). On the other hand, the construction site is a temporal change in the road structure. According to previous studies, it 
should lead to the anticipation of a lane change. Therefore, the construction site scenario is defined as the causal cue pro (pro lane 
change). 

Target cues were implemented as indicators of the target vehicle. Evidence pro or contra a lane change is provided depending on 
the flashing direction in each scenario. In the neutral condition, the target vehicle’s indicator was not flashing. Context cues were part 
of the driving environment that provided additional information regarding the scope of action. In this study, dead-end or traffic- 
calmed area signs for the turning road were implemented to reduce the probability of anticipating that vehicles would turn into 
this road and instead change into the participant’s lane (context cue pro). To inhibit the anticipation of a lane change (context cue 
contra), guiding arrows on the street and corresponding road signs were displayed (see Fig. 1), highlighting the turning lane. In the 
neutral condition, no traffic signs or guiding arrows were present. 

The influence of these variables was measured in relation to the anticipation process respective subjective assessments (part I), and 
behavioral intentions (part II). Responses of low and high certainty anticipation to the behavior of the target vehicle (lane change or 

Fig. 1. Scenario design including the implemented retrieval cues. Note: The graphic depiction is not true to scale. Retrieval cues can be pro (in-
creases the probability of a lane change), contra (increases the probability of a turn), or neutral (no cue). Participants observe the scenario from the 
driver’s perspective of vehicle E (ego) and anticipate the behavior of vehicle T (target). The dead-end was combined with the construction site and 
the traffic-calmed area with the structural end. 
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turn), the consistency between the low and high certainty anticipatory responses (consistent, inconsistent), subjective confidence and 
criticality, and one’s behavioral intentions in the situation (decelerate, accelerate or maintain speed) served as dependent variables. 

2.3. Material and apparatus 

A video-based experiment was set up at the Human Factors Lab of Ulm University to investigate the combination of multiple cues 
reliably. From the driver’s perspective, the participants observed an urban two-lane scenario. A total of 18 videos were developed to 
represent the combination of cues (see Fig. 1). In addition, six distraction videos were shown without a target vehicle whose behavior is 
to be anticipated to ensure attention and filter out random responses. 

Each video scenario started in an adjacent street. While turning on the main road, the target vehicle (the car whose behavior is to be 
predicted) became visible. This was set as the starting point from which the anticipatory responses and the latencies were recorded. A 
speed difference of 5 km/h was chosen in order to reduce the distance between the participant’s vehicle (30 km/h) and the target 
vehicle (25 km/h). In contrast to previous studies, the onset of context and target cues was synchronized to allow better comparability. 
Thus, the road sign became readable and the target vehicle started signaling at the same time in conditions where both cues were 
present. In general, target and context cues were shown simultaneously at the point when the distance between the participant’s 
vehicle and the target vehicle was 25 m (time to collision: TTC = 18 s) and the distance between the target vehicle and the crossroad 
was 45 m (TTC = 6.48 s). When the video ended, the distance between the participant’s vehicle and the changer was 16.7 m (TTC = 12 

Fig. 2. Video stimuli examples. Note: Videos were created with the Software Vicum Editor provided by TÜV | DEKRA arge tp. 1 is characterized by 
causal cue contra (structural end), target cue pro (indicator flashing right) and a context cue contra (direction arrows). 2 is characterized by causal 
cue pro (construction site), target cue pro (indicator flashing left) and context cue pro (dead end sign). 

Fig. 3. Experimental procedure.  
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s). 
The videos were shown on a 27-inches screen (2560 × 1440 pixels) with a 50 Hz projection rate. PsychoPy was used for the random 

presentation of the videos and the collection of responses and latencies. Participants’ anticipatory responses were recorded by pressing 
four possible keys on a keyboard, marked by specific colors and always present (see Fig. 3). Based on previous studies (Mühl et al., 
2019; Mühl, Stoll, et al., 2020), an extended two-step response method was used to measure low and high certainty anticipation of lane 
change and turn. The participants’ behavioral intention was measured by choosing one of three buttons: decelerating, accelerating, or 
maintaining speed (comparable to Stoll et al., 2021). Subjective confidence rating was gathered on a scale from 0 to 100 (0% - not at all 
certain, 100% - completely certain) in relation to the anticipated behavior. The situation’s criticality was recorded on a scale from 0 to 
10, defined by 0 = imperceptible, 1–3 = harmless, 4–6 = unpleasant, 7–9 = dangerous, 10 = uncontrollable (Neukum et al., 2008). 

The video material was created with the Vicom Editor provided by TÜV | DEKRA arge tp 21. Each video showed the scenarios on an 
urban street from the driver’s perspective, including the dashboard with current speed, indicator, side, and rear mirrors (see Fig. 2). 
The video duration ranged originally between 25 and 30 s. However, using PsychoPy, presentation speed was increased by a factor of 
approximately 1.7 due to technical problems. Only the first video of each experimental part was played in original speed and, 
therefore, was removed from the analysis for each participant. The video presentation was distorted by a constant factor, which should 
not impact the anticipatory responses. However, since higher variances of the latencies cannot be excluded, these data are not used as a 
basis for the analysis. 

2.4. Procedure 

The entire experiment lasted approximately 90 min per participant, during which each participant completed part I (anticipation) 
followed by part II (behavioral intention). Each part contained 24 video trials, arranged in random order (see Fig. 3). 

Participants were welcomed and signed informed consent. Both experimental parts started with a short practice phase (5 video 
trials) to ensure the correct understanding of the task. The participants were instructed to keep their fingers on the response buttons to 
avoid distortions due to searching the buttons. In part I, four possible keys could be pressed (see Fig. 3). Participants had the op-
portunity to push a button the moment they first thought another vehicle might 1) merge into their lane or 2) turn in another road (low 
certainty anticipation) and the moment they were sure another vehicle would 3) merge or 4) turn (high certainty anticipation). They 
were informed that it is possible to press the “low certainty” buttons more than once and switch between lane change and turn buttons. 
In part II, participants were instructed to chose the intended behavior they would prefer. 

Each experimental trial began with a fixation cross in the middle of the screen, followed by a simulated traffic video (see Fig. 3). The 
videos ended either by pressing one of the two high certainty anticipation buttons (in part I) or one of the three behavioral intention 
buttons (in part II) or, if no action was taken, before a change in behavior became visible. Afterwards, participants rated the situation’s 
criticality and the subjective confidence about their anticipatory response. Participants then started the next video by pressing a 
button. After completing the video section, they filled out a demographic questionnaire at the end of the experiment. 

2.5. Data preparation and analyses 

During each video trial in part I, a combination of four different anticipatory response keys could be pressed. Participants usually 
used a maximum of three keys, one or two of the low certainty anticipation response buttons and one of the high certainty anticipation 
response buttons. More than 83% (n = 32) of participants did not or only once press more than three buttons per video. In total, out of 
684 trials, more than three responses were given in 42 trials, representing a percentage of 6.1%. One participant showed up to eight 
responses per video in 14 of 18 videos and was therefore considered an outlier, so this person was excluded from the analysis. In 
addition, we reduced the number of responses in scenarios with more than three answers by including only the first, second and last 
answers, as we considered them to be the most relevant to study the anticipation process. For the analyses, the individual responses 
(first, second and last) were used on the one hand and on the other hand, the final anticipatory decision (turn, lane change, no 
response), defined by the high certainty response regardless of its position (first, second or last). Furthermore, the consistency of 
anticipatory responses was calculated. It describes the correspondence between the first and the final anticipatory response (consis-
tent, inconsistent, single response). Inconsistent responses show a change in the to be anticipated behavior (e.g., first response =
anticipation of lane change, final response = anticipation of turning). Single responses account for trials where only one button was 
pressed. 

To investigate the impact of cue compatibility, a reduced data set was used. Only causal and target cues were related, as these had 
the strongest influence on anticipation so far (context cues were not considered for mapping). Thus, six compatible, non-changing cue 
constellations were defined by the same orientation of the cues (causal cue pro - target cue pro and causal cue contra - target cue contra; 
each combined with all three context cues), the interaction of the opposite orientations as six incompatible, changing cues. 

For inferential analyses, because of the multi-level structure, generalized linear mixed models (GLMM) were fitted to the data of 
anticipatory responses, subjective ratings and behavioral intentions. Since all participants watched and reacted to all videos, the 
resulting data is not independent, but the 18 different trials (Level 1) are clustered within the 37 participants (Level 2). Therefore, a 
random intercept was included in the model using the participant’s ID. The orientation of the context and the target cues (pro, contra, 
neutral) were included as binary categorical dummy coded fixed factors whereby only pro and contra stimuli were considered (target 
pro - TP, target contra - TC, context pro - CP, context contra - CC) as the reference category is the neutral cue. Due to model complexity, 
causal cues were included only in specific calculations in the GLMM. For most analyses, causal cues were analyzed separately in two 
models. GLMMs were fitted using IBM SPSS 26. 
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3. Results 

The analysis of the results is separated into three parts. First, a predominantly descriptive insight into the response patterns of 
anticipatory responses is given, providing an overview of the anticipation process as a function of the retrieval cues. Second, the 
consistency in the anticipation process is examined, in particular, to what extent the retrieval cues influence whether the first (low 
certainty) anticipatory response corresponds to the final, high certainty anticipation. The last part aims at connecting anticipation and 
behavioral intention. 

3.1. Anticipatory response process 

The first, second, and last anticipatory responses were analyzed and can be descriptively observed in relation to the orientation (pro 
or contra lane change or neutral) of target and context cues in Fig. 4. Most anticipatory responses were provided in the first (47%) and 
second (42%) button press. A third or last button press was only used in about 11% of cases. 

Taking a closer look at the first, mainly low certainty anticipatory response (first line in Fig. 4), a clear difference between the 
causal cue pro (scenario construction site) and contra (scenario structural end) became apparent. As intended, in the permanent 
roadway limitation (structural end), participants more likely anticipated a turn into a side street of the target vehicle. In contrast, a lane 
change into the participants’ lane was predicted first in most cases when the roadway limitation was temporary. A multinomial logistic 
GLMM using pro and contra orientation of causal, target, and context cues as predictors and first response as criterion confirmed this 
difference. A significant effect of causal cue was observed when comparing the anticipation of turn and lane change (b = -2.21 (SE =
0.68), p < .01). Here, the target and context cues did not affect the anticipatory response (see supplementary Table S1 for detailed 
results). This result is not surprising since most first responses were made before cue onset (standardized latencies corrected by factor 
1.7, 95% CI [0.45, 0.51], 90th percentile = 0.99, cue onset = 1). 

The second anticipatory response consisted mainly of high certainty anticipatory responses. It was strongly dominated by the effect 
of the target cues as a function of their orientation (pro, contra, neutral). Accordingly, the second anticipatory response with target cue 
pro predominantly resulted in the assumption of a lane change; with target cue contra, a turn was anticipated rather than a lane 
change. When there was no target cue (TN), the orientation of the high certainty anticipatory responses were for the most part, 
consistent with the first response. Only a few responses were provided as a third or last anticipatory response. These high certainty 
anticipations mainly corresponded to the low certainty response selected in the second button press. 

This finding and further probabilities of the anticipatory decisions are shown and can be calculated based on the path diagram in 
Fig. 5. The circle with all four possible response keys shows the distribution of the first anticipatory response in the path diagram. 
Overall, a lane change was anticipated with the highest probability compared to a turn into an adjunct road. The second anticipatory 
response was strongly influenced by the first. Thus, the second anticipatory response was most likely consistent with the first response 
in terms of the action (lane change or turn) to be anticipated. More insights into effects relating to consistency are considered in the 
following part. 

Fig. 4. The sequence of anticipatory responses. Note: target cue (T) and context cue (C) have an orientation which is either pro lane change (P), 
neutral (N, as target or context cue are not available) or contra lane change (C, pro turn); first, second and last refer to the sequence of responses; the 
totality of the displayed data is 100% per causal cue. 
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3.2. Consistency in the anticipation process 

3.2.1. Effects of retrieval cues on the consistency of responses 
First, the effect of cue compatibility on the consistency of anticipatory responses was examined. Only trials were included in which 

the first response also corresponded to the orientation of the respective causal cue (e.g., in the trials with causal cue pro, a low certainty 
anticipatory response of lane change was included, but not a low certainty anticipatory response of turn). This approach is necessary to 
derive the impact of cue compatibility on consistency meaningfully. 

Fig. 5. Pathdiagram of anticipatory responses. Note: probabilities are displayed overall and for each scenario: causal cue pro = pro and causal cue 
contra = con; HLC – high certainty anticipation of lane change, LLC – low certainty anticipation of lane change, HT – high certainty anticipation of 
turn, LT – low certainty anticipation of turn; no responses are not displayed but can be derived since the first response produces 100%, the second 
response produces 100% each for LLC and LT. 

Fig. 6. Consistency of anticipatory responses in terms of cue compatibility. Note: Compatible cues = causal cue pro & target cue pro or causal cue 
contra & target cue contra; incompatible = causal cue pro & target cue contra or causal cue contra & target cue pro); data were included where the 
first anticipatory response matched the causal cue orientation, each causal cue/scenario depicts 100%, causal cue pro: n = 155, causal cue contra: n 
= 107). 
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Results showed that consistent responses in anticipation accounted for the largest proportion regardless of the compatibility of cues 
(see Fig. 6). Inferential analyses were made using a multinomial logistic GLMM with causal cue and cue compatibility as predictors and 
the consistency of responses as the criterion (see supplementary Table S2 for further details). Incompatible compared to compatible 
cue constellations increased the probability of inconsistent in comparison to consistent responses (b = 1.40 (SE = 0.50), p < .01). 
Moreover, causal cues affected the consistency of responses. Significantly less inconsistent anticipatory responses were observed in the 
compatible cue constellation with causal cue pro compared to contra (b = -2.25 (SE = 0.92), p < .01). 

However, cue compatibility does not solely explain the effects on consistent and inconsistent response patterns. Therefore, the 
influence of multiple retrieval cues (causal, target and context cues) on consistency was also investigated. The results showed that not 
only the incompatible target cues (that means the orientation of target cue is opposed to the causal cue) influenced the consistency. 
Also the context cue contra in interaction with the target cue pro had an impact. The detailed results are presented in Fig. S3 and 
Table S3 in the supplementary data. 

3.2.2. Effects of consistency of responses on subjective confidence and criticality ratings 
The extent to which the consistency of the anticipatory response process impacts subjective impressions of confidence and situ-

ational criticality was further examined. Inferential analyses were made using a GLMM (normally distributed) with causal cues and the 
consistency of responses as predictors (see supplementary Table 4 for details). Fig. 7a shows that consistent and single anticipatory 
responses evoked higher subjective confidence than inconsistent or missing responses. In accordance, the analyses revealed signifi-
cantly increased confidence ratings for consistent (b = 17.75 (SE = 3.37), p < .001) and single (b = 17.52(SE = 5.64), p < .01) 
compared to inconsistent responses. The significant interaction between causal cues and the consistency of the anticipatory response 
shows that inconsistent responses have significantly lower confidence than consistent responses, especially for causal cues contra as 
opposed to causal cues pro (b = -13.02(SE = 4.83), p < .01). 

Subjective criticality (see Fig. 7b) was particularly low when a single response was made and especially high when no response was 
provided. Both significantly differed in the subjective criticality rating from inconsistent responses (single response: b = − 1.75 (SE =
0.37), p < .001; no response: b = 0.95 (SE = 0.30), p < .01). Consistent compared to inconsistent response processes resulted in reduced 
criticality ratings for causal cue contra (b = − 0.80 (SE = 0.26), p < .001). However, this effect was not observable with context cue pro. 
This finding is supported by the significant interaction of causal cues and the consistency of responses (b = 0.69 (SE = 0.30), p < .05). 

3.3. Linking anticipation and behavioral intention 

3.3.1. Final anticipatory responses 
We first focused on the final anticipatory response to evaluate the effect of multiple retrieval cues in connection with anticipation 

and behavior. As displayed in Fig. 8, target cues dominated the high certainty anticipation. The percentage of responses increased with 
a pro-orientation for a lane change and contra-orientation for a turn in both scenarios. When the target cue was neutral, considerably 
more participants made no responses. 

Inferential analyses of the final anticipatory response using a multinomial logistic GLMM with causal, target and context cues as 
predictors (see supplementary Table S5 for detailed results) indicated significant effects of the target cues. Target cues contra increased 
the anticipation of turn compared to lane change for both causal cues (causal cue pro: b = 3.38 (SE = 0.68), p < .001; causal cue contra: 
b = 2.61 (SE = 0.74), p < .01) when the context cue was neutral. When a causal cue contra was displayed, target cue pro decreased the 
probability of turn compared to lane change when the context cue was neutral (b = − 2.26 (SE = 0.93), p < .05). When a target cue was 
present (either pro or contra), the probability for no response compared to lane change was significantly lower with causal cue contra 
(target cue pro: b = − 3.35 (SE = 0.76), p < .001, target cue contra: b = − 2.83 (SE = 1.19), p < .05). Furthermore, context cue contra 
significantly increased the anticipation of a turn compared to lane change when the target cue was neutral (causal cue contra: b =

Fig. 7. Subjective ratings of confidence and situational criticality. Note: Averaged a) subjective confidence (scale: 0–100) and b) criticality rating 
(scale: 0–10) concerning the causal cue and consistency of the anticipatory process are displayed. 
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− 2.51 (SE = 0.77), p < .001; causal cue pro: b = 1.24 (SE = 0.64), p < .1). In summary, in addition to target cue pro and contra, context 
cue contra also proved influential. The next step was to gain insights into behavioral intentions. 

3.3.2. Behavioral intentions 
Participants had the choice between decelerating, accelerating, maintaining velocity when providing their behavioral intention. 

The majority of these responses were made with or after the cue onset (standardized value of cue onset is 1) since the data are within a 
95% confidence interval (standardized latencies corrected by factor 1.7, 95% CI [1.01, 1.05], 25th percentile = 0.99). 

The behavioral intentions differed as a function of causal cues (see Fig. 9). With causal cue pro, more than 50% chose to decelerate, 
28% tended to maintain speed, and the fewest numbers had accelerating (16%) and no response (5%). With causal cue contra, the 
preferred behavioral intentions were decelerating (42%) and maintaining speed (40%), followed by accelerating and no response 
(each 9%). 

Inferential analyses were made using a multinomial logistic GLMM with target and context cues as predictors (see supplementary 
Table S6). With target cue contra, the probability of decelerating compared to maintaining speed was significantly reduced inde-
pendent of the causal cue (causal cue pro: b = − 4.27 (SE = 0.87), p < .001; causal cue contra: b = − 2.59 (SE = 0.75), p < .01). Target 
cue pro increased the preference for decelerating compared to maintaining speed significantly with causal cue contra (b = 1.43 (SE =

Fig. 8. Final anticipatory response. Note: target cue (T) and context cue (C) have an orientation which is either pro lane change (P), neutral (N, as 
target or context cue are not available) or contra lane change (C, pro turn); the totality of the displayed data is 100% per causal cue. 

Fig. 9. Behavioral intentions. Note: target cue (T) and context cue (C) have an orientation which is either pro lane change (P), neutral (N, as target 
or context cue are not available) or contra lane change (C, pro turn); the totality of the displayed data is 100% per causal cue. 
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0.65), p < .05). The preference to decelerate compared to maintain speed decreased when a context cue contra was available and the 
target cue was neutral (causal cue pro: b = − 2.24 (SE = 0.78), p < .01; causal cue contra: b = − 1.72 (SE = 0.64), p < .01). This effect 
was especially noticeable when there was no target cue, as the interactions between target cues pro (b = 1.68 (SE = 0.94), p < .1) and 
contra (b = 2.75 (SE = 1.10), p < .05) with context cue contra demonstrate. 

The highest number of no responses was observed when target cues were absent, as supported by the significant effect of target cue 
contra with causal cue contra when comparing no response and maintaining speed (b = 2.43 (SE = 0.96), p < .05). No effects were 
found when comparing accelerating and maintaining speed for both scenarios. Thus, context and target cues did not affect their 
manifestation. 

3.3.3. Relating final anticipatory response and behavioral intentions 
When comparing Figs. 8 and 9, it is noticeable that there is a certain similarity in the distribution of the anticipation of the target 

vehicle’s action and one’s behavioral intention. If a lane change is expected, the own behavior is more likely to be adapted by braking. 
Conversely, if a turn into another road is anticipated, one’s speed is predominantly kept constant (see Table 2). Most non-responses 
were made with the neutral target cue when anticipating and similarly when providing the behavioral intention (see Figs. 8 and 
9). It is again evident that it is more likely to decelerate if a lane change is anticipated and that even a small proportion would 
accelerate with causal cue pro, which was not the case with causal cue contra (see Table 2). 

Inferential analyses were made using a multinomial logistic GLMM to investigate whether the provided anticipatory final response 
is a predictor for the behavioral intention. Various interconnections become visible (see supplementary Table S7 for detailed results). 
However, the largest effects were observed for the anticipation of turn compared to lane change that significantly reduced the 
probability of decelerating compared to maintaining speed for both causal cues (causal cue pro: b = − 2.66 (SE = 0.34), p < .001; causal 
cue contra: b = − 3.08 (SE = 0.36), p < .001). 

4. Discussion 

4.1. Summary of key findings 

This experiment examined how people process multiple retrieval cues related to anticipation and behavioral intentions. In 
accordance with a prior proposed classification of retrieval cues (Mühl, Stoll, et al., 2020), causal, target, and context cues were 
investigated. The causal cue in the context of a particular environment has a decisive influence on the process, especially since 
consistent anticipation responses were most frequently observed. That is, if a lane change was assumed in the low certainty antici-
patory response, a lane change was predominantly also considered in the high certainty anticipatory response. 

In addition, the cue’s information compatibility was evaluated in terms of the consistency of anticipatory responses and its effect on 
subjective ratings. Incompatible compared to compatible stimuli were more likely to result in inconsistent anticipatory response 
patterns. Moreover, consistent compared to inconsistent response processes were associated with higher subjective confidence and, in 
specific cases, lower criticality. 

Multiple retrieval cues affected anticipation and intended behavior in a comparable way with causal and target cues being most 
influential. Thus, based on the final anticipatory response, the specific intended behavior can be predicted. 

4.2. Consistency of the anticipatory response process 

Examining consistency provides insights into the underlying processes of anticipation. Based on theoretical assumptions and 
findings in text comprehension, we know that people follow a coherent mental model (Durso et al., 2007). It often turned out that 
people stick to their first assumption (van Oostendorp & Bonebakker, 1999), just as in this study. This finding indicates that antici-
pation is not a pure product of stimulus constellations. It is a process that creates a coherent mental model based on causal relationships 
(Durso et al., 2007). If this response pattern changes, the specific influence of the combination of retrieval cues becomes apparent. 
However, an inconsistent anticipatory response process may also represent a coherent mental model, especially if the initial expec-
tation is not well grounded. This relationship could be investigated in more detail in further research. 

Table 2 
Crosstable relating the final anticipatory response and behavioral intentions.  

Causal cue Behavioral intention Final anticipatory response   

Turn Lane change No response 

Structural end – causal cue contra decelerate  6.0%  27.4%  6.9% 
maintain  29.2%  8.8%  3.5% 
accelerate  7.2%  0.0 %  2.2% 
no response  3.1%  1.9%  3.8% 

Construction site - causal cue pro decelerate  8.2%  38.2%  4.1% 
maintain  19.6%  6.6%  2.2% 
accelerate  8.8%  6.0%  1.3% 
no response  1.3%  1.9%  1.9%  
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The initial expectations are formed based on the environment’s structure that includes the causal cue. The causal cues in this study 
did not differ in its function of blocking a road but in its permanence. While the scenario structural end represented a permanent 
restriction, a construction site is a temporary roadblock in traffic. Drivers may have assumed that the vehicle ahead would turn in the 
structural end scenario, whereas a lane change was most likely anticipated in the construction site scenario. Similarly, they could have 
concluded that drivers are more likely to know that there is a permanent blockage of the road. Inferring that driving in the other lane in 
this context is less likely to be an error. Accordingly, scene perception in combination with context-specific knowledge is relevant for 
interpreting the causal cue. The associated retrievable information has a decisive influence on the anticipation process. In accordance, 
scenario-specific effects on anticipation and related action were also observed in other related research that integrated causal relations 
(He & Donmez, 2020; Stahl et al., 2014). 

In addition to examining the influence of causal, target, and context cues, the impact of cue compatibility was also considered in 
this study. The results show that incompatible cue combinations are more likely to lead to inconsistent response processes. Incon-
sistency was further related to lower confidence and, in part, higher criticality. This simplified division using compatibility is helpful 
for a first overview. But the interaction of the different retrieval cues is highly complex. A classification is not easy because individual 
cues trigger the information to a different extent. Thus, a cue that favors a lane change does not have to be as decisive as a cue that 
opposes it. 

Previous research has shown that retrieval cues also significantly influence subjective ratings such as confidence or criticality 
(Mühl, Stoll, et al., 2020; Mühl, Vogt, et al., 2020). This study found that the consistency of the anticipatory response process also 
impacted these subjective evaluations, as described earlier. Since the reduction of uncertainty by increasing confidence is associated 
with safer road traffic (Grahn et al., 2020), drivers must be supported as best as possible in this process. Therefore, future research 
might address factors that contribute to strengthening the consistency of the anticipation process. 

4.3. Anticipation and intended behavior 

Retrieval cues have been shown to influence anticipation and intended behavior. However, assumptions and individual motiva-
tions also played a role. In this experiment, a lane change was anticipated (low certainty) with a higher probability than a turn. On the 
one hand, this could be because the response format focused only on the lane change by indicating that the lane change will or will not 
occur. On the other hand, the lane change leads to risk to one’s safety-relevant area. That is a car that could collide with the own 
vehicle. The motivation here would be to avoid a collision. Regardless of the correct explanation, however, it turns out that other 
cognitive processes not directly involved also have an influence on anticipation and situation comprehension. 

Target cues largely affected anticipation and intended behavior. A target cue that triggered a lane change usually led to the 
intention to decelerate, whereas maintaining speed or even accelerate at an anticipated turn (target contra) was preferred. This could 
serve to clear the lane as quickly as possible to avoid potential danger. If no target cues were present, there was also a substantial 
proportion of missing responses in anticipation and behavioral intention. This could have serious consequences in a real traffic sit-
uation. Therefore, support in anticipation is especially relevant when no target cues are available. 

Context cues were less influential compared to target cues in this study. Context cue contra, increased the probability of antici-
pating a turn of the vehicle, thus reduced the intention to decelerate. In contrast, the context cue pro was an ineffective stimulus. 
Possibly the reference to a dead-end or a traffic-calmed area was not associated with a reduced likelihood of entry or scope of action. 
Another reason for the varying validity of the context cues could be that the cues’ representation was different (arrow on the street vs. 
traffic sign). Furthermore, an arrow might also be easier to understand, process and integrate into the mental representation than the 
other two traffic signs. 

Moreover, it would be useful to evaluate alternative operationalizations for the cues in future research. For instance, the described 
influences of the target cue could be due to its explicit nature. More subtle cues might affect the process in a different way. Thus, the 
previously described characteristic of retrieval cues might be extended. 

Since retrieval cues serve as the basis for both, a clear relationship between anticipation and behavior was identified. Anticipation 
can serve as a predictor of specific behavioral intention in a specific situation. However, it should be noted that the present study design 
does not allow to distinguish whether anticipation was developed first and followed by action or whether, as we tend to assume, the 
behavior was triggered at the same time as anticipation. This distinction is not even made in many previous studies since often only the 
outcome, i.e., the behavior, is considered (Baumann et al., 2008; Stahl et al., 2014). 

4.4. Limitations 

For further investigation of retrieval cues, it is advisable to consider different levels of experience because it has a decisive influence 
on situation comprehension. Thus, retrieval cues might be affected differently as a function of experience. Another limitation of this 
study is the reduced validity due to simple and structured simulated video scenes. Therefore, investigating the anticipation process in a 
more advanced and realistic setting might offer new insights, for instance, with regard to subjective confidence or criticality. 

Without a doubt, the latencies’ analysis should also provide further information about the cues’ processing, which could not be 
reliably recorded here due to technical problems. Regardless of these weaknesses, however, the present study was able to provide a 
new perspective on the processing of traffic-relevant stimuli in a dynamic driving context. 
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5. Conclusion 

This research aimed to focus on how humans process multiple retrieval cues in dynamic traffic as a basis for anticipating and 
selecting actions to enable safe driving. Levels of low and high certainty of anticipation were recorded, providing information about 
processing anticipation and the specific effects of retrieval cues. These findings are related to action as behavioral intentions were 
assessed. The relevance of specific retrieval cues for the formation of anticipation and action is emphasized, and underlying theoretical 
approaches are outlined. Moreover, consistent anticipatory response processes were observed in large part. This finding is discussed in 
the context of coherence in comprehending dynamic situations. The insights into human processing of anticipation with regard to 
subjective assessments and related intended behavior can be used to derive potentials and requirements for systems supporting 
anticipation in traffic. 
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