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Abstract 

During recent years, virtual reality (VR) has become a key technology for investigating human 

behavior in both academia and industry. In traffic research, VR enables participants to 

experience virtual scenarios from a pedestrian’s perspective. In comparison to common 

alternatives, this methodology facilitates the manipulation of experimental variables and thus 

the standardization and reproducibility of pedestrian research. In addition, it simplifies the 

analysis of hazardous encounters and supports the independence from physical prototypes. 

Despite its increasing popularity, however, a challenging question concerns the extent to which 

the results of simulator studies may be generalized to real-world traffic. In this context, at least 

two sources of potential biases must be considered: First, the use of VR technology may 

impact perceptual processes due to a mismatch of sensory cues, thereby altering behavioral 

responses in comparison to non-virtual environments. Second, common scenarios in 

experimental research often appear oversimplified. Hence, they may fail to replicate the 

demands that arise from the complexity which is characteristic for real-world traffic. 

The objective of the present work is to assess the relative importance of factors that may 

compromise behavioral validity in VR pedestrian simulators. It starts by a theoretical overview 

of validation approaches in traffic research, from which practical guidelines are deduced under 

consideration of the individual context. This is followed by a review of state-of-the-art use 

cases, in which previous studies are classified according to the research objective, the 

technological equipment, the experimental task, and characteristics of the participant sample. 

A subsequent comparison of crossing decisions in two recent simulator types and on a test 

track provided empirical evidence on differences between the three environments. The results 

imply that perceptual biases may compromise the transferability to non-virtual environments, 

in particular with regard to the evaluation of vehicle speed. Additional differences were 

observed between the two simulators, indicating that hardware choices can affect the 

experimental outcomes. The third and final part of this thesis deals with effects of the laboratory 

setting and the oversimplification of scenarios. Based on a model of human information 

processing, a possible mismatch of real-world traffic and experimental research is identified, 

and potential countermeasures are discussed. Two simulator experiments served to 

empirically investigate this issue, focusing on intrinsic states such as motivation and distraction 

as well as on the complexity of traffic scenarios. While the information provided by these 

studies is limited to a relatively narrow range of possible mechanisms, the strongest effects 

were elicited by motivational incentives in the form of gamification. 

In addition to providing empirical evidence on the extent to which different experimental 

settings produce consistent results, the present work aims to sensitize researchers to the 

complexity related to the concept of validity and the importance of distinguishing between its 

various layers. It is intended to encourage a balanced approach to pedestrian research, which 

accounts both for the need for experimental control and for the importance of generalizability, 

thereby supporting the meaningful interpretation of results in this safety-critical domain. 
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Zusammenfassung 

Während der vergangenen Jahre hat sich Virtual Reality (VR) zu einer Schlüsseltechnologie 

in der Erforschung menschlichen Verhaltens entwickelt, welche sowohl im akademischen als 

auch im industriellen Umfeld zum Einsatz kommt. Im Kontext der Verkehrsforschung 

ermöglicht VR dem Nutzer, virtuelle Szenarien aus der Perspektive eines Fußgängers zu 

erleben. Im Vergleich zu gängigen Alternativen erleichtert diese Methodik die Kontrolle 

experimenteller Variablen und erhöht somit die Replizierbarkeit von Probandenstudien. Zudem 

ermöglicht sie die Analyse von Risikosituationen und gewährleistet eine weitgehende 

Unabhängigkeit von physischen Prototypen. Trotz zunehmender Popularität ist jedoch nach 

wie vor unklar, inwiefern sich die in Simulatorstudien gewonnenen Erkenntnisse auf den 

Realverkehr übertragen lassen. In diesem Zusammenhang sind wenigstens zwei Gründe für 

mögliche Abweichungen zu beachten: Einerseits kann der Einsatz von VR aufgrund 

veränderter sensorischer Voraussetzungen die menschlichen Wahrnehmungsprozesse 

beeinflussen und somit andere Reaktionen als nicht-virtuelle Umgebungen hervorrufen. Zum 

anderen erscheinen die Szenarien, die üblicherweise im Forschungskontext untersucht 

werden, stark vereinfacht. Es ist daher fraglich, ob sie die Anforderungen, die sich aus der für 

den Realverkehr charakteristischen Komplexität ergeben, angemessen abbilden. 

Die Zielsetzung dieser Arbeit besteht in der Untersuchung verschiedener Faktoren, welche die 

Verhaltensvalidität in Fußgängersimulatoren beeinträchtigen können. Zu diesem Zweck erfolgt 

zunächst eine Zusammenfassung bisheriger Validierungsansätze im Rahmen der Verkehrs-

forschung, aus der praktische Empfehlungen unter Berücksichtigung des jeweiligen Kontextes 

abgeleitet werden. Daran schließt sich ein Überblick über aktuelle Anwendungsfälle an, 

anhand dessen eine Klassifikation bisheriger Forschung in Bezug auf die Fragestellung, 

technologische Aspekte, die Aufgabenstellung sowie die Eigenschaften der Stichprobe 

vorgenommen wird. Der nachfolgende Vergleich des Querungsverhaltens in zwei 

unterschiedlichen Simulatoren mit dem auf einer Teststrecke liefert Hinweise auf Unterschiede 

zwischen den drei Versuchsumgebungen. Diese lassen darauf schließen, dass veränderte 

Wahrnehmungsprozesse die Übertragbarkeit auf nicht-virtuelle Umgebungen einschränken, 

was insbesondere die Einschätzung der Fahrzeuggeschwindigkeit betrifft. Darüber hinaus 

weisen Unterschiede zwischen den beiden Simulatoren darauf hin, dass die Wahl einer 

bestimmten Hardwarekonfiguration die Versuchsergebnisse beeinflussen kann. Der dritte und 

abschließende Teil dieser Arbeit betrifft die Auswirkungen des experimentellen Kontextes 

sowie der mangelnden Komplexität untersuchter Szenarien. Ein Modell menschlicher 

Informationsverarbeitung bildet dabei die Grundlage für die Diskussion möglicher 

Diskrepanzen zwischen Experiment und Realverkehr sowie für die Identifikation potenzieller 

Gegenmaßnahmen. Eine empirische Untersuchung des Einflusses von Motivation und 

Ablenkung sowie der Komplexität des Verkehrsszenarios erfolgt anhand von zwei 

Simulatorstudien. Die deutlichsten Effekte zeigen sich dabei für motivationale Anreize in Form 

von Spielelementen, auch wenn in diesem Zusammenhang das eingeschränkte Spektrum 

betrachteter Wirkmechanismen zu beachten ist.  

Neben dem empirischen Vergleich unterschiedlicher Versuchsumgebungen soll die 

vorliegende Arbeit die Vielschichtigkeit verdeutlichen, welche mit dem Begriff der 

Verhaltensvalidität einhergeht. Ziel ist eine ausgewogene Berücksichtigung der 

Bedeutsamkeit experimenteller Kontrolle sowie der Generalisierbarkeit der Ergebnisse. Nicht 

zuletzt aufgrund der Implikationen für die Verkehrssicherheit sind beide Aspekte für 

aussagekräftige Erkenntnisse bezüglich des Fußgängerverhaltens als gleichermaßen 

erforderlich anzusehen. 
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1 Keynote on Pedestrian Research 

1.1 Motives for Pedestrian Research 

Pedestrians received a lot of attention during recent years. As walking is encouraged for 

environmental and health-related reasons, scientists and politicians search for incentives that 

motivate pedestrian activity (Ogilvie et al., 2007). At the same time, proceeding vehicle 

automation in urban areas has rendered pedestrian movements a focus of automotive 

engineers, who work on algorithms to reliably detect pedestrians and anticipate their imminent 

actions (Ahmed et al., 2019; Quintero et al., 2017). 

Interest in promoting walking over motorized traffic has not emerged just recently (Atash, 

1994). In fact, car use has been declining in the European Union (EU) since 2009, particularly 

among young and wealthy urban residents (Focas & Christidis, 2017). However, this trend is 

limited to some countries, whereas others, including Germany, exhibit a slow but stable growth. 

Furthermore, the reduction in car use temporarily coincides with the economic crisis of 

2008/2009, rendering its permanence questionable. Notably, automobiles are still predominant 

in everyday mobility: In a recent EU-wide survey, 55% of respondents identified themselves 

as using a car for their most frequent trip, with percentages varying broadly between countries 

(Focas & Christidis, 2017).  

Apart from comfort issues, potential pedestrians may be deterred by the risk of accidents. In 

the United States (US), the number of pedestrian fatalities rose by an alarming 35% between 

2008 and 2017, whereas the total number of all other traffic fatalities declined by 6% (Retting, 

2019). In the EU, pedestrian fatalities have decreased during the past decade, but their rate of 

decline did not match the overall downturn of 20% (European Commission, 2018). In both 

regions, pedestrian fatalities most commonly occurred in urban areas and at non-intersection 

locations (European Commission, 2018; Retting, 2019). In the US, an increase in fatalities was 

most pronounced during nighttime, with a startling 75% of fatalities caused by accidents after 

dark in 2017 (Retting, 2019). Similarly, the European Commission (2018) noted an increase in 

pedestrian fatalities during the winter months, in which daylight is scarce. In line with greater 

seasonal fluctuations, such effects were more pronounced in Nordic countries. The increased 

risk at darkness was already highlighted in the past, along with the request for improvements 

in street lighting (Grime, 1958; Smeed, 1949).  

In contrast to car passengers, pedestrians do not have a solid barrier to shield them in case of 

an accident. Referring to traffic participants that lack such physical protection, the term 

vulnerable road users (VRU) highlights the need for the special consideration of pedestrians, 

cyclists, and motorcyclists in traffic research and planning (Otte et al., 2012). Even among 

other VRUs, pedestrians appear particularly exposed. The lack of a helmet renders them 

especially prone to head injuries (Otte et al., 2012) and they usually are, in contrast to cyclists 

and motorcyclists, not equipped with lighting devices. 

The accident risk among pedestrians may be further influenced by their heterogeneous 

personal characteristics (Stoker et al., 2015). Driving a car or motorcycle requires a license 

and thus a minimum age as well as evidence of essential cognitive and physical abilities, 

whereas legal regulations on pedestrian activity are considerably more lenient (van Houten, 

2011, p. 353). Children and the elderly have repeatedly been found to be overrepresented in 

pedestrian fatalities (SafetyNet, 2009; Stoker et al., 2015; Tight et al., 1989). Retting (2019) 

suggests smartphone-related distraction and alcohol consumption, both of which may be more 
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common among pedestrians due to less restrictive legislation, as causes for rising fatalities. 

While the probability of alcohol impairments appears to decline with age for car drivers, it 

remains fairly constant for pedestrians between the US legal drinking age of 21 and the 

retirement age of 64 years (Retting, 2019). Additionally, the relatively unstandardized 

movement of pedestrians can be hard to predict, and drivers may fail to respond appropriately 

if they behave unexpectedly (Habibovic et al., 2013). Construction sites, parked vehicles, and 

the need to share infrastructure with cyclists may prevent pedestrians from staying within safe 

spots, thus contributing to the risk of accidents in crowded urban areas. 

Although pedestrians are disproportionally at risk, action can be taken to change this. Retting 

(2019), for instance, reports a sharp decline in pedestrian fatalities in New York City thanks to 

local prevention strategies. Successful measures to elevate the safety, efficiency, and comfort 

of pedestrian activity will encompass a broad spectrum of approaches pertaining to education, 

infrastructure, and technology tailored to the particular needs of this group of road users. A 

turning point in the way public space is distributed may be marked by the Covid-19 pandemic: 

To reduce the risk of infection, walking is currently prioritized not only over private motorized 

vehicles, but also over public transport. At the same time, maintaining the required physical 

distance seems challenging on crowded sidewalks. Consequently, cities all over the world 

have launched initiatives to stimulate pedestrian-friendly infrastructure, hoping for the more 

permanent “side-effect” of enhanced public health through physical activity and the reduction 

of pollutants (Honey-Roses et al., 2020). Such measures should be accompanied by the 

systematic evaluation of pedestrian preferences and safety, in particular because potential 

changes in transportation patterns necessitate the re-calibration of existing behavioral models 

(Honey-Roses et al., 2020). Hence, although pedestrians have been a focus of urban planners 

and traffic researchers for decades, the interest in this particular group of road users has 

intensified due to recent events. 

1.2 Methods for Pedestrian Research 

While the term VRU was coined in the 1980s (Tight et al., 1989), the awareness that the 

respective group warrants particular protection has existed longer. Grime (1958, p. 152), for 

example, noted that “it is the pedestrians, the cyclists, and the motor-cyclists who have greatest 

need of protection from road accidents and from their consequences”. In the subsequent 

discussion of safety measures, however, the author focuses on the drivers of motorized 

vehicles. Such focus on the drivers’ perspective is no exception (Tight et al., 1989), and also 

more recent projects such as WATCH-OVER (http://www.watchover-eu.org/) and APROSYS 

(https://trimis.ec.europa.eu/project/advanced-protection-systems) primarily target vehicle 

technology rather than illuminating the patterns of pedestrian behavior that influence traffic 

safety. Indeed, the responsibility is often placed on the driver (van Houten, 2011, p. 353) and 

driver education, means of communication, and measures of passive safety are certainly 

relevant to the mitigation of accident risks. Nonetheless, it seems indispensable to include the 

pedestrians’ perspective in the development of standards that support the safety and efficiency 

of their movements. In this context, both the identification of risk factors and the evaluation of 

countermeasures rely on an appropriate methodology for collecting empirical data. 

Current knowledge on pedestrian behavior builds on various sources, including both 

experimental and observational approaches. Except for computer simulations (e.g. 

Papadimitriou et al., 2009), which are themselves informed by previous measurements of 

pedestrian behavior, and the analysis of crash statistics (e.g. Otte et al., 2012; Pour-

Rouholamin & Zhou, 2016), they typically include the recording of observable actions or 

http://www.watchover-eu.org/
https://trimis.ec.europa.eu/project/advanced-protection-systems
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subjective statements. The different settings in which such data are collected are commonly 

distinguished based on expected realism and the extent of experimental control (Zöller, 2015, 

p. 18). Such a classification is related to presumed differences between laboratory studies, 

which facilitate the control of confounding variables, and field experiments, which are assumed 

to provide high realism (for an alternative point of view see Chapter 2.1).  

A more fine-grained examination may extend the concept of realism to account for both the 

fidelity of sensory cues and the realism of scenarios, which also relates to the awareness of 

individuals for the experimental context. In Figure 1, possible settings for the investigation of 

pedestrian behavior are therefore assigned along the following dimensions: 

• Experimental control represents the extent to which an intended manipulation can be 

achieved while controlling for potential confounders. High experimental control allows 

to unambiguously attribute changes in the observed behavior to the influence of 

different experimental conditions. 

• Scenario realism is understood as the agreement of the depicted scenarios with those 

encountered in real-world traffic. For instance, high realism may involve navigating to 

a common target in a complex and versatile environment, whereas low realism may be 

assumed for repetitive and unrelated actions, such as repeated street crossings 

between two vehicles that approach on an otherwise empty street. 

• Physical fidelity refers to the accuracy of sensory cues. For instance, it concerns the 

field of view (FOV) and the visual resolution, the frequencies and amplitudes of auditory 

stimuli, and the options to perform relevant actions, such as crossing a street by means 

of actual walking. While some may understand fidelity in a broader sense, including for 

example psychological and functional aspects (Caird & Horrey, 2011, 5:15; Wynne et 

al., 2019), this term is reserved for the physically quantifiable properties of a simulation 

in the scope of this thesis.  

• Awareness for the research setting refers to whether or not the involved individuals 

know that they are part of a scientific investigation. Such knowledge can be present for 

both the individual whose actions are analyzed and for the surrounding agents. 

Typically, high experimental control will require specific instructions and thus raise 

awareness for the experimental setting. 

On the upper extreme of fidelity and scenario realism, we find naturalistic observations, in 

which neither of the agents forming the traffic scenario is aware of the ongoing experiment. 

Such observations may build on data from human observers, but also make use of various 

technological sensors. In this context, Ahmed et al. (2019) distinguish between active and 

passive sensors. Since the former require something to be attached to the person of interest, 

they seem less valuable in uncontrolled street environments. As long as the selection of 

scenarios and encounters is representative, such observations directly correspond to the 

ultimate target variable of pedestrian research: their behavior under realistic circumstances. 

Experimental control, in contrast, is low, since actions of neither agent can be influenced by 

the experimenter, but also because only naturally occurring events can be analyzed. If, for 

example, an observation is supposed to provide insights on the effects of infrastructural design, 

it may be possible to select locations that adequately represent the differences of interest. It 

is, however, often infeasible to equally account for weather conditions or the number, 

attentional state, and personality of involved individuals. Furthermore, it is impossible to 

observe novel technologies that are not yet available on public roads or to assess perceptual, 

emotional, and cognitive processes with the same preciseness as in laboratory settings. 

Privacy concerns may additionally affect data collection protocols. 
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Figure 1 – Common settings for pedestrian research. The shaded areas represent a range which can 
reasonably be covered by the respective approach. The anchors are aligned with the middle of these 
regions and do not necessarily reflect the most common usage. Although the orthogonal axes imply that 
the dimensions are theoretically independent, the allocation of existent methods shows that 
experimental control and scenario realism tend to be negatively associated. 

Similarly realistic scenarios may be observed in field studies, in which participants are aware 

of the experiment but observed within an otherwise unconstrained traffic environment (e.g. 

Schwebel et al., 2008). Experimental control can thereby be enhanced in comparison to 

naturalistic observations, for example by the purposeful selection of sample characteristics or 

by instructing participants to follow a certain path or search for a target. Nonetheless, results 

still depend on factors outside the experimenter’s control, such as weather conditions and 

traffic density, and behavior may be biased by observer effects and social desirability. While it 

is possible to collect additional data on matters such as gaze behavior and subjective 

preferences, ethical concerns will further restrict the range of observable actions. 

Experimental control is usually enhanced in laboratory settings, including both virtual and non-

virtual test beds. In this case, participants are mostly aware of the experimental context, 

although they may not know the underlying research question. Across laboratory settings, both 

scenario realism and fidelity can vary. Fidelity is usually assumed to be high in advanced 

physical environments such as test tracks (e.g. Bellem et al., 2016), since perceptual cues like 

the range and amplitude of physical stimuli are equivalent to those encountered in everyday 

life. Physical mock-ups in indoor laboratories (e.g. Haga et al., 2015), in contrast, may provide 

less detailed sensory information. Furthermore, movements such as walking may be restricted 

due to space limitations and the risk of colliding with physical obstacles. 

In virtual environments, the extent of fidelity depends on the respective setup, but is generally 

expected to be lower than on test tracks. This may have implications for speed, distance, and 

risk perception. For instance, virtual reality (VR) is known to provoke adverse effects of 

distance compression (Renner et al., 2013), and is often subject to additional restrictions 

regarding FOV and walking range. Resulting biases may induce changes in the observable 

behavior, which in turn can affect experimental conclusions. In terms of scenario realism, 

however, VR allows to simultaneously display a broad number of interacting agents in visually 

complex street environments and to instruct participants to perform tasks that may lead to 

(virtual) collisions. Limitations are imposed by restrictions in walking range, which favor a focus 
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on repetitive crossing scenarios. Additionally, the design of complex and realistic scenarios 

may compromise experimental control (for a more detailed discussion, see Chapter 2.1 as well 

as the fourth publication included in this thesis, Schneider & Li, 2020). Physical laboratories 

and test tracks, in contrast, are less flexible when it comes to the number and behavior of 

further agents or the use of prototypes. In addition, the choice of possible tasks may be 

restricted to avoid hazardous situations. In summary, the understanding that test track studies 

are more realistic than those performed in VR may be valid with regard to the quality of sensory 

cues (Zöller, 2015), but needs to be reconsidered when it comes to scenario design and the 

evaluation of encounters that bear the risk of an accident. 

Finally, pedestrian research may be complemented by low-fidelity measures such as video 

ratings and questionnaire studies. If traffic scenarios are described verbally, scenario realism 

and experimental control rely on the extent to which the description supports individual 

imagination. For videos, scenario realism depends on how the stimuli were generated and 

what sequence is depicted. It is, however, unlikely that such measures adequately reflect the 

affordances of multisensory cues and simultaneous events in real-world traffic. Furthermore, 

the range of observable measures is severely restricted, usually bound to responses that can 

be provided verbally or via button press. While fidelity is thus low, experimental control may be 

assumed relatively high as long as undisturbed viewing is guaranteed and instructions are 

unambiguous. 

The present thesis focuses on the use of virtual environments for the investigation of 

pedestrian behavior. As suggested in Figure 1, this methodology comprises a particularly large 

range of possible configurations, whose usefulness is likely to vary for different applications. 

Before describing the contents of this work in more detail, some central concepts related to 

simulation and VR will be outlined in the following chapter. 
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2 Simulation and Virtual Reality in Traffic Research 

Simulation implies an abstraction from a natural environment. It can be seen as a reduced 

replica, which contains only those elements that are considered relevant to a given task or 

research question (Molino et al., 2005). The challenge of creating a successful simulation thus 

consists in properly identifying features that can be omitted without affecting the outcomes of 

interest. Notably, this definition of a simulation does not specify the need for computer 

technology or virtual elements. In fact, the value of simulations for the analysis and modification 

of human behavior was recognized long before the age of ubiquitous digital computing: Flight 

simulators, allowing aviators to practice and demonstrate their skills in a controlled and risk-

free environment, have been used since the early twentieth century (Allerton, 2009, pp. 1–3). 

Nonetheless, modern simulators frequently comprise virtual environments that allow human 

participants to interactively explore the scenarios of interest from a first-person perspective 

(Schwebel et al., 2008). Interaction in this context implies that certain user inputs provoke 

perceivable changes in the virtual environment, such as walking movements leading to 

adjustments of the visual perspective. Mere videos, in contrast, may be recorded from a first-

person perspective, but cannot be modified by the observer. 

VR simulations offer various advantages in comparison to alternative research settings. They 

allow researchers to investigate potentially hazardous encounters and to represent new 

technologies independently from costly physical prototypes. Reproducible virtual scenarios 

may easily be created while precisely adjusting experimental manipulations and eliminating 

confounders. Additional benefits include the ease and preciseness of collecting data such as 

gaze behavior and the relative location of objects, the possibility to provide immediate feedback 

in training contexts, and the reduced emission of environmental pollutants. (de Winter et al., 

2012; Zöller, 2015, pp. 19–20) 

The most important disadvantage, however, stems from the uncertainty regarding the 

generalizability to real-world traffic. With respect to driving simulation, “several research 

questions may need to be answered […] related to simulator fidelity, predictive validity of 

driving simulators, simulator-to-reality transfer of learning, and simulator sickness” (de Winter 

et al., 2012, p. 48). While motion sickness appears to be less problematic for recent pedestrian 

simulators (Agarwal, 2019; Mallaro et al., 2017; Pala et al., 2021), the concern of validity issues 

has similarly been expressed in this context: “A major limitation to existing research is the lack 

of validation data. Before virtual reality can be properly developed as tool to understand and 

prevent pedestrian injuries, empirical evidence is needed to suggest pedestrian behavior in a 

virtual world matches behavior in the real world” (Schwebel et al., 2008, p. 1395).  

The following paragraphs outline central concepts related to validity and validation theory. 

Importantly, precise definitions differ not only between thematic domains, but also between 

authors of the same discipline. The primary aim of the following classification is neither to 

harmonize nor to contrast their viewpoints, but to provide the terminology used throughout the 

remainder of this thesis. 

2.1 Meanings of Validity 

Originating from the idea that a valid measure provides accurate information on “what it is 

supposed to measure” (Newton et al., 2014, p. 18), the term validity has evolved to globally 

represent the agreement between a research setting and the entity it is intended to reflect. 

When it comes to specific use cases, however, a vast number of more or less related concepts 
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have been proposed, fostering confusion within and across academic disciplines (Newton et 

al., 2014, pp. 1–3). 

While more than 150 validity “types” can be found in literature (Newton et al., 2014, p. 8), only 

a small subset of this terminology is relevant to the present work. In the following, the focus is 

on the validity of using simulators in terms of a research methodology, rather than considering 

the measurement of a specific attribute. Accordingly, the relevant concepts are related to what 

Newton et al. (2014) describe as validity for research, which is required to draw scientific 

conclusions from empirical evidence.  

Internal vs. External Validity 

A traditional and very prominent distinction in experimental research refers to internal and 

external validity. External validity concerns the generalizability across populations, 

environments, and outcome variables, whereas internal validity is high if the observed changes 

in the dependent measure are unambiguously attributable to variations of the independent 

factor (Newton et al., 2014, pp. 3–4). The relative importance of both concepts likely depends 

on the purpose of a given experiment: According to Schram (2005), internal validity is essential 

when testing or modifying theories, whereas external validity seems indispensable as soon as 

empirical regularities shall be established. When deducing theories from laboratory results, he 

cautions that insufficient external validity might generate a tautology, in which theories are 

developed to describe the behavior in laboratories but are inappropriate for generalizing to the 

real world. 

The relationship between internal and external validity is often considered antithetical: An 

increase in the similarity to real-world settings is expected to support generalizability but impair 

experimental control, whereas the opposite applies to more simplified, thus artificial 

environments (Schram, 2005). Jimenez-Buedo and Miller (2010, p. 3) describe this presumed 

trade-off in the following words: “the more we ensure that the treatment is isolated from 

potential confounds in order to ensure that the observed effect is attributable to the treatment, 

the more unlikely it is that the experimental results can be eloquent of phenomena of the 

outside world, since typically, in the outside world, many factors interact in the production of 

events that we are interested in.” 

Leading back to the characteristics of different research settings, such artificiality may be 

understood as an essential difference between laboratory and field studies. As Jimenez-Buedo 

and Miller (2010) point out, however, artificiality may arise not only from the experimental 

scenario, but also from the presence of an experimenter or observer. Furthermore, they argue 

that “assuming that laboratory experiments are necessarily more artificial than field ones is 

ungranted” (p. 13), since artificiality cannot easily be quantified and likely depends on the 

perception of the individuals involved as well as on the measures investigated. Additionally, 

the concreteness of any particular real-world context in which a field experiment is conducted 

may restrict rather than promote the generalizability of its results (Jimenez-Buedo & Miller, 

2010). 

Besides the association with any particular research setting, also the general assumption of a 

trade-off between internal and external validity is debatable (Loudon et al., 2015). Jimenez-

Buedo and Miller (2010) argue that the capacity for experimental control, but also for 

generalization beyond the research setting, mainly depend on the knowledge about potential 

confounders that is incorporated in the experimental design. The idea of a trade-off is further 

questioned by the understanding that if no conclusions can be drawn at all, there is no way to 

generalize those non-existent conclusions beyond the experimental setting. Accordingly, 
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internal validity is often seen as a prerequisite for its external counterpart (Jimenez-Buedo & 

Miller, 2010). Even this unidirectional priority, however, may be questioned, given the ways in 

which the representativeness of stimuli and measures may affect internal validity (Persson & 

Wallin, 2012). 

Behavioral vs. Physical Validity 

A second classification, which is related in particular to the use of simulators, concerns 

differences between behavioral and physical validity. Physical validity is essentially 

synonymous to fidelity (Pinto et al., 2008), representing the agreement of physically 

measurable components such as vehicle dynamics and visual displays (Bellem et al., 2016). 

Behavioral validity, in contrast, refers to the agreement of human behavior, experience, and 

performance (Bellem et al., 2016). Although the latter may be further specified, for instance to 

contrast differences between psychological processing and observable actions (Pinto et al., 

2008), I will refrain from such sub-classifications for the sake of simplicity. 

When validating simulators that are meant to facilitate the investigation of human behavior, the 

focus should be on behavioral validity (Blaauw, 1982; Blana, 1996, p. 11; Pinto et al., 2008). 

Physical validity, in contrast, is mainly considered to the extent that it is expected to affect the 

validity of behavioral outcomes. During the past years, several studies were conducted to shed 

light on this relationship in both pedestrian and driving simulation, targeting divers sensory 

modalities such as motion cuing (Bellem et al., 2016), sound rendering (Bernhard et al., 2011), 

and properties related to visual perception like FOV (Goodenough, 2010), optic resolution 

(Jamson, 2001), and stereoscopy (Jiang et al., 2017). Although it seems reasonable to assume 

that behavioral validity sets minimum requirements on certain aspects of fidelity, their 

relationship appears to be both non-linear and contextual. The idea that “physical validity is 

[an] absolute necessary condition for the behavioural validity” (Blana, 1996, p. 5) may thus be 

replaced by the assumption that the “two aspects of validity do not have to be necessarily 

related” (Blana, 1996, p. 11), but frequently are so to some extent. 

In addition to contradictory empirical evidence, a deterministic relationship is also improbable 

since a number of additional factors are thought to influence behavioral validity. Risk 

perception, for instance, is unlikely to match the awareness for actual danger in real-world 

traffic, regardless of the accuracy of sensory cues (Carsten & Jamson, 2011, p. 92; de Winter 

et al., 2012). Due to the complexity of this relationship and the limited knowledge about 

potential interactions and mediators, researchers should aim to provide a consistent level of 

fidelity, in which the level of detail coincides for different modes of perception. For instance, 

this implies the congruence of visually perceived acceleration and vestibular motion cues in 

driving simulation (Bellem et al., 2016). A mismatch of sensory information, which may stem 

from a one-sided enhancement of any particular modality, may in contrast impair behavioral 

validity (Bellem et al., 2016; Pinto et al., 2008; Zöller, 2015) or at least limit the effectiveness 

of adjustments (Carsten & Jamson, 2011, p. 91). 

Absolute vs. Relative Validity 

A final distinction refers to the concepts of relative and absolute validity. Relative validity can 

be assumed if the size and direction of effects are consistent, whereas absolute validity 

requires the agreement of the measured values themselves (Caird & Horrey, 2011, 5:9-5:10). 

Again, individual definitions may differ: Leonard and Wierwille (1975) suggest Pearson 

correlations as a measure of absolute validity, although a perfect correlation can be obtained 

even in case of a systematic offset between groups.  Blana (1996, p. 18) considers relative 

and absolute validity as qualitative and quantitative criteria, respectively, relaxing any 
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assumption about effect size for the former. Blaauw (1982) similarly omits this requirement and 

Kaptein et al. (1996) specifically understand equal effect sizes as a sign of absolute validity.  

The present work entails the more conservative view that relative validity is only achieved if 

effect sizes are similar. Notably, all the above definitions imply that relative validity is given for 

any setup with absolute validity, which cannot be assumed vice versa. Furthermore, a 

simulator may be useful although it fails to provide absolute validity, with some authors arguing 

that “[f]or most research questions, establishing relative validity is sufficient” (Bellem et al., 

2016, p. 443). Although absolute validity is usually necessary to deduce numerical thresholds 

(Bellem et al., 2016), even in such cases, a conversion factor (Molino et al., 2005) or a (possibly 

non-linear) arithmetic function (Mullen et al., 2011, 13:7) may be used to “translate” the results 

of simulator studies into real-world behavior as long as correlations between the environments 

are known and sufficiently high. 

2.2 Simulator Validation 

Validation is the process of investigating validity (Newton et al., 2014). Simulator validation, 

more specifically, can be achieved by “the replication of simulator and on-road tests to 

determine the extent to which measures correspond across contexts” (Caird & Horrey, 2011, 

5:9). Since interactions between different factors may be hard to anticipate, it is usually bound 

to a particular scenario and research question (Bellem et al., 2016; Blana, 1996, p. 12; Kaptein 

et al., 1996; Pinto et al., 2008).  

During the past decades, numerous studies have been performed to demonstrate the 

behavioral validity of driving simulators, resulting among others in multiple doctoral theses (e.g. 

Engen, 2008; Zöller, 2015) and review articles (e.g. Blana, 1996; Mullen et al., 2011; Wynne 

et al., 2019). In the more recent domain of pedestrian simulation, in contrast, empirical 

evidence regarding the extent of behavioral validity is less abundant. Assuming that relevant 

parallels exist, the following paragraphs give an overview about the findings on behavioral 

validity in driving simulators, before proceeding in more detail to research that focuses on 

pedestrian behavior. An integrative summary of validation approaches can be found in the first 

publication included in this thesis (Schneider & Bengler, 2020a). 

Driving Simulators 

An early summary of driving simulator validation since the late 1960s was provided by Blana 

(1996). Despite considerable technological advancements during the examined time period, 

studies overall seem to indicate sufficient relative but limited absolute validity (Blana, 1996, 

pp. 40–41). Highlighting partially conflicting results, the author concludes that, rather than high 

physical fidelity, “the most important element for a successful behavioural validation study is 

the carefully designed experimental procedure” (p. 52) and that in spite of existing data, robust 

answers to some of the most essential questions are missing. 

Fifteen years later, Mullen et al. (2011) similarly conclude that in most cases “measures show 

relative validity but fail to meet requirements for absolute validity” and that one “should remain 

aware that simulators do not always provide an accurate picture of on-road driving behavior” 

(p. 13:14). In particular, behavioral variability seems to be larger in simulators than for on-road 

studies, and predictions based on simulator studies appear less accurate for poor drivers. 

In a recent overview of 44 publications, Wynne et al. (2019) report a broad range of outcome 

variables considered for the purpose of simulator validation. They also note substantial 

differences in the understanding of “real-world” comparison data, which refer to measures as 
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dissimilar as self-reported driving behavior, neurological assessments, the on-road driving of 

instrumented vehicles, and naturalistic observations via external recording devices. The 

authors point out that in one simulator, the agreement with real-world behavior may differ 

between measures, and that the validity of a given measure in turn depends on the simulator. 

Furthermore, behavioral validity seems to be influenced but not fully determined by simulator 

fidelity. Findings of lower heart rates despite increased mental effort in simulated driving, for 

instance, support the assumption of biased risk perception as a reasonable source of variation. 

(Wynne et al., 2019) 

In summary, it has repeatedly been concluded that driving simulators represent a valid tool for 

replicating differences between experimental conditions, whereas their value for absolute 

predictions is limited. Additionally, researchers have demonstrated dependencies between the 

simulator setup, the scenario, and relevant outcome measures. Although the latter may be 

expected, it is noteworthy that the technological advancements of the past years do not seem 

to fundamentally alter this general principle. They may, however, counteract some biases and 

facilitate the investigation of more complex scenarios, which comprise a broader range of 

sensory cues and events. 

Pedestrian Simulators 

When comparing driving and pedestrian simulators, one must account for differences in the 

user’s perspective and the range of common scenarios. Differences in FOV, for example, may 

be primarily relevant when entering a curve if driving on rural roads (Jamson, 2001), but crucial 

for street crossing tasks, in which cars usually approach from a 90° angle. Motion platforms, 

in contrast, which are a frequent concern in driving simulation (Bellem et al., 2016; Zöller, 

2015), can easily be replaced by naturalistic walking for brief distances. However, the 

restrictions resulting from a limited tracking range thereby impose considerable limitations on 

the bandwidth of possible tasks. Accordingly, although most findings may be applicable on a 

more general level, reliable conclusions necessitate studies that specifically target pedestrian 

behavior. 

Since modern pedestrian simulators emerged, there have been a number of attempts to 

empirically quantify the extent of behavioral validity in related studies. An early example was 

provided by Schwebel et al. (2008), who investigated street crossing behavior in 102 children 

and 74 adults. Comparing a screen-based setup to instructed observations in real-world traffic, 

they found Pearson correlations to range between .22 and .34 for the size of accepted gaps in 

adults, and slightly higher values of .42 and .52 for children’s start delay. Furthermore, 

variations in crossing behavior reproduced typical age-related developments and showed 

reasonable associations with personality. A later analysis of the data on adult street crossing 

(Feldstein, 2019), however, indicated differences not only with regard to traffic density, but also 

in the size of accepted gaps and start delay: Smaller gaps were accepted and crossing was 

initiated later in the simulator. Additionally, the assumption of constant speed, which served as 

a proxy to calculate safety margins in the simulator, did not match on-road observations. 

In a virtual scene presented via an Oculus Rift DK2 HMD, Feldstein and Dyszak (2020) 

instructed their participants to step backwards when they felt that an approaching vehicle had 

come too close to cross in front of it. In comparison to a test track setting, minimal accepted 

distances decreased by 26 % in VR, which matches the effects reported by Feldstein (2019). 

Additionally, crossing decisions in VR were strongly influenced by spatial distances, whereas 

participants on a physical street were more successful in accounting for the speed of vehicles. 
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Bhagavathula et al. (2018) compared crossing intent as well as speed and distance perception 

for a test track, its virtual replica, and video recordings presented via an HTC Vive HMD. 

Although the proportion of trials in which participants expressed an intent to cross dropped by 

47.5% in VR in comparison to the test track, this difference was statistically insignificant for a 

sample of sixteen adults. Descriptively, however, the reluctance to accept small gaps contrasts 

the results of Feldstein (2019) and Feldstein and Dyszak (2020). While perceived safety did 

not differ between the environments, vehicle speed was perceived as higher in both the VR 

and the video conditions (Bhagavathula et al., 2018). Contrary to the common phenomenon of 

distance compression (Renner et al., 2013), distance estimates were similar on the test track 

and in VR (Bhagavathula et al., 2018), supporting the hypothesis that distance compression 

can be mitigated by technological advancements (Feldstein et al., 2020; Kelly et al., 2017). 

Presence was rated highest on the physical street, followed by video recordings and 

subsequently the VR simulation (Bhagavathula et al., 2018). 

A similar approach was taken by Agarwal (2019), who analyzed differences between a test 

track setting, an Oculus Rift HMD, and 360° videos presented via a Samsung Gear headset. 

Estimated distances were found to be similar for all three environments. In contrast to 

Bhagavathula et al. (2018), however, also speed estimates were similar in VR and on the 

physical road, but more accurate for 360° videos. No significant differences were observed 

with regard to gap acceptance, presence, or motion sickness. 

Mai (2017) compared street crossings in an HTC Vive headset to onsite observations on a 

university campus. Participants in the VR experiment were selected to match the demographic 

characteristics of those observed in real world. In contrast to the latter, participants in VR 

walked considerably slower (with a mean velocity of less than 0.6 m/s in comparison to 1.4 m/s 

on the real street). Furthermore, a majority failed to display adequate monitoring behavior 

before entering the street. Apparently, some participants found it difficult to follow the 

instructions for movement, which implied a combination of walking and teleportation 

mechanisms. 

Fuest, Schmidt et al. (2020) investigated a pedestrian’s capacity to recognize if an approaching 

vehicle would yield based on its acceleration profile and lateral offset. The authors compared 

a virtual environment presented via an HTC Vive Pro HMD to a Wizard-of-Oz (WoZ) setup. In 

the latter, a human driver was hidden under a seat cover to evoke the impression of an 

autonomous vehicle. A third and fourth condition included videos of either environment. The 

VR and video conditions lacked acoustic cues. In all environments, unambiguous trajectories 

were understood correctly, recognized faster and rated as better and less critical, whereas 

misinterpretations were more common for intentionally ambiguous driving. This effect was 

most obvious in the WoZ group. Fewer misclassifications in the remaining conditions, however, 

may be explained by the fact that participants took more time before making a decision, often 

waiting until the vehicle had either reached a complete stop or passed them. Since subjective 

confidence was reported only after a decision had been made, participants in the VR condition 

also felt more confident if a non-yielding vehicle had completed an ambiguous trajectory. Within 

the VR condition, participants indicated their crossing intent more than two seconds before 

they actually started walking. The authors conclude that although all environments proved 

useful to differentiate between trajectories, the behavior observed as a reaction to virtual and 

video scenarios is “not transferable to reality, because the pedestrians made their decisions in 

the WoZ setup at an earlier stage” (p. 20) and that hence “[c]onclusions as to absolute values 

are not possible in the VR setup” (p. 22). 
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Evaluating a virtual environment that was displayed via three adjoining screens, Singh et al. 

(2015) focused on the recognition and emotional valence of artificial sounds to facilitate the 

detection of electric vehicles. Although different sounds were ranked in the same order, 

participants in VR detected vehicles later and overall rated the sounds as less recognizable. 

Subjective detectability, powerfulness, and pleasantness, in contrast, did not differ 

significantly. Interestingly, cars were generally detected later if the time until their appearance 

was prolonged, which the authors understood as a sign of declining attention.  

Further differences were reported for obstacle avoidance and gaze behavior. Wearing an 

Oculus Rift HMD with a 110° FOV, participants maintained larger lateral distances to other 

pedestrians than in real world (Iryo-Asano et al., 2018). In line with the findings of Mai (2017), 

walking speed was considerably lower. Similar results were reported by Bühler and 

Lamontagne (2018) for an HTC Vive HMD. When a Segway-like vehicle approached at a 90° 

angle, perceived danger increased in comparison to a non-virtual environment (Iryo-Asano et 

al., 2018). Distances were underestimated to a larger extent when facing away from the 

vehicle, but not for other orientations (Iryo-Asano et al., 2018). For pedestrians wearing a 

FOVE HMD with a 100° FOV, longer fixations, shorter saccades and a stronger focus on the 

center of the visual scene were observed (Berton et al., 2020). For a street view application 

displayed on a 17-inch monitor, the duration of fixations also differed from real world, but the 

direction of this effect depended on the task to perform: In line with Berton et al. (2020), 

fixations were longer when directed to the environment, but they were shorter when reading a 

map (Dong et al., 2020). Participants in the real world were considerably faster in orienting 

themselves and displayed different gaze patterns with regard to various types of visual stimuli. 

These results, however, must be seen in the light of an unequal distribution of visual 

information in the two environments and the limited immersion of a desktop computer (Dong 

et al., 2020). 

In summary, empirical research on the predictive value of VR pedestrian simulators highlights 

some parallels to physical environments, but also demonstrates various limitations. Moreover, 

differences appear to apply to all stages of human behavior, including perception (Singh et al., 

2015), decision-making (Bhagavathula et al., 2018; Feldstein & Dyszak, 2020), and motor 

responses (Iryo-Asano et al., 2018).  

Importantly, all investigations are linked to a particular technological setup. Due to the short 

development cycles of VR equipment, also recent observations may therefore be outdated for 

more advanced simulators. Distance compression, for example, appears to improve in recent 

HMDs (Feldstein & Dyszak, 2020; Kelly et al., 2017), which frequently offer a larger FOV and 

extended options for naturalistic walking. Hence, options for displaying virtual scenarios will be 

summarized in the following paragraphs, before proceeding to the research questions that 

were addressed in the present thesis. A more extensive overview, including associations 

between different setups and common research objectives, can be found in the second 

publication (Schneider & Bengler, 2020b). 

2.3 Simulator Technology 

Head-Mounted Displays 

VR based pedestrian research may cover a broad range in terms of physical fidelity. In earlier 

studies (e.g. Lobjois & Cavallo, 2007; Schwebel et al., 2008), the size and position of screens 

or projection sites and the availability of motion tracking were decisive. During the past years, 

however, technological advancements have produced a variety of hardware platforms, 
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triggering extensive research on pedestrian behavior in different types of virtual environments. 

In particular HMDs have emerged as an economic alternative to more expensive large-screen 

setups such as Cave Automatic Virtual Environments (CAVE; Cavallo, Dommes et al., 2019; 

Jiang et al., 2017). Due to the short development cycles resulting from their widespread 

commercial application, ongoing technological advancements are rapidly incorporated. 

Additionally, versatile and easy-to-use gaming platforms can be employed to model detailed 

and flexible traffic scenarios.  

Nonetheless, a number of restrictions apply to the investigation of pedestrian behavior in 

HMDs. Although shielding the user from the physical environment may support a focus on the 

traffic scene, the fact that participants are unable to see their physical surroundings may also 

influence walking patterns due to the fear of colliding with obstacles. The consciousness for 

the borders of the experimental room and the wired connection to a computer may prevent 

participants from fast movements, leading to the reduced walking speed reported previously 

(Iryo-Asano et al., 2018; Mai, 2017). The FOV, which is typically smaller than for natural human 

vision, may hinder the early detection of approaching objects and bias the perception of speeds 

and distances (Cavallo & Laurent, 1988; Feldstein, 2019). The accurate estimation of 

distances may further be complicated by the lack of a visual self-representation (Iryo-Asano et 

al., 2018) and the absence of alternative real-world references. Finally, the weight of an HMD 

may cause discomfort (Pinto et al., 2008) and contribute to biases in distance perception 

(Young et al., 2014). 

A lot of attention has been dedicated to the underestimation of distances in comparison to non-

virtual environments, which is commonly referred to as distance compression (Feldstein, 2019; 

Renner et al., 2013). While this phenomenon is not unique to any particular hardware (Renner 

et al., 2013), it apparently can be counteracted by technological advancements, as it seems 

less pronounced in modern HMDs (Feldstein & Dyszak, 2020; Kelly et al., 2017). In street 

crossing tasks, however, the appropriateness of a pedestrian’s decision depends on the 

temporal rather than the spatial interval that remains to an approaching vehicle. According to 

Feldstein (2019), temporal distances are consistently underestimated, regardless of whether 

the estimation task is performed in a simulation, a video, or a physical environment. The author 

explains this by a “tendency to err in the direction of safety” (p. 777) in realistic and contextual 

environments. Nonetheless, humans in VR apparently find it harder to process velocities and 

consequently overestimate temporal intervals at higher speeds (Feldstein, 2019). 

Depth perception in HMDs is further complicated as stereoscopic vision in modern headsets 

is commonly achieved by displaying distinct images to both eyes. This procedure leads to a 

conflict between accommodation and convergence, since the different images suggest larger 

distances than the curvature of the eyes’ lenses, which are focused on the display itself (Pinto 

et al., 2008). Although neither accommodation nor convergence seem decisive in the range of 

distances in which surrounding traffic operates (Feldstein, 2019), the mismatch of information 

may nonetheless cause discomfort and fatigue (Mestre, 2017). Further issues may arise from 

the latency in refreshing the visual scene after head movements (Feldstein & Ellis, 2020; 

Mestre, 2017). 

Alternatives  

Due to their extensive use and the technological progress that can be expected in the future, 

the present work focuses on the application of commercially available HMDs in pedestrian 

research. At the same time, however, it may be worthwhile to contrast this approach to earlier 

desktop simulators (e.g. Schwebel et al., 2008) and more complex CAVE-like setups (Cavallo, 
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Dommes et al., 2019). Within the group of HMDs, different technological specifications may 

affect the quality of sensory stimuli and the range of possible actions, thereby influencing 

experimental outcomes. 

Young et al. (2014) compared a commercial Oculus Rift to a more elaborate HMD setup, which 

was commonly employed for research purposes. For comparability, the capacity for naturalistic 

walking was disabled in the latter. In comparison to the research device, the Oculus Rift HMD 

was limited in visual resolution and its potential for naturalistic movements but provided a larger 

FOV and was considerably more lightweight (480 g vs. 1250 g). Although it performed 

favorable in terms of distance perception, navigation, and visual search, motion sickness 

seemed more problematic, causing two participants to withdraw from the experiment. 

For the purpose of road safety education, Schwebel et al. (2017) contrasted a Samsung Galaxy 

S6 smartphone inserted into a Cardboard viewer to a semi-immersive virtual environment 

consisting of three 55-inch LED monitors. Simulator sickness was rated slightly higher in the 

Cardboard application. Substantial correlations between both setups were found with regard 

to missed crossing opportunities, but not for start delay and the number of unsafe crossings. 

Additionally, unsafe crossings in the Cardboard were related to certain personality traits. 

Despite notable differences in cost, it is unclear whether large-screen simulators such as 

CAVEs outperform HMDs in terms of behavioral validity. Most modern HMDs allow for walking 

within the range of the tracking sensors and the borders of the experimental room, whereas 

CAVEs further restrict walking by the size and position of their screens. Differences in the 

visual representation include the FOV and field of regard as well as the visibility of the user’s 

body and the options for simultaneous use by multiple people (Mestre, 2017). When comparing 

a four-projection CAVE and an HTC Vive HMD with regard to crossing between continuous 

traffic on a single-lane street, Mallaro et al. (2017) found smaller gaps to be accepted in the 

HMD, whereas participants in the CAVE discriminated more strongly between gap sizes. In 

the HMD, participants compensated for their riskier choices by starting to cross earlier, which 

ultimately resulted in larger safety margins than in the CAVE condition. 

Also for screen-based systems, technological specifications were shown to influence 

experimental outcomes. Interestingly, the quality of auditory cues appears to affect street 

crossing behavior (Bernhard et al., 2011), whereas the availability of stereovision seems less 

relevant (Jiang et al., 2017). Montuwy et al. (2017) compared buttons and a joystick as two 

different approaches to navigate through a virtual environment, which was displayed via three 

47-inch monitors. Young adults generally preferred the joystick, whereas seniors favored the 

navigation via buttons. In the comparison of different screen-based setups, Maillot et al. (2017) 

found that the existence of differences in crossing behavior depended on the investigated age 

group. Practice effects related to the processing of more complex traffic scenarios, in contrast, 

were only evident in the more elaborate simulator.  

2.4 Summary and Implications 

The technological specifications of a simulator determine not only the quality of sensory cues, 

but also the actions that can be performed by the user. Obvious restrictions in VR pedestrian 

simulators include deficits in FOV and the visual resolution, the latency related to fast head 

movements, the absence of a visual self-representation in HMDs, and limited walking space, 

which restricts the range of observable scenarios. How these deficits, however, translate to 

changes in the experimental outcomes, is yet unclear. 
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In both driving and pedestrian simulation, validation is frequently understood as a comparison 

of environments that are perceived as physically valid to a varying degree. However, as pointed 

out previously, a behaviorally valid simulation requires not only sufficient sensory accuracy, 

but also the careful consideration of relevant features of the experimental task and scenario, 

since they may equally affect cognitive demands and human information processing. A 

comprehensive approach to evaluating VR as a tool for pedestrian research should thus 

include an assessment of the affordances of common scenarios and their congruence with 

real-world traffic. 
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3 Objectives and Research Questions 

VR simulations have become increasingly popular in the research of pedestrian behavior. 

While providing a risk-free and convenient way to collect empirical data, however, the extent 

to which these data correspond to real-world traffic is uncertain. Besides technological 

restrictions, the behavioral validity in simulator studies may be compromised by the 

experimental setting, artificial tasks, and unrepresentative scenarios. In the present work, 

differences between simulated and real environments are evaluated on various levels. The 

aim is to contribute to the knowledge about potential biases and restrictions of VR simulators 

and thereby support the meaningful employment of this novel and versatile methodology.  

In Chapter 1.2, physical fidelity and scenario realism were introduced as two dimensions on 

which research settings can be located. The third dimension, experimental control, is linked to 

internal validity, which mostly depends on the knowledge about confounding variables and the 

options to adequately consider them in data collection and analyses. Theoretically, high 

internal validity can also be achieved in naturalistic observations, as long as all relevant 

influences are known, their expression can be identified from the collected materials, and the 

amount of data is sufficient to adequately distinguish between various levels. Virtual 

environments, however, facilitate experimental control by the exact replication of arbitrary 

scenarios. Experimental control therefore represents a specific strength of VR experiments, 

whereas they are likely inferior to alternative settings in terms of physical fidelity. The role of 

scenario realism is discussed in more detail in the fourth publication (Schneider & Li, 2020). 

Figure 2 outlines the conceptual understanding of simulator requirements in the scope of this 

thesis. It is based on the assumption that experiments are conducted in order to reliably and 

accurately predict real-world pedestrian behavior. Meaningful simulator studies, which offer a 

reasonable degree of experimental control based on the knowledge of potential confounders, 

rest on the two pillars of sufficiently accurate sensory cues and a representative range of tasks 

and scenarios. Since both pillars are equally important to the generalizability of the observed 

behavior, they must be equally considered in the scope of simulator validation. The purposeful 

design of experiments furthermore relies on a thorough understanding of relevant use cases 

and outcome variables and, lastly, applicable validation techniques. 

 

 

Figure 2 – Conceptual understanding of the components required to obtain reliable and meaningful 
conclusions from simulator studies. 

Simulator studies in which experimental control is achieved by profound

knowledge of potential confounders and by appropriate statistical modelling
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The objectives of the present thesis align with these considerations. The intention is to 

contribute to the validation of VR pedestrian simulators by a systematic assessment of how 

both technological and contextual factors influence the experimental outcomes. The empiric 

evaluation of these aspects builds on a theoretical framework, which integrates common 

applications and validation techniques. 

Simulator validation is related to two general questions. On the one hand, researchers aim to 

assess the present agreement with real-world traffic, for example by comparing a range of 

behavioral indicators across similar scenarios. On the other hand, validation is frequently 

linked to the extent to which variations in simulator properties affect human perception, 

decision-making, and actions. Due to the brief development cycles of VR technology, state-of-

the-art assessments may suffer from a relatively short lifespan. Furthermore, generalizing 

across simulators is increasingly delicate, as the flexibility of current software solutions allows 

researchers to create very different scenarios, which are adjusted to their topic of interest, 

participant sample, and hardware capacities. Rather than quantifying the extent of agreement 

for an arbitrary setup, which may already be outdated by the time of publication, I therefore 

aim to assess the impact of different mechanisms that may be responsible for deviations. 

Due to the broad range of parameters that presumably influence human behavior in VR, a 

selection must be made among possible aspects to consider. To this objective, I summarize 

recurring methodological characteristics and central questions related to pedestrian research 

and the validation of VR technology. The corresponding literature survey produces a 

classification of pedestrian simulator studies as well as general guidelines for simulator 

validation.  

In this context, HMDs and CAVEs are identified as two common simulator types, which are 

generally expected to provide a high level of fidelity. To evaluate if pedestrian behavior is 

influenced by the use of VR technology, these two simulator types are compared to a non-

virtual test track environment. The holistic consideration of simulator classes is thereby 

prioritized over the contrasting of changes in isolated technological parameters, whose impact 

may be moderated by other factors in any alternative setup.  

With regard to scenario design, the review of recent literature reveals that current experiments 

mostly lack the complexity associated with real-world traffic. Consequently, an additional focus 

is placed on changes in pedestrian behavior due to an unequal cognitive or motivational state. 

The latter concerns intrinsic aspects, such as motivation and attentional focus, as well as 

features of the traffic scenario that raise the overall level of complexity. 

In summary, the following research questions are addressed: 

• What approaches do exist to evaluate behavioral validity in VR-based pedestrian research? 

What are the advantages and limitations of different techniques? (Schneider & Bengler, 

2020a) 

• How can VR-based pedestrian research be classified according to methodological and 

contextual aspects? (Schneider & Bengler, 2020b) 

• Does pedestrian behavior in VR experiments differ from observations on test tracks? If so, 

is there an effect of different hardware platforms? (Schneider et al., 2021) 

• To what extent is pedestrian behavior in VR experiments affected by contextual factors such 

as motivational state, distraction, and scenario complexity? (Schneider et al., 2019; 

Schneider & Li, 2020) 
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4 Methodology  

The present work combines several methodological elements. While an initial literature survey 

serves as a foundation for developing a theoretical framework, resulting research questions 

are addressed by manipulating the factors of interest in experimental user studies. To facilitate 

the interpretation of the results, naturalistic observations are summarized with regard to the 

measures of interest in Chapter 5 and contrasted to the experimental data in Chapter 7. 

4.1 Central Scenario and Dependent Measures 

As a result of the literature survey outlined in the second publication (Schneider & Bengler, 

2020b), street crossing is identified as the most common scenario. Notably, this includes actual 

walking movements as well as proxies such as stepping forward or verbalizing the intent to 

cross. In this context, human information processing is analyzed on different levels: Regarding 

perception, one may consider perceived realism (Schwebel et al., 2008), estimation accuracy 

(Banton et al., 2005), gaze behavior, and head rotations (Gitelman et al., 2016). Aspects of 

decision making refer to the type, quality, and timing of a decision (Asaithambi et al., 2016; 

Lobjois & Cavallo, 2009). If crossings are actually performed, one may additionally evaluate 

crossing patterns (Asaithambi et al., 2016), walking speed (Lobjois & Cavallo, 2009; Onelcin 

& Alver, 2017), acceleration, and evasive actions (Tageldin et al., 2017).  

To account for its widespread application and the diversity of related measures, street crossing 

represents the central scenario in this thesis. Experimental studies mostly refer to gap 

acceptance tasks, in which participants are instructed to decide whether or not the temporal 

gap between approaching vehicles is sufficient to cross. In addition to the dichotomous 

measure of gap acceptance, temporal and spatial intervals are considered as well as velocities. 

In summary, the following aspects of pedestrian behavior serve as dependent measures, with 

subsets of them included in each of the experiments: 

• Gap acceptance represents a binary decision of whether or not a gap of a given size is 

deemed sufficient to cross. This measure exclusively refers to scenarios in which cars do 

not yield to the pedestrian.  

• The size of accepted gaps can be considered an alternative to the binary measure of gap 

acceptance. If gaps are designed to increase over time, it indicates not only the proportion 

of accepted trials, but also the willingness to wait for an appropriate crossing opportunity. 

• Walking speed is calculated by dividing the distance that participants walk by the time 

needed to do so. The walked distance may only refer to movements that are perpendicular 

to the street, or additionally encompass lateral translations. 

• Crossing initiation time (CIT) describes the time until pedestrians initiate crossing after 

the rear of the preceding vehicle has passed their crossing line. Negative values indicate 

that crossing is initiated before a vehicle has passed completely.  

• Post-encroachment time (PET) represents a temporal safety margin referring to the 

intersection between a pedestrian’s crossing line and the part of the street that will 

subsequently be occupied by the following vehicle.  

• Subjective measures are selected according to the respective research question. They 

encompass self-reports of the complexity and predictability of scenarios, perceived risk, 

realism, and the correspondence to real-world situations, as well as questionnaires on 

presence (UQO Cyberpsychology Lab, 2004) and play experience (Pavlas et al., 2012). 
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4.2 Apparatus and Research Environments 

In view of their increasing popularity, the present work specifically focuses on the behavioral 

validity of experimental settings in which pedestrian behavior is investigated by the use of 

commercial HMDs. Virtual environments are displayed via an HTC Vive Pro headset, providing 

a resolution of 1440 x 1600 pixels per eye at a refresh rate of 90 Hz and a nominal field of view 

of 110°. Auditory cues are presented via integrated headphones. All scenarios were created 

in the Unity games engine (Unity Technologies, 2018).  

In studies that target effects of scenario design (Schneider et al., 2019; Schneider & Li, 2020), 

parts of the street scenery were modelled in the open source software Blender (Blender 

Foundation, 2017) to resemble the Munich city area (Figure 3). The simulation was run on a 

Hyrican Elegance 5701 PC equipped with an NVIDIA GeForce GTX 1080 Ti GPU. The 

participants’ movements were tracked by two HTC Vive Base Stations, which were located at 

a height of approximately two meters in opposite corners of the experimental laboratory. 

Movement was thereby restricted to an area of approximately 4.5 x 4.5 meters. When crossing 

the street, participants walked along the diagonal of the room, which resulted in a maximum 

distance of 6.3 m. To account for the additional space that was needed on both crosswalks, 

scenarios in this setting were restricted to single-lane crossings. 

 

Figure 3 – Sample scenes of the virtual environment created for the study presented by Schneider and 
Li (2020). 

In the experiment outlined in the third publication (Schneider et al., 2021), the HTC Vive Pro 

HMD is compared to a CAVE-like simulator and a test track environment. The CAVE-like setup 

corresponds to the simulator described by Cavallo, Dommes et al. (2019). In this simulator, 

ten projection modules of 1.88 x 2.55 m2 each form a corridor, through which participants can 

walk up to 7 m. At a resolution of 1400 x 1050 pixels, visuals are updated based on the position 

and rotation of the participant’s head. The latter are tracked by eight Vicon Bonita cameras, 

which detect markers attached to a helmet. While spatial sound rendering is achieved by ten 

speakers located behind the projection modules, this setup does not provide stereovision. 

For the purpose of this study, the HMD simulator was installed in the same physical space as 

the CAVE. An ego-avatar was visualized by applying inverse kinematics to the position of the 

participant’s head, feet, hands, and hip. Furthermore, an HTC Vive Wireless Adapter served 

to avoid the restrictions that a cable would put on walking and rotation. The simulation was run 

on a Dell Alienware Aurora R7 PC equipped with an NVIDIA GeForce GTX 1080 Ti GPU. In 

both simulators, the same virtual environment was displayed, which was modelled after the 

test track environment. The latter corresponded to a long, single-lane street on a parking lot, 

which is located on the campus of the Technical University of Munich at Garching. 



Previous Traffic Observations 

   20 

5 Previous Traffic Observations 

A direct comparison of experimental data to naturalistic observations is complicated by a lack 

of experimental control in the latter. This is especially true for the fine-grained use case of 

street crossing, in which details such as the precise size of intervehicular gaps are decisive. 

Even if participants are instructed to cross in a specific location, such details cannot be 

controlled, and even if the matching of experimental and non-experimental data is restricted to 

the most crucial parameters, a substantial number of observations is needed to achieve 

sufficient congruence. Nonetheless, simulator studies are usually conducted to provide 

information and facilitate predictions with regard to real-world pedestrian behavior. Hence, it 

seems reasonable to consider previous findings regarding this target variable when reflecting 

on the extent to which experimental data approach it. 

Shirazi and Morris (2015) summarize methods to collect data in real-world traffic. In addition 

to surveys and human observers, they name video recordings, GPS, and radar or lidar 

technology. For pedestrian behavior at urban intersections, they include walking speed, waiting 

time, route choice, and gap acceptance in their list of relevant measures. Hence, data from 

uninstructed observations can be obtained for most of the variables that are analyzed within 

the scope of this thesis, with the primary exception of subjective impressions. 

At the same time, however, the way in which values of interest are defined differs. Due to 

changes in vehicle speed, a focus may be on the gap that remains in the moment of entering 

the road, rather than the intervehicular distance or PET (Asaithambi et al., 2016; Kuttan et al., 

2016). Unlike CIT, waiting times often include the time for previous vehicles to pass 

(Asaithambi et al., 2016; Das et al., 2005). In addition, a number of contextual factors have 

been reported to alter pedestrians’ decisions and behavior, including the presence of other 

individuals and parked cars, distraction, traffic density, the type and speed of approaching 

vehicles, and infrastructural elements such as the number and width of single lanes 

(Asaithambi et al., 2016; Chandra et al., 2014; Das et al., 2005; Hatfield & Murphy, 2007; 

Kuttan et al., 2016; Yannis et al., 2013). Finally, it remains questionable whether conclusions 

can be generalized across cultural and geographic regions (Pelé et al., 2017; Sueur et al., 

2013). Obvious differences in contextual features therefore limit the comparability to the 

experimental data that are reported in the scope of this work. Nonetheless, previous 

observations of pedestrian behavior in on-road traffic may provide some background against 

which differences between experimental conditions can be judged. 

5.1 Gap Acceptance 

Due to their relevance for accidents, analyses of gap acceptance are relatively common. Data, 

however, are mostly available from countries like India, in which pedestrian traffic and fatalities 

account for a relatively high share of all road users (Pawar & Patil, 2015). Hence, crucial factors 

such as risk-taking, infrastructure, and the enforcement of traffic regulations may differ from 

Western Europe, which must be accounted for in the comparison to the present work. 

Pawar and Patil (2015) observed four-lane divided highways in India, with two lanes of 4.5 m 

width in each direction. Vehicles drove at a median velocity of approximately 60 km/h. Although 

a zebra crossing was present, the authors state that yielding in such locations would be 

unusual for most drivers. Building on their observational data, they predict median accepted 

gaps of 4.33 s, with the 85th percentile corresponding to 5.30 s. While groups accepted smaller 

gaps than individuals and vehicle size was negatively related to acceptance probability, almost 

all gaps were accepted if they exceeded 7 s. 
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Although their data encompassed similar observation sites, Chandra et al. (2014) reported 

considerably larger gaps ranging between 6.38 and 12.78 s for a total of 17 locations in five 

Indian cities. In this case, however, a gap was defined as the temporal distance that remained 

between the subsequent car and the pedestrian at crossing initiation, regardless of whether or 

not there were further vehicles in between. In addition, the authors reported mean rather than 

median values, which may be biased by particularly large gaps in a skewed distribution.  

For signalized intersections in New Delhi with a crossing width of 10 to 15 m, Das et al. (2005) 

predicted median accepted gaps between 3.67 and 5.75 s. Smaller estimates were obtained 

for narrower intersections and when pedestrians started from the median instead of the 

pedestrian walk. For an unmarked intersection of 15 m width, Asaithambi et al. (2016) reported 

mean accepted gaps of 4.21 s at an average crossing speed of 1.37 m/s. The installation of a 

pedestrian signal reduced these values to 3.50 s and 1.05 m/s, respectively. Kuttan et al. 

(2016), in contrast, observed pedestrians to accept a mean distance to the closest vehicle of 

10.52 s and 8.72 s for undivided, bidirectional traffic at a street width of 8.5 and 7 m and an 

average crossing speed of 0.96 and 1.26 m/s, respectively. In this case, the less standardized 

and thus less predictable approach of vehicles in the selected locations may have resulted in 

more cautious behavior.  

For an unsignalized single-lane street in Athens, Greece, Yannis et al. (2013) found that almost 

all pedestrians would start crossing if the temporal distance to the next vehicle exceeded five 

to six seconds. The mean accepted interval corresponded to 3.29 s at a standard deviation of 

1.76 s, and a vehicle speed of 25.21 ± 7.82 km/h. Reporting similar values, Jiang et al. (2011) 

found that jaywalking pedestrians would usually cross in front of a vehicle at a median gap of 

3.52 s in the cities of Changchun and Beijing, China. The mean value corresponded to 4.10 s, 

underlining differences between the two measures. The values reported by different 

publications are summarized in Figure 4. 

 

Figure 4 – Size of accepted gaps in naturalistic traffic according to different publications. Bars represent 
the median value for the respective publication. Values on the left refer to reports of the mean accepted 
gap size, whereas those on the right refer to the median. 

5.2 Crossing Speed 

In addition to gap acceptance, crossing speed is frequently reported due to its relevance for 

street design. Hatfield and Murphy (2007), for instance, analyzed the walking speed at 

signalized and unsignalized crossings in three suburbs of Sydney, Australia. Distinguishing 
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between male and female pedestrians, they report mean values between approximately 1.34 

and 1.86 m/s for undistracted individuals. Pelé et al. (2017), in contrast, observed a somewhat 

lower average speed ranging between 0.96 and 1.15 m/s for a total of seven signalized sites 

located in Strasbourg, France, and Nagoya, Japan.  

In Israel, Gitelman et al. (2017) contrasted different options for the design of crossing 

infrastructure in four-lane divided roads, on which the mean vehicle speed ranged from 36.1 

to 55.5 km/h, with a standard deviation of 4.5 to 11.7 km/h. The time needed to cross a width 

of approximately 7 meters ranged between 5.0 and 6.2 seconds, corresponding to an average 

speed between 1.1 and 1.4 m/s. In Izmir, Turkey, Onelcin and Alver (2017) observed six 

signalized intersections, on which pedestrians crossed four-lane divided highways. The 

crosswalk length ranged between 13.6 and 22.5 m. For individuals, average crossing speeds 

between 1.23 and 1.44 m/s were reported, with an overall standard deviation of 0.26 m/s. A 

walking speed beyond 2.0 m/s was rarely observed. Observational findings regarding crossing 

speeds are summarized in Figure 5. 

 

Figure 5 – Average crossing speed in naturalistic traffic according to different publications. Bars 
represent the median value for the respective publication.  

5.3 Further Measures 

In contrast to walking speed and gap acceptance, CITs and PETs are analyzed less frequently. 

Onelcin and Alver (2017) report PETs for individuals to average at 7.82 s, with a standard 

deviation of 5.26 s. The smallest observed value corresponded to 1.19 s and safety margins 

tended to be higher for females, seniors, and pedestrians who carried items (Onelcin & Alver, 

2017). Focusing on conflict avoidance in a large intersection in Shanghai, China, Tageldin et 

al. (2017) report average PETs between 0.8 and 1.2 s. These relatively small values, however, 

must be considered in the context of the variable movements and the large number of traffic 

participants, resulting in a scenario whose complexity clearly surpasses that of the 

experimental research presented in this thesis.  

Estimates for CIT, lastly, are provided by Oxley et al. (1997), who analyzed crossing behavior 

in different age groups in Melbourne, Australia. Young pedestrians demonstrated relatively 

similar CITs of -0.05 and -0.11 s in uni- and bidirectional traffic, respectively. Crossing in the 

elderly, in contrast, was delayed in bidirectional traffic, resulting in CITs of 0.87 rather 

than -0.10 s. 
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6 Summary of Publications 

The five publications that form the present thesis can be divided into three parts. First, a 

procedure for establishing behavioral validity in traffic simulators is formalized, from which 

recommendations for future research are deduced subsequently (Schneider & Bengler, 

2020a). The goal is to thereby devise guidelines, which are applicable to various types of 

simulators and oriented towards a comparison to uninstructed behavior in naturalistic traffic. 

The second publication outlines the current state of VR pedestrian research (Schneider & 

Bengler, 2020b). In this article, a scheme is proposed for the classification of research areas, 

experimental tasks, and technological setups, which serves as a foundation for identifying 

relevant questions and scenarios in the subsequent experiments. Together, these two articles 

form a methodological framework, in which I identify and integrate relevant validation 

techniques, experimental tasks, and research questions. 

The second part of this thesis deals with the replacement of physical test beds by VR 

technology. Building on the classification derived in the first part, a high-end CAVE-like setup 

is considered in addition to a non-virtual test track environment to account for different 

simulator types. Hence, I investigate differences that emerge from the use of VR technology 

in general, as well as the consequences of employing one of two hardware setups that are 

common in recent pedestrian research. The corresponding experiment, in which an identical 

street crossing task is implemented in all three environments, is presented in the third article 

(Schneider et al., 2021). 

To address the apparent artificiality of laboratory settings, the final part of this thesis concerns 

scenario-dependent differences between naturalistic traffic and VR experiments. Building on a 

model of human information processing, two simulator studies are conducted to assess the 

effects of distraction, motivational state, and scenario complexity. These two experiments are 

outlined in the fourth (Schneider & Li, 2020) and fifth article (Schneider et al., 2019), 

respectively. The fourth article furthermore includes a discussion of the theoretical foundation 

for expecting a mismatch between naturalistic and experimental settings and suggestions to 

support the design of virtual scenarios in which cognitive demands better approach the 

requirements of real-world traffic.  

The resulting outline is summarized in Figure 6. Allocating the three parts from left to right 

reflects their order of appearance in the scope of this thesis and is not supposed to suggest 

that technological factors should be perceived as prior to the evaluation of contextual features. 

 

 

Figure 6 – Outline of the present work. This thesis addresses three objectives, which concern the 
development of a methodological framework as well as the empirical evaluation of the impact of both 
technological and contextual factors.
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Evaluating Behavioral Validity in Traffic Simulators 

 

Schneider, S., & Bengler, K. (2020). Evaluating behavioral validity in traffic simulators. In T. 

Lusikka (Ed.), Proceedings of TRA2020, the 8th Transport Research Arena: Rethinking 

transport – towards clean and inclusive mobility, p. 130. (Conference cancelled) 

 

The objective of the present work was to validate VR as a methodology for pedestrian 

research. Hence, a first step consisted in summarizing and synthesizing existent validation 

approaches. The resulting overview was published in a first article along with 

recommendations on best practices. In order to incorporate all relevant techniques and 

broaden the range of applications, these considerations are not limited to the domain of 

pedestrian simulators, but equally concern other types of road users. 

The first part of this article presents an overview of previous validation approaches and a 

discussion of their respective benefits and limitations. In line with the observations of Wynne 

et al. (2019), presumable indicators of validity were found to encompass a broad spectrum of 

different parameters, ranging from subjective reports of personality traits (Schwebel et al., 

2008) to recordings of uninstructed real-world behavior (Jamson, 2001). Approaches identified 

during the literature survey are listed in Figure 7.  

 

Figure 7 – Overview of methodological approaches for simulator validation. Approaches listed on the 
left depend on comparison data from non-virtual environments, whereas those on the right do not. The 
overlap of rectangles indicates techniques that are frequently combined. Skill transfer, for instance, is 
often assessed by instructing participants to perform the actions of interest in naturalistic traffic after 
training. 

Best practices for future validation studies encompass a deliberate definition of context 

variables, statistical methods, and thresholds depending on the simulator’s purpose. In 

particular, I discuss the common yet incorrect assumption that the absence of statistical 

significance provides evidence for the agreement between a simulator and a non-virtual 

environment (Bellem et al., 2016; Mullen et al., 2011, 13:3-13:4) and outline adequate 

alternatives for statistical modelling. Three categories are distinguished to describe the 

purpose of a simulator. The latter include training and education, the contrasting of user 

characteristics, infrastructure, or technology, and the prediction of behavior in terms of 

absolute values. Platforms to collect real-world comparison data are suggested based on the 

affiliation with one of these categories, the riskiness of the scenarios to be investigated, and 

Comparison to data from non-virtual environments

Naturalistic Traffic

Observation (e.g. Mai, 2017)

Instructed Participants in

Naturalistic Traffic
(e.g. Schwebel et al., 2008)

Test Track Experiments
(e.g. Bhagavathula et al., 2018)

Analysis of

Skill Transfer
(e.g. McComas et al.,

2002)

Comparison to

Literature
(e.g. Deb et al., 2017)

Contrasting Fidelity Levels
(e.g. Jiang et al., 2017)

Evaluating the Capacity to

Differentiate
(e.g. Schwebel et al., 2008)

Measures of Face Validity
(e.g. Deb et al., 2017)



Evaluating Behavioral Validity in Traffic Simulators 

   25 

the observability of dependent measures. The article concludes with two contrasting examples, 

illustrating the application of the proposed framework. 

Importantly, the techniques suggested for simulator validation target the predictive value for 

uninstructed behavior in real-world traffic, rather than the equivalence of experimental data 

from virtual and non-virtual laboratories. To account for the unequal accuracy required by 

different applications, the common dyad of physical and behavioral validity is extended by the 

concept of simulator appropriateness. Instead of focusing on the agreement of simulated and 

real environments, the latter refers to the usefulness of a simulator for investigating a particular 

research question. This additional concept is meant to highlight that although “validity relates 

to the suitability of the simulation for its intended application” (Allen et al., 2011, 2:9), behavioral 

agreement and suitability are not synonymous. The relationship between behavioral validity 

and simulator appropriateness can be described in a similar way as the relationship between 

physical and behavioral validity: While a meaningful answer to any particular question requires 

a certain extent of agreement with real-world behavior, the respective minimum varies between 

applications. Two modalities for alerting a driver, for instance, may reasonably be compared 

in a simulator that evokes unrealistic braking due to the inertia of the pedal. For the prediction 

of safety-critical parameters, in contrast, such as whether or not the distance that remains to 

the preceding car will be sufficient, the same simulator appears inappropriate. 

In addition to completing the literature review and writing the manuscript, my personal 

contribution to this article consisted in summarizing and synthesizing the different approaches 

and highlighting their specific strengths and weaknesses. Building on this analysis, I deduced 

recommendations for the selection of validation techniques. 
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Virtually the Same? Analysing Pedestrian Behaviour by Means 

of Virtual Reality 

 

Schneider, S. & Bengler, K. (2020): Virtually the same? Analysing pedestrian behaviour by 

means of virtual reality. Transportation Research Part F: Traffic Psychology and Behaviour 68, 

pp. 231-256. 

 

The second article pertains to the use of VR applications for investigating pedestrian behavior. 

Based on a literature review of 87 studies published since 2008, I identify categories to classify 

research with regard to the scientific objective, the technological setup, and the experimental 

task (Figure 8). Importantly, this classification is derived empirically rather than theoretically. 

The resulting overview is intended to facilitate the synthesis of existent findings, but also to 

highlight current gaps from which future research can develop. 

The classification of research objectives yielded three high-level categories. In addition to the 

comparison of street environments and user groups, a relatively large proportion of recent 

studies was dedicated to the evaluation of VR technology for the purpose of pedestrian 

research and training. While this finding highlights the interest in establishing VR as a research 

methodology, approaches vary broadly, and thorough validation studies remain scarce. To the 

extent that systematic comparisons between virtual and non-virtual environments have been 

reported, they seem to confirm the pattern of sufficient relative but limited absolute validity, 

which was previously observed in driving simulation (Blana, 1996, pp. 40–41; Mullen et al., 

2011, 13:14). In addition, a similarly ambiguous relationship emerged between physical fidelity 

and behavioral validity. 

The relative frequency of investigations related to the street environment increased towards 

the end of the considered time period. Such a trend may result from advances in vehicle 

automation, which increasingly shift the focus of automobile engineering towards the 

interaction with vulnerable road users (Millard-Ball, 2018). This assumption is supported by a 

number of related studies, which were published after the review had been completed (de 

Clercq et al., 2019; Deb et al., 2019; Dietrich et al., 2020; Fuest, Maier et al., 2020; Nuñez 

Velasco et al., 2019). Until now, however, such investigations mainly target young to middle-

aged, healthy individuals, mostly neglecting the diversity of pedestrians. 

Experimental tasks were subdivided according to different stages of mental processing. Across 

all stages, instructions related to street crossing were predominant, with two thirds of all studies 

including either actual crossing movements or an indication of crossing intent. Since these 

tasks require little time and most researchers aim to maximize experimental control, current 

research is dominated by relatively simple and artificial tasks, such as repeatedly crossing 

between a line of unidirectional traffic. Such experiments may foster an unnatural focus of 

attention. Accordingly, the current design of scenarios may fail to account for the complexity 

of real-world traffic, compromising the behavioral validity of pedestrian research. 

The introduction of commercial HMDs such as the Oculus Rift and HTC Vive headsets may be 

the reason for a general rise in publications between 2014 and 2015. In line with that, the 

proportion of measures that are directly observable by the experimenter (in contrast to those 

which target internal processes such as perception and decision-making) increased over the 

past years. Such a development can be explained by the enhanced capacities for naturalistic 

walking in modern simulators. However, since the physical space available for movements is 
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still restricted, the option for actual walking may indeed limit the range of applicable scenarios, 

further narrowing their bandwidth in favor of repetitive street crossings. 

 

 

Figure 8 – Categories to classify VR-based pedestrian research, which were derived in the scope of the 
second article. 

 

In addition to providing a general framework for the VR-based investigation of pedestrian 

behavior, the second article formed the foundation for identifying research gaps and selecting 

use cases and dependent variables in the subsequent experiments. My personal contribution 

included the selection of publications, the development of the classification scheme, and 

writing the manuscript. 
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Pedestrian Crossing Decisions in Virtual Environments: 

Behavioral Validity in CAVEs and Head-Mounted Displays 

 

Schneider, S., Maruhn, P., Dang, N.-T., Pala, P., Cavallo, V., & Bengler, K. (2021). Pedestrian 

Crossing Decisions in Virtual Environments: Behavioral Validity in CAVEs and Head-Mounted 

Displays. Human Factors (advance online publication). 

 

The third article targets the influence of VR technology on pedestrian behavior in controlled 

experiments. To this objective, the HMD-based and the CAVE-like simulator described in 

Chapter 4.2 were contrasted to a physical test track. These setups were considered 

representative of the two types of highly immersive simulators, which had been identified in 

the previous literature review (Schneider & Bengler, 2020b). An identical experimental task, 

requiring a decision to cross between two approaching vehicles, was presented to thirty adults 

in each of the environments. Participants were instructed to signal their crossing intent by 

stepping forward. 

The comparison of the three environments revealed noteworthy differences. Across all speeds 

and gap sizes, most gaps were accepted on the test track (47.5%), although an overall 

acceptance rate of 45.0% in the CAVE closely approached this value. In the HMD-based 

simulator, in contrast, participants were generally more hesitant, and acceptance rates 

dropped to 36.0%. Contrasting previous comparisons between simulator types, which reported 

more gaps to be accepted in HMDs than in CAVEs (Cavallo, Dang et al., 2019; Mallaro et al., 

2017), this observation may highlight a particularity of experimental tasks that target crossing 

intent rather than actual crossings. Considering the inconsistency with the results of Feldstein 

and Dyszak (2020), it may furthermore suggest that a general reluctance applies to decisions 

in HMD-based VR, regardless of the content of this decision. 

Higher reluctance was also evident in the timing of crossing initiation. While participants on the 

test track typically stepped forward before the first vehicle had completely passed them, 

crossing was delayed by approximately 0.4 s in both simulators. In combination with similar 

acceptance rates as on the test track, this delay led to a relatively high percentage of PET 

estimates below zero in the CAVE. These negative PETs indicate a hypothetical collision if 

participants had actually crossed the street (11.5% of all crossings in the CAVE vs. 2.8% in 

the HMD and 3.8% on the test track). Curiously, CITs increased with gap size in the CAVE, 

whereas no such relationship was found in the other environments. In VR, participants seemed 

more susceptible to changes in vehicle speed, which significantly affected acceptance rates 

and estimated PETs in both simulators, but not on the test track. The fact that participants in 

VR accepted smaller gaps at higher speed implies an overreliance on spatial rather than 

temporal intervals (Feldstein & Dyszak, 2020), which may result from impoverished visual 

information (Cavallo & Laurent, 1988; Feldstein, 2019). 

In a post-experimental questionnaire, participants in the HMD group demonstrated awareness 

for their reluctance by indicating that they behaved more cautiously than usually and took more 

time to make a decision. Participants on the test track, in contrast, were more confident, judging 

their decisions as safer and collisions as less probable than in both simulators. Self-reports 

may thus support the interpretation of observational data. Interestingly, however, differences 

in the rating of the danger caused by a hypothetical collision turned out insignificant. This 

finding may result from an attempt to comply with the instruction to mimic an actual crossing 
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situation and highlights the difficulty in the assessment of risk perception in simulator 

experiments.  

Importantly, this study targeted a comparison of alternative experimental settings. While it 

demonstrates multiple differences between VR environments and a test track, it does not 

provide information on the extent to which either setting reproduces the affordances of real-

world traffic. In particular the simplified scenario may reasonably be expected to affect the 

measures under investigation, as outlined in the fourth article (Schneider & Li, 2020). In line 

with that, several participants highlighted a lack of contextual information in all three 

environments. 

Nonetheless, the deviations between the results obtained in virtual environments and on a test 

track indicate additional restrictions when predicting real-world pedestrian behavior based on 

studies conducted in VR. Although technological advancements may counteract certain 

perceptual biases (Feldstein et al., 2020; Kelly et al., 2017), current simulators still seem 

insufficient to accurately replicate the sensory input provided by non-virtual stimuli, and this 

lack of fidelity appears to affect common measures of pedestrian behavior. Due to numerous 

advantages, VR is likely to remain a popular and valuable tool in pedestrian research. 

However, biases in information processing and observable responses – such as those 

observed in the present experiment – must be taken into account when interpreting 

experimental findings. 

My personal contribution to this article included the processing and analysis of the 

experimental data as well as writing the manuscript. In addition, I was involved in data 

collection and the experimental design. 
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Complexity? In J. Y. C. Chen & G. Fragomeni (Eds.), Virtual, Augmented and Mixed Reality. 

Design and Interaction. HCII 2020. Lecture Notes in Computer Science 12190, pp. 171 – 

190. Springer, Cham. 

 

In the fourth article, I focus on likely differences between natural and simulated environments 

with respect to human information processing. The underlying research question is related to 

the concept of ecological validity (Newton et al., 2014), which concerns the extent to which 

simulated scenarios are representative of the range of events occurring in naturalistic traffic. 

As outlined in Chapter 2.2, the relationship between physical and behavioral validity is a 

frequent topic of discussion. Non-technological influences, in contrast, tend to be neglected, 

but can similarly be assumed to alter human behavior in experimental settings. In driving 

simulation, for instance, mental workload and gaze behavior were found to deviate from on-

road observations (Wynne et al., 2019), likely indicating a mismatch in cognitive processing.  

In the first part of this publication, I outline how biases in attentional focus and an elevated 

predictability of events may affect experimental outcomes. In fact, simplistic and repetitive 

experimental scenarios seem to systematically exclude some of the most important causes for 

safety-critical events. In particular for pedestrians, a failure to “observe attentively” and 

“recognize all the relevant information” (Otte et al., 2012, pp. 151–152) accounts for more than 

50% of injuries of all severity levels. In this regard, pedestrians differ from cyclists and 

motorcyclists, for whom errors in the evaluation of perceived information and maneuver 

planning are more common (Otte et al., 2012). Accident risk in pedestrians can thus largely be 

attributed to distraction and misguided observation strategies (Otte et al., 2012), which are 

mostly irrelevant if their only task consists in monitoring a single and highly predictable line of 

approaching vehicles. Even if unexpected events are purposefully added, Caird and Horrey 

(2011, 5:7) claim that “you can only truly surprise a research participant once”, and that even 

this assumption may be overly optimistic in many experimental settings. Biased expectation 

arising from a limited range of possible events may thus influence outcome measures such as 

reaction times, visual monitoring, and risk taking. 

In a second part of this publication, I discuss possible mechanisms that might alleviate some 

of the problems outlined before. Techniques can be grouped into the three categories of 

minimizing repetitiveness, adding distractors, and varying elements of the experimental 

conditions to reduce predictability. While the application of such measures relies on empirical 

data demonstrating their effectiveness and each approach may be infeasible in any particular 

setting, external validity should not be disproportionally traded to maximize internal validity 

(Persson & Wallin, 2012). This is particularly true under the assumption that internal validity 

does not depend on artificiality, but on the awareness for potential confounders (Jimenez-

Buedo & Miller, 2010). Consequently, overly simplified scenarios may ultimately increase 

rather than prevent the ambiguity of results by introducing additional confounders such as 

boredom, fatigue, and learning effects. 

The article concludes by a simulator study, which was designed to evaluate how an increase 

in complexity may affect common measures of pedestrian behavior. One group of twenty 
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participants experienced a conventional street crossing scenario, in which discontinuous lines 

of vehicles approached at a uniform speed of 30 km/h. Furthermore, they were informed if any 

of the vehicles would yield. In a second group of equal size, yielding and non-yielding trials 

alternated randomly and approaching vehicles changed their speed and direction up to a 

distance of 40 m from the participant’s viewpoint. Additionally, virtual pedestrians walking on 

both sidewalks, vehicles driving on the neighboring roads, and urban background sounds 

served as distractors. Differences between the two groups were designed to include several 

techniques that may lower the artificiality of the experimental scenario while maintaining a 

relatively high degree of experimental control. 

Descriptively, perceived complexity appeared lower in the conventional scenario, whereas no 

difference was evident with regard to the ratings of realism or predictability. Mixed regression 

analyses did not reveal any changes in crossing behavior, which was assessed by CIT and 

crossing speed in all trials and by gap acceptance and PET in trials without yielding vehicles. 

For non-yielding vehicles and small gaps, participants started crossing earlier and walked 

faster. The distance at which yielding vehicles started to brake, in contrast, had no significant 

effect.  

Although the observations bear little evidence of differences between the two groups, this must 

not be understood as proof against behavioral adaptations due to rising complexity. First, 

although some effects were numerically close to zero, others such as a tendency towards 

smaller PETs and delayed crossing initiation in yielding trials may have been concealed by 

interpersonal differences resulting from a between-subject design. Increased variance at small 

gaps within the group that experienced higher complexity suggests that individuals differ in 

their capacity to cope with elevated cognitive demands. Since the participant sample almost 

exclusively comprised young adults with an academic background, such effects may be even 

more obvious if studying a more heterogeneous population. 

Moreover, the experiment was specifically designed to maintain a high degree of experimental 

control. As a result, the trajectories of approaching vehicles were constant for almost five 

seconds before they reached the participants. Considering the limited resolution of VR 

displays, the time during which their speed and distance could accurately be perceived in the 

conventional scenario may have been similar. Since the chosen distractors were relatively 

constant and did obviously not interfere with the crossing task, participants may have 

developed effective strategies to ignore them. Based on the obvious association of attention 

and traffic safety (Otte et al., 2012), it thus seems more appropriate to understand the findings 

in terms of the participants’ ability to cope with a relatively subtle change in cognitive demands. 

Although increased complexity can reasonably be related to road safety, the precise 

relationship between cognitive demands and pedestrian behavior is unclear. Notably, 

unrealistic simplification is neither inherent nor restricted to research in virtual environments. 

In contrast, it may be alleviated by the flexibility they offer for designing virtual scenarios, 

whereas test tracks often “lack appropriate context” due to “the absence of a visual context 

and [the] unrepresentative ambient soundscape” (Singh et al., 2015, p. 120). Researchers, 

however, are often reluctant to make use of this flexibility for concern of experimental control. 

To recognize the full potential of VR, future studies should thus clarify if naturalistic cognitive 

demands can be accurately replicated in simulator studies. 

My personal contribution to this article included the definition of the research question, the 

processing and analysis of data, writing of the manuscript, and involvement in the experimental 

design.
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Schneider, S., Ratter, M., & Bengler, K. (2019): Pedestrian Behavior in Virtual Reality: Effects 

of Gamification and Distraction. In Proceedings of the Road Safety and Simulation Conference 

2019, Iowa City, Iowa, USA. 

 

As outlined previously, misguided attention is a frequent reason for pedestrian injury (Otte et 

al., 2012). While the fourth publication concerns the complexity of the traffic scenario, the fifth 

article pertains to the impact of motivational and cognitive states. Instead of expecting 

distraction to arise from the presence of external elements, a third simulator experiment was 

devised to more directly target the associated internal mechanisms. 

Cognitive load was induced by an auditory 1-back task, which required neither motoric 

reactions nor the processing of visual stimuli. This task was specifically selected to interfere 

as little as possible with the sensory information that formed the virtual scenario. Since pre-

tests indicated cognitive load to be elevated but moderate, it was assumed comparable to real-

world processes such as a captivating train of thought. Because effects of cognitive load were 

understood as a performance measure and thus mainly determined by individual capacities, 

carry-over effects were assumed negligible. Hence, the presence of the secondary task was 

counterbalanced as a within-subject factor. 

In real-world traffic, crossings are usually performed to reach a certain destination, which can 

be associated with varying degrees of time pressure and motivational states. The expectation 

that changes in motivation may bias the results of simulator studies has been mentioned 

previously (Blana, 1996, p. 14). The challenge of empirically testing this assumption, however, 

stems from the difficulty in manipulating motivational states within an experimental context. In 

the present article, gamification techniques were employed to this objective. To induce time 

pressure and motivational incentives, one group of participants experienced a crossing 

scenario that was enriched by various elements such as a timer, golden coins to be collected 

while crossing, and a scoring system that rewarded safe but rapid movements.  

Thirty-six participants were assigned to one of the two groups. In contrast to the previous 

experiments, participants were not simply instructed to cross the street safely, but it was 

additionally pointed out that crossings should be performed as fast as possible. Both groups 

were presented with continuous traffic. The intervals between vehicles increased until a gap 

was accepted, upon which the gap size was reset to the initial value while participants were 

turning their back to the street. The selection of larger gaps thus implies that participants waited 

longer. 

According to a mixed regression analysis, the addition of game elements led to the acceptance 

of smaller gaps. Although participants compensated for the lack of time by increasing their 

walking speed, PETs were significantly lower. Due to their overall low number, no inferential 

analyses were performed on the occurrence of virtual collisions. It is, however, noteworthy, 

that they did not appear more frequent in the gamified group despite the acceptance of 

considerably smaller gaps. The overall decline of gap sizes mainly resulted from reduced 

variability, since larger gaps were rarely accepted in the gamified group. Neither cognitive load 

itself nor its interaction with gamification had a significant effect on the observed crossing 

behavior.  
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Ratings on the Play Experience Scale (Pavlas et al., 2012) increased due to game elements, 

approaching the values obtained for actual games. The secondary task, in contrast, lowered 

play experience, albeit to a lesser extent. The Presence Questionnaire (UQO Cyberpsychology 

Lab, 2004) indicated lower presence if a secondary task was performed, whereas an increase 

due to gamification failed to reach statistical significance in this case.  

Focusing on the effects of time pressure, the results support findings of elevated risk-taking 

(Charron et al., 2012; Morrongiello, Corbett, Switzer et al., 2015), leading to evasive 

adjustments in walking speed (Morrongiello, Corbett, Milanovic et al., 2015). Additionally, 

crossing behavior may have been altered by the sense of progress and meaningfulness, which 

was found to arise from continuous feedback and gamification elements such as leaderboards 

and badges (Sailer et al., 2017). As a central motivator of human behavior, the feeling of 

success may explain the rise in subjective play experience. While the restricted variance of 

gap sizes suggests changes in decision-making, the reduction of PETs corresponded to less 

than half the decrease in gap sizes. This asymmetry might be understood as evidence of higher 

motivation, since more accurate timing and higher walking speeds were obviously effective in 

attenuating the effects on safety margins. Such an interpretation is supported by informal 

observations and comments, which suggest stronger personal engagement and more positive 

emotions in the gamified group. In comparison to naturalistic traffic (Das et al., 2005; Yannis 

et al., 2013), however, the median size of accepted gaps seems unrealistically small, resulting 

in walking speeds that would rarely occur in on-road traffic. Although the present data thus 

provide preliminary evidence that gamification is effective in inducing motivational incentives, 

it appears to impair the generalizability to real-world traffic. Considering the common 

association between video games and VR technology, the game-likeness of pedestrian 

simulators should thus be considered a potential confounder in future research. 

The missing influence of a secondary task contradicts findings of delayed reactions under 

distraction (Banducci et al., 2016; Neider et al., 2010). While it implies that participants fully 

compensated for the moderate cognitive load, it is unclear if this observation can be 

generalized to more complex scenarios. According to the questionnaire data, both presence 

and play experience suffered, indicating a change in personal involvement. The strategy of  

balancing higher demands at the cost of subjective comfort may work only for a limited time 

(Hockey, 1997). Moreover, considering the young and predominantly academic participant 

sample, it may generally be less effective for other populations. 

The results indicate that their motivational state affects pedestrians’ crossing behavior, 

highlighting the need for further research regarding associated differences between real-world 

and experimental settings. The mismatch in subjective and objective measures challenges the 

presumed association between the feeling of presence and observable actions.  

My personal contribution to this article included the definition of the research question, the 

processing and analysis of data, writing of the manuscript, and involvement in the experimental 

design.
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7 Comparison to Observational Data 

Although the latter three publications (Schneider et al., 2019; Schneider et al., 2021; Schneider 

& Li, 2020) provide insights on the factors that influence the behavior in VR pedestrian 

simulators, they do not allow an immediate conclusion regarding the comparability to real-world 

traffic. To facilitate an assessment of the agreement with real-world behavior, Figure 9 and 

Figure 10 contrast the findings of the experimental studies with the observational data reported 

in Chapter 5. At a first glance, the data presented in the third (Schneider et al., 2021) and fourth 

article (Schneider & Li, 2020) do not appear to systematically stand out, whereas the gap 

acceptance behavior clearly differs in the fifth publication (Schneider et al., 2019). In 

comparison to the overall variability, the values observed within a given experimental study 

seem relatively homogeneous across groups.  

 

Figure 9 – Comparison of the size of accepted gaps as observed in naturalistic traffic and in the 
experimental studies conducted in the scope of this thesis. Bars represent the median value for the 
respective publication. Values on the left refer to the mean accepted gap size, whereas those on the 
right refer to the median. 

The comparison to real-world data once more highlights the impact of scenario design and 

experimental instructions: In the studies by Schneider et al. (2021) as well as Schneider and 

Li (2020), the displayed gap sizes were restricted to a maximum of five seconds. Vehicles 

approached in relatively short and disjoint convoys. While the size of accepted gaps 

approximately matches real-world observations in those two cases, considerably smaller gaps 

were accepted according to Schneider et al. (2019). In the latter experiment, gap sizes were 

designed to slowly increase in continuous traffic and participants were instructed to perform 

not only safe, but also fast crossings. In line with the acceptance of smaller gaps, the average 

crossing speed was higher and mean PETs ranged between 0.49 s and 0.72 s, indicating a 

degree of risk-taking which is unlikely in real world. Notably, although even smaller gaps were 

accepted in the group who experienced gamification, the observed values clearly differ from 

the remaining data in both conditions. In addition to the experimental instructions, a reason for 

this may refer to the effect of waiting time (Asaithambi et al., 2016): Since they had to wait 

longer before being presented with a 5-s gap, participants in Schneider et al. (2019) may have 

accepted smaller gaps due to impatience. Hence, although crossing in continuous traffic 

appears more natural than accepting gaps within disconnected convoys, the observed actions 

may in fact be less predictive of real-world behavior if gap sizes are not representative.  

Kuttan et al. (2016)

Das et al. (2005)

Chandra et al. (2014)

Yannis et al. (2013)

Asaithambi et al. (2016) Jiang et al. (2011)

Pawar & Patil (2015)

0

1

2

3

4

5

6

7

8

9

10

11

12

13

Mean Values Median Values

S
iz

e
 o

f 
A

c
c
e

p
te

d
 G

a
p

s
 [

s
] Schneider & Li (2020)

Schneider et al. (2021)

Schneider et al. (2019)



Comparison to Observational Data 

   35 

 

Figure 10 – Comparison of the average crossing speed as observed in naturalistic traffic and in the 
experimental studies conducted in the scope of this thesis. Bars represent the median value for the 
respective publication. For Schneider et al. (2021), in which crossing intent was communicated by 
stepping forward, walking speed was measured prior to the experimental trials. Although these values 
thus differ from actual assessments of crossing speed, they were included for completeness. 

For trials in which vehicles did not yield, CITs in Schneider and Li (2020) averaged at 0.43 s, 

with no major differences between the groups. While they exceeded the values reported by 

Oxley et al. (1997) by approximately half a second, this difference may partially be explained 

by the fact that the threshold for crossing initiation was located 0.25 m from the curb to avoid 

misclassifications. On the test track (Schneider et al., 2021), a mean CIT of -0.25 s indicates 

that participants started crossing slightly earlier than in Oxley et al. (1997), which may be 

explained by a relatively large lateral distance to the vehicle. Regarding the simulators, the 

mean CIT was 0.25 s in the HMD and 0.41 s in the CAVE, approximately matching the delay 

reported by Schneider and Li (2020). 

PETs in Schneider and Li (2020) averaged at 1.83 s and 2.00 s in the complex and the 

conventional scenarios, respectively. In Schneider et al. (2021), mean PET estimates 

corresponded to 1.76 s, 1.63 s, and 1.13 s for the test track, HMD, and CAVE. All these values 

suggest that safety margins decreased considerably in comparison to the findings of Onelcin 

and Alver (2017), but tended to be higher than those reported by Tageldin et al. (2017). 
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8 Discussion with Respect to the State of the Art 

8.1 Summary of the Results 

Pedestrians received a lot of attention during recent years, and new methodologies have been 

developed to analyze and predict their actions. While driving simulators have long taken a 

central place in experimental research (Carsten & Jamson, 2011, p. 87), however, the use of 

VR to study pedestrians has intensified mostly during the past decade. In order to reach valid 

conclusions, researchers must know to which extent the data obtained from VR simulators 

generalize to real-world behavior. 

The present thesis contains a framework for classifying the usage of VR pedestrian simulators 

(Schneider & Bengler, 2020b) along with some key considerations regarding the assessment 

of behavioral validity (Schneider & Bengler, 2020a). Experimental studies were conducted to 

contrast common technological configurations (Schneider et al., 2021) and various aspects of 

scenario design (Schneider et al., 2019; Schneider & Li, 2020). The objective thereby was not 

only to clarify the extent to which different parameters influence the quality of experimental 

data, but also to encourage a more comprehensive understanding of the concepts of validity 

and validation by highlighting the focus on real-world behavior and discussing potential 

confounders beyond the effects of computer technology.  

The empirical findings suggest that both technological and contextual factors affect the 

experimental outcomes. In comparison to a test track, a higher susceptibility to speed effects 

in VR and an overall reduced gap acceptance in an HMD-based simulator were observed 

(Schneider et al., 2021). Regarding scenario design, motivational incentives appeared more 

effective in changing observable actions than internal or external distractors, although the latter 

seemed to alter the subjective experience of participants (Schneider et al., 2019; Schneider & 

Li, 2020). Some contradictions to earlier research can be seen as further evidence for the 

relevance of scenario design: A decline in gap acceptance in HMDs, for instance, contrasts 

previous comparisons to both CAVE-like simulators (Mallaro et al., 2017) and physical streets 

(Feldstein & Dyszak, 2020). Such differences may be attributed to the experimental task, 

supporting a distinction between actual crossings and the indication of crossing intent (Lobjois 

& Cavallo, 2009). 

The contrasting of experimental findings and existing observational data is complicated by 

differences in infrastructure and demographics such as culture, age, and gender. Hence, the 

summary in Chapter 7 is not intended to replace further research facilitating a more direct 

comparison. Nonetheless, in addition to the observed effects of certain experimental 

manipulations, differences in comparison to real-world observations should caution 

researchers to overgeneralize the results obtained in VR. This is particularly true because 

previous attempts to demonstrate the behavioral validity of pedestrian simulators are limited 

both in number and in scope (Chapter 2.2), and observations may be biased not only due to 

impoverished or distorted sensory feedback, but also as a result of an unnatural attentional 

focus or motivational state.  

In particular the evidence for perceptual biases (Schneider et al., 2021) supports the 

expectation that current simulators are more valuable in deducing relative rather than absolute 

statements (Feldstein & Dyszak, 2020; Singh et al., 2015). In VR pedestrian simulation, 

humans apparently find it harder to adequately account for speed variations and delay actions 

such as crossing initiation. The present work, however, also highlights that such biases appear 

relatively stable for a given experimental configuration. Hence, they may be accounted for in 
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the interpretation of future data, for instance by assuming a delay in crossing initiation of 

approximately half a second in comparison to non-virtual environments. Since crossing 

behavior in VR experiments appears to crucially depend on scenario design, including waiting 

times and the distribution of available gaps, the proposed mechanisms to approach the 

affordances of naturalistic traffic may further advance pedestrian research. 

8.2 Open Questions and Future Research 

Several questions are commonly related to simulator validation but were not addressed in the 

scope of this thesis. While existing configurations were contrasted in the second and third 

article, no attempt was made to investigate how the physical fidelity of specific parameters 

affects behavioral validity. Some research exists on this matter (Chapter 2.2), and the fact that 

different parameters can be expected to interact with each other (Zöller, 2015) presumably 

renders their isolated investigation less meaningful. In addition, the low cost of HMDs fosters 

rapid technological advancements such as increases in resolution and FOV, which will likely 

be implemented regardless of their relevance for the field of pedestrian research. Although 

analyzing the effect of specific parameters may still be useful to the appropriate allocation of 

financial resources, it was therefore no focus of the present work. 

In addition to providing the sensory cues which are necessary for perception and action, 

physical fidelity may be expected to support the feeling of presence, i.e. the impression that 

virtual elements are real (Deniaud et al., 2015). Similar expectations are related to the concept 

of face validity, which represents the subjective verisimilitude of a simulation (Schwebel et al., 

2008). Although face validity is mostly assumed subordinate to the agreement of objective 

measures, it may affect the experimental results by altering a subject’s motivation (Blana, 

1996, p. 8; de Winter et al., 2012). Until now, however, there is little evidence to support the 

claim that presence or perceived realism actually enhance the agreement of observable 

actions (Deniaud et al., 2015). In the present thesis, descriptively higher presence ratings were 

elicited by gamification (Schneider et al., 2019), negating a positive relationship between 

common questionnaires and the predictive value for real-world behavior.  

Nonetheless, the implicit assumption persists that by maximizing physical fidelity, one may 

“trick” participants into believing that what they experience is real and into reacting accordingly. 

Carsten and Jamson (2011, p. 93), for instance, argue that “[s]imulator driving is by definition 

an attempt at convincing participants that they are engaged in an analogue of real-world 

driving” and “[t]he success with which that is achieved will determine the validity of a given 

simulator”. Even if a simulation perfectly mimicked all sensory information of a real-world 

context, however, most participants would be unlikely to forget about the experimental setting. 

Motivational factors, such as an intention to comply with the experimental instructions and the 

lack of time pressure (Carsten & Jamson, 2011, p. 89), but also the consequences of altered 

risk perception (Caird & Horrey, 2011, 5:7), are likely to influence their behavior regardless of 

physical fidelity. By acknowledging the awareness for the experimental context and exploring 

its implications for the measures of interest, researchers may develop techniques to counteract 

these biases or account for them in the interpretation of experimental data. 

For a number of reasons, no naturalistic observations were conducted in the scope of this 

thesis. First, obtaining precise information on many relevant measures would have been 

infeasible. For instance, privacy regulations that apply to video recordings in public spaces in 

Germany would have prevented the reliable extraction of information such as the approximate 

age of a crossing pedestrian. The latter, however, was shown to influence common measures 

such as waiting times, crossing speed (Asaithambi et al., 2016), and CIT (Oxley et al., 1997). 
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If human observers had manually collected such information, it would have severely reduced 

the number of observations, leading to further confounders due to a lack of matching data 

points. Information on distraction and motivational state, which were the focus of the fourth and 

fifth article, would additionally have depended on survey methods, which can be subject to 

observer bias and a lack of standardization.  

In line with previous research, virtual scenarios contained either dense traffic on a single lane 

(Schneider et al., 2019; Schneider & Li, 2020), or a very limited number of vehicles (Schneider 

et al., 2021). Both configurations are unlikely to occur in real world, questioning the availability 

of adequate comparison data. Finally, as outlined in Chapter 3, the intention was to identify 

factors that bias experimental observations. Since technological advancements continuously 

increase both physical fidelity and the flexibility in scenario design, the effort to collect a 

sufficiently large dataset to contrast a specific simulator configuration seemed 

disproportionate. Consequently, with regard to the congruence to naturalistic traffic, it seemed 

more appropriate to restrict the analysis to existing data. 

In general, the comparison to real-world traffic is complicated, since the measures obtained 

from naturalistic observations do not necessarily reflect the experimental variables of interest. 

Simulator studies frequently target perceptual and cognitive processes, such as anticipating 

the movement of an approaching vehicle (Feldstein & Dyszak, 2020; Fuest, Maier et al., 2020). 

Such internal processes cannot be extracted from video observations, but must be inferred 

from actions like crossing initiation. Walking speed, in contrast, which is commonly analyzed 

in naturalistic traffic (Asaithambi et al., 2016; Hatfield & Murphy, 2007; Kuttan et al., 2016), is 

less relevant to the research questions examined in simulators. While a comparison between 

observational and experimental data can thus help to unveil obvious differences, the actual 

value of simulator studies may lie in the investigation of those variables that cannot be obtained 

from videos.  

While possible effects of scenario complexity were discussed in the fourth publication 

(Schneider & Li, 2020), future research should clarify the impact of the experimental design. 

For instance, there is the frequent assumption of a relatively constant critical time gap, below 

which pedestrians are not expected to cross (Mai, 2017, p. 5). Instructed participants, in 

contrast, may understand that they are expected to accept at least some gaps regardless of 

their size. A systematic variation of gap sizes may provide information on the extent to which 

the overall distribution influences the acceptance of a given gap. More sophisticated algorithms 

may furthermore mimic the reactions of human drivers, who adjust their trajectory in response 

to a pedestrian’s actions (Jiang et al., 2011). Reciprocal adjustments are likely to raise the 

demands on information processing and allow the investigation of more complex interactions. 

Alternatively, multiple humans may act simultaneously within the same simulation (Jiang et al., 

2016). Although Mestre (2017) argues that HMDs are less suitable to serve as a collaborative 

platform than CAVEs, connected simulators, in which multiple users can perceive each other’s 

actions, do exist (Lehsing et al., 2016) and are likely to profit from further technological 

refinements. Technological progress may also facilitate the consideration of additional 

variables such as gaze behavior (Dong et al., 2020; Zito et al., 2015) thanks to built-in eye-

tracking devices in recent HMDs. Alternatives for position tracking and the control of 

translational and rotational movements may broaden the range of observable measures, 

including alternatives to perpendicular crossings (Kuttan et al., 2016).  
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8.3 Conclusion 

The present work targets various questions related to the objective of simulator validation. In 

the analysis of the chances and challenges of using VR for pedestrian research, an attempt 

was made to reconcile seemingly contradictory objectives, such as the requirements of 

external and internal validity (Jimenez-Buedo & Miller, 2010; Persson & Wallin, 2012). 

Although focusing on the usage of recent HMDs, the proposed classification framework 

(Schneider & Bengler, 2020b), the considerations on the importance of scenario design 

(Schneider et al., 2019; Schneider & Li, 2020), and the summary and discussion of validation 

methods (Schneider & Bengler, 2020a) equally extend to other simulator types. 

At a first glance, the term “validation” appears to imply a set of techniques that researchers or 

technicians can apply to an apparatus in order to render it “valid”. What it actually refers to, in 

contrast, is the process of measuring the agreement between selected parameters that were 

obtained in different settings. Standardized test criteria exist for the evaluation of flight training 

simulators (Carsten & Jamson, 2011, p. 94) and for computational algorithms mimicking crowd 

behavior (Zhou et al., 2014). Although the presumable benefits of a standardized test 

procedure were discussed also with respect to driving simulation (Blana, 1996, p. 7; Carsten 

& Jamson, 2011, p. 94), however, such tests are still absent. A likely explanation for this is that 

the heterogeneity of applications prevents them in both driving and pedestrian research – even 

though the widespread focus on crossing scenarios may facilitate such standardization to 

some extent. 

VR is an especially versatile tool and its application in pedestrian research is certainly not 

restricted to the relatively simple street crossing task that was investigated in the present work. 

Due to their vulnerability in case of collisions, public reports about pedestrians are often limited 

to crash and injury statistics (National Highway Traffic Safety Administration, 2018). This point 

of view, however, neglects not only the mechanisms that prevent accidents, but also the 

importance of comfort and perceived safety to encourage active transportation. In this regard, 

pedestrian simulators may support our understanding of interpersonal differences and 

preferences. To exploit their full potential, one must be aware that there is more to validation 

than the assessment of physical fidelity. While Kaptein et al. (1996, p. 32) argue that “any 

individual driving simulator needs to be validated”, the same may be true for any individual 

experimental task and scenario. Hence, researchers should consider the parameters that are 

relevant (albeit not necessarily observable) for pedestrian behavior in naturalistic traffic, and 

the conditions under which conclusions regarding these parameters may be generalized (Caird 

& Horrey, 2011, 5:8). 

The present work contributes to the ongoing refinement of VR-based traffic research by 

evaluating various factors that may cause pedestrian behavior in VR to differ from the real 

world. It thereby provides a foundation for assessing the impact of both technological and 

contextual aspects in the interpretation of experimental data. While systematic biases appear 

to exist, their consistency can be seen as promising, since it allows to account for them in the 

future. In this respect, the findings of this thesis further broaden the opportunities to enhance 

the safety and comfort of pedestrians by means of VR studies.
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Appendix B – Related Work 

Besides the five publications that form the present thesis, additional data were collected to 

evaluate the influence of technological aspects in more detail. In particular, this research 

targets the effects of VR-related perceptual biases and their interaction with participant 

characteristics. Since the underlying questions are related to the future evaluation of VR 

pedestrian simulators, central findings are summarized in the following. 

B.1 Distance Compression 

Schneider, S., Maruhn, P., & Bengler, K. (2018). Locomotion, Non-Isometric Mapping and 

Distance Perception in Virtual Reality. In Proceedings of the 2018 10th International 

Conference on Computer and Automation Engineering - ICCAE 2018, Brisbane, Australia, 

pp. 22 – 26. ACM Press. Available from https://doi.org/10.1145/3192975.3193022 

Maruhn, P., Schneider, S., & Bengler, K. (2019). Measuring egocentric distance perception in 

virtual reality: Influence of methodologies, locomotion and translation gains. PLOS ONE, 

14(10), e0224651. Available from https://doi.org/10.1371/journal.pone.0224651  

 

The underestimation of distances is a persistent concern in virtual environments (Renner et 

al., 2013). In pedestrian simulation, it may cause a misjudgment of both the time available for 

crossing and the street width to cover, and thus lead to suboptimal crossing decisions. 

Although a number of studies have been performed on this topic, technological advancements 

and the specific affordances of pedestrian research warrant a reconsideration of previous 

findings. Hence, two simulator studies (Maruhn et al., 2019; Schneider et al., 2018) were 

devised to assess the extent of distance compression in VR pedestrian simulators, and to 

explore potential countermeasures in form of active locomotion. 

In a first experiment (Schneider et al., 2018), participants provided verbal estimates of 

distances between 3 and 4 m in a virtual street environment, which was displayed via an HTC 

Vive HMD. In one of two experimental blocks, they walked to the target before announcing 

their decision. These episodes of walking were subject to adjustments in translation gain, 

varying the ratio between the walked and the visually perceived distance between 90% and 

130%. Overall, the observed underestimation of distances was comparable to previous 

research (Renner et al., 2013). Higher and thus more accurate estimates were obtained after 

walking to the target, indicating a positive effect of active locomotion. Interestingly, 

improvements were particularly pronounced if walking was performed in the second 

experimental block, whereas previous walking experience did not seem to propagate to 

subsequent static judgments. If the walked distance increased due to a lower translation gain, 

estimates were higher, highlighting the influence of proprioceptive and vestibular information. 

Since verbal estimates may be biased by a misrepresentation of physical units, a second study 

(Maruhn et al., 2019) was intended to contrast a range of different methods for quantifying 

distance perception. In line with the first experiment, the objective was to clarify the relative 

importance of depth cues resulting from static vision and active locomotion. For comparability, 

the same technological setup as in the first study was used. Nominal distances between 3.0 

and 3.5 m allowed translation gains to range between 80% and 120% despite spatial 

restrictions of the tracking equipment. In contrast to our initial hypothesis, verbal estimates 

were found to be particularly accurate. While the results for visually guided walking tended 

towards overestimations, the remaining methods were affected by larger deviations. The 

https://doi.org/10.1145/3192975.3193022
https://doi.org/10.1371/journal.pone.0224651


 

    

influence of translation gains was confirmed for verbal estimates, but even more pronounced 

for methods that entailed actual or imagined walking. The latter finding suggests a higher 

sensitivity to motion-induced vestibular, proprioceptive, and visual information for certain 

methods. 

Both studies highlight the potential to mitigate distance compression by active locomotion. Its 

effectiveness, however, may depend on the approach used to quantify estimates. Despite the 

identical technological setup and similar participant characteristics, the overall error was 

considerably smaller in the second experiment, indicating an influence of additional variables 

such as the number and order of trials that feature walking interaction. 

B.2 Estimating Time to Contact 

Schneider, S., Salloum, M., Gundel, K., & Boos, A. (Accepted). Estimating Time to Contact in 

Virtual Reality: Does Contrast Matter? In Proceedings of the 21st Congress of the 

International Ergonomics Association (IEA 2021), Vancouver, Canada. 

 

While distance compression is vividly discussed in VR-based research, pedestrian behavior 

may ultimately be more strongly affected by biases in the perception of alternative parameters. 

Anticipating the time until a moving object reaches the observer (time to contact, TTC), for 

instance, seems arguably more relevant to collision avoidance than merely assessing the 

distance to a vehicle at a given moment. Previous findings indicate that TTC is commonly 

underestimated in both virtual and non-virtual environments, and that some factors, such as 

variations in vehicle speed, affect estimates in both cases (Feldstein, 2019). There is, however, 

also reason to believe that impoverished visual perception, which is more likely to occur in 

virtual environments, may exacerbate biases (Cavallo & Laurent, 1988; Feldstein, 2019). 

Contributing to the research on effects of limited physical fidelity, a simulator study (Schneider 

et al., Accepted) was performed to evaluate if changes in image contrast affect TTC estimates. 

Although low contrast has repeatedly been shown to influence speed perception (Horswill & 

Plooy, 2008; Snowden et al., 1998), it is yet unclear whether these effects generalize to TTC 

estimates in virtual traffic. In the current experiment, brief simulated scenes were presented 

via an Oculus Rift DK2 HMD, in which a single vehicle approached at a speed of 30, 40, or 

50 km/h. At a distance of approximately 30 m, the screen turned black and participants were 

instructed to press a button when they expected the vehicle to pass them. Contrast was 

adjusted by a white overlay of 75%, 87.5%, or 100% transparency. 

Differences in contrast had no significant effect on the expected TTC, whereas a previously 

observed tendency for higher estimates at higher speed was replicated. A closer examination 

of the mean values, however, suggests that the latter mainly concerned the increase from 30 

to 40 km/h. Further factors, such as limited visual resolution and thus a limited capacity to 

discriminate movements at large distances, may alter this relationship at higher speed. Ratings 

of presence seemed relatively high but were unrelated to estimation accuracy. In addition, 

participants mostly thought they had underestimated the actual TTC, whereas the overall 

estimation error was small but positive. Considering the disagreement with previously 

observed changes in speed perception, the results indicate that physical fidelity may have 

distinct effects on the processing of related parameters such as speed and TTC. 



 

    

B.3 Comparison of Simulator Types 

Maruhn, P., Dietrich, A., Prasch, L., & Schneider, S. (2020). Analyzing Pedestrian Behavior 

in Augmented Reality — Proof of Concept. In 2020 IEEE Conference on Virtual Reality and 

3D User Interfaces (VR), Atlanta, Georgia, USA, pp. 313 – 321. 

Available from https://doi.org/10.1109/VR46266.2020.00051  

Pala, P., Cavallo, V., Dang, N. T., Granié, M.-A., Schneider, S., Maruhn, P., & Bengler, K. 

(2021). Analysis of Street-Crossing Behavior: Comparing a CAVE Simulator and a Head-

Mounted Display among Younger and Older Adults. Accident Analysis & Prevention, 152(1), 

106004. Available from https://doi.org/10.1016/j.aap.2021.106004 

 

To account for prospective advancements in simulator technology, the experiment described 

in the third publication (Schneider et al., 2021) was extended by the development and 

evaluation of an Augmented Reality (AR) pedestrian simulator (Maruhn et al., 2020). A ZED 

Mini stereo camera was mounted on the HTC Vive Pro HMD to provide a video livestream of 

the test track environment. Virtual vehicles were superimposed to replicate the experimental 

conditions. In comparison to the original experiment, participants in AR experienced shorter 

trials, which excluded the time for the vehicles to return to their initial position. Nonetheless, 

the results appeared similar to the HMD simulator evaluated in the scope of the third article 

(Schneider et al., 2021): In comparison to the test track environment, acceptance rates 

declined in AR, with only 31% of gaps being accepted across all speeds and gap sizes. A 

similar delay was observed with regard to crossing initiation, whereas effects of vehicle speed 

on CIT were comparable in AR and on the test track. Again, participants reported that a 

collision would have been dangerous despite that fact that vehicles were purely virtual, but 

also stated that they found it harder than usual to decide when to cross. While a number of 

technological challenges are yet to be overcome, the parallels between the VR and AR 

approaches suggest that both setups may be used interchangeably, depending on the 

availability of an appropriate physical environment. Furthermore, since the two conditions 

featuring the same display type shared more similarities than those including the same visual 

database (i.e. the HMD and CAVE groups in Schneider et al., 2021), it appears that the former 

aspect may be more influential than the latter. 

In the experiment outlined by Schneider et al. (2021), participants merely signaled their 

crossing intent. Pala et al. (2021), in contrast, evaluated differences between the two 

simulators described in Chapter 4.2 in the context of actual street crossing. In addition to a 

group of young adults (25 to 42 years), the participant sample included seniors between 64 

and 81 years. In line with Schneider et al. (2021), gaps were accepted more frequently and 

crossing was initiated later for higher vehicle speed, which resulted in reduced safety margins. 

In the experiment reported by Pala et al. (2021), however, the proportion of accepted gaps 

was higher in the HMD than in the CAVE. Furthermore, crossings were initiated considerably 

earlier, with CITs in the HMD averaging more than a second before the preceding vehicle had 

passed. This finding is particularly noteworthy, since it is inconsistent with both the behavior 

observed in the CAVE and, for instance, a similar experimental scenario analyzed by 

Schneider and Li (2020). Similarly low CITs were obtained for different age groups and vehicle 

speeds. The analysis of interaction terms, however, revealed that differences between the 

simulators were larger in the younger group with respect to acceptance rates, whereas CIT 

differed more strongly for seniors, who started crossing earlier than young adults in the HMD, 

but later in the CAVE. In contrast to the CAVE, participants wearing the HMD appeared to slow 

https://doi.org/10.1109/VR46266.2020.00051
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down in the far lane, potentially for fear of colliding with the walls of the physical laboratory. 

Vehicle speed appeared more influential in the CAVE in the study by Pala et al. (2021), 

whereas comparable effects were observed for both simulators by Schneider et al. (2021).  

In summary, these observations confirm once more that the relationship between simulator 

technology and the behavioral outcomes of pedestrian research depends on a range of 

different factors including the display type, the experimental task, and participant 

characteristics. Adding to the findings of the present thesis, the results may clarify important 

interactions and support the progress in VR-based pedestrian research. 


