
 

 

“G. D'Annunzio” SCHOOL OF ADVANCED STUDIES 

 

 
Ph.D. in BUSINESS & BEHAVIORAL SCIENCES 

XXXVIII CYCLE 

  

Human Performance in Safety-Critical Scenarios:  

A Conceptual and Empirical Framework for Assessing  

Perception, Confidence Calibration, and Risk Estimation  
 

 

Department of Neuroscience, Imaging and Clinical Sciences 

Scientific-Disciplinary Sector: M-PSI/01, SECS-P/07 

 
 
 

PhD Student​ Coordinator & Tutor  
Dott.ssa Elena Lupia​ ​ Prof. Riccardo Palumbo 

 

 

Academic Years 2022–2025 
 

 

 



 

 

 



 

Abstract 

Understanding human performance in safety-critical scenarios needs a multi-component 

perspective that accounts for the interaction between cognitive processes, metacognitive 

monitoring, task demands and environmental factors. Methodologically, this thesis 

combined a systematic review and two empirical studies to investigate how visual 

information is acquired, how confidence and risk are evaluated, and how these 

evaluations manifest across perception and decision-making tasks in dynamic scenarios. 

The systematic review consolidated evidence on differences in gaze behavior between 

experts and novices during perceptual processing and on the potential for gaze-based 

skill transfer. It showed that expert gaze tends to be more selective, stable, and 

anticipatory, and that the effectiveness of gaze-based training depends on task 

complexity and learners’ prior knowledge. The second study introduced a novel 

adaptation of the Hazard Perception Task, which integrated trial-by-trial confidence 

judgments and risk estimation as measures of metacognitive monitoring. Empirically it 

showed that overconfidence impaired (driving) hazard detection accuracy without 

affecting reaction times. Risk estimation was shaped by environmental factors and was 

positively correlated with environmental sensitivity. The third study examined 

confidence and risk estimation across the (driving) Hazard Perception Task and the 

(cycling) Decision-Making Task, to assess metacognitive consistency. Confidence and 

risk judgments showed strong cross-task correlations, while task performance was more 

sensitive to situational factors. Consistency across different task demands and stimulus 

types suggests that this reflects a generalizable metacognitive tendency rather than 

stimulus-specific effects. Across the empirical studies, the traffic and mobility domain is 

adopted as an applied paradigmatic case of complexity. However, the constructs 

explored are broadly applicable to other safety-critical contexts, including aviation, 

healthcare, and maritime operations.​
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CHAPTER I.  Introduction 
 

 

 
1  

Introduction 
 

 

“I looked, but I didn’t see it” captures a recurring failure in safety-critical performance, 

where relevant information is visually available but not effectively perceived or acted 

upon (Castro, 2008). This thesis builds on this insight to frame human performance as 

the outcome of interacting perceptual, metacognitive monitoring, and decision-making 

processes operating under dynamic task demands and environmental factors.  

​ Chapter 1 briefly introduces this framework by outlining how visual 

information is perceived, how the accuracy of one's perceptual performance is evaluated 

and monitored, and how these processes jointly guide decision-making in dynamic, 

complex scenarios. 

1.1 Framework Overview 

Human performance can be understood as the observable outcome of a dynamic 

human-system interaction (Proctor & Van Zandt, 2018). The field of Human Factors 

(HF) provides a framework for understanding the interactions among humans and other 

elements of a system (International Ergonomics Association, 2000), with the aim to 

increase safety and system performance (Salvendy, 2012; Wickens et al., 2021). Within 

this broader field, Engineering Psychology is grounded in principles and empirical 

findings from cognitive psychology, and focuses on how people perceive, allocate 

attention, encode information and make decisions (Wickens et al., 2021).  
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​ In high-risk work environments, such as road transportation (Castro, 2008; 

Huang et al., 2025), aviation (Wise et al., 2016; Behrend & Dehais, 2020), maritime 

(Grech et al., 2019), and construction (Zhang et al., 2023), individuals operate in 

complex dynamic systems in which decisions require continuous adaptation to change 

in task demands and environmental factors. As such, relevant information is transient 

and embedded in constantly evolving visual scenes, constantly challenging perceptual 

and attentional processes (Castro, 2008). Such industries are further characterized, for 

instance, by information overload, time pressure, unpredictable events (e.g. sudden 

hazards), and uncertainty (Reale et al., 2023; Arnold et al., 2023).  

​ The ability to “know what is going on” in a situation, that is to maintain an 

accurate and timely understanding of the current state of a dynamic scenario, is critical 

to performance in safety-critical environments (Endsley, 1995, 2017). A key concept in 

HF for characterizing this ability is Situational Awareness (SA), which refers to the 

“perception of environmental elements within a volume of time and spatial, 

understanding their meaning and projecting their status in the near future” (Endsley, 

1995). Endsley (1995) articulated SA as a three-level model in which Level 1 involves 

the perception of relevant environmental cues, Level 2 involves comprehending the 

current situation by integrating perceived cues with pre-existing knowledge and goals, 

and Level 3 involves projecting how the situation will evolve in the future given current 

dynamics (see Figure 1.1). High levels of SA are a fundamental requirement for 

effective performance in these environments (Endsley, 2015). Failures at any of these 

levels of SA, for example not recognizing a hazard or misjudging its implications, can 

compromise hazard perception and decision-making, and thus may increase the 

likelihood of negative outcomes (Stanton et al., 2001; Grech et al., 2002; Salmon et al., 

2016). Recent systematic review links human error and impaired situational awareness 

to accidents spanning eleven major domains, including aviation, driving, power 

systems, healthcare and medicine, and emergency management (see Fang et al., 2025). 

​ Developing and maintaining situation awareness in a dynamic environment 

hinges also on the individual’s difference in expertise (Endsley, 2018; Cak et al., 2020). 

With experience, individuals develop internal models of the systems in which they 

operate that help guide attention (e.g., extracting meaningful cues from complex visual 
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scenes, and recognizing subtle patterns), reduce cognitive load, and enable anticipation 

of unfolding events (Endsley & Garland, 2000). This performance gap stems in part 

from differences in visual attention strategies, what experts choose to look at, when, and 

for how long. Eye tracking research has provided clear evidence that expert operators 

exhibit more selective and efficient task-relevant gaze patterns relevant to the task in all 

fields, so capturing expert gaze and use it as a basis for training novices has attracted 

increasing attention in applied cognitive research (for reviews see Ashraf et al., 2018; 

Martinez-Marquez et al., 2021). 

 

Figure 1.1. Model of situation awareness proposed by Endsley (1995). 

​ Beyond first-order cognitive processes and experience supporting human 

performance and situation awareness, metacognitive higher-order mechanisms play a 
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critical role for self-regulation and monitoring the reliability of one’s own behavior and 

actions (Veenman et al., 2006; Koriat, 2007; McAnally et al., 2017). An important 

manifestation of metacognition is the confidence judgment, defined as a subjective 

estimate of the likelihood of a chosen decision's success (Yeung & Summerfield, 2012; 

Kepecs & Mainen, 2012; Fleming & Lau, 2014; Fetsch et al., 2014). According to 

Koriat's (1997) cue-utilization approach, such judgments are not based on an internal 

“truth meter”, but are inferential assessments constructed from multiple cues available 

to the individual at the time of judgment, such as perceived task difficulty, and 

familiarity. Because these cues vary in their diagnostic validity, confidence may diverge 

from actual performance. As a consequence, a phenomenon known as miscalibration 

may occur, leading to discrepancies between subjective belief and objective accuracy 

performance (Koriat, 1997, 2007). When confidence exceeds actual accuracy, 

overconfidence arises (Moore & Healy, 2008), a bias that has been shown to distort 

judgments and choices in a wide range of decision-making contexts (Gilbey et al., 

2021), such as road safety (Wohleber & Matthews, 2016). Horrey and colleagues (2015) 

proposed a conceptual framework linking skill and judgment calibration to adaptive 

driving performance, demonstrating that drivers often misjudge both their own abilities 

and the demands of the situation. 

​ In the context presented above, there is a clear need to integrate cognitive 

processes, metacognitive monitoring and environmental factors, within a unified 

framework to better understand their combined relevance on human performance. 

1.2 Thesis Contributions 

This thesis contributes to the behavioral sciences and applied human factors literature 

by advancing a multi-component understanding of how expertise, metacognitive 

monitoring (confidence judgments, risk estimation), and environmental factors are 

relevant to human performance in safety-critical scenarios. By drawing from cognitive 

psychology perspectives, this thesis provides different contributions linking a systematic 

review (Chapter II) with two empirical studies (Chapters III and IV).  

​ First, through a systematic literature review, it consolidates existing knowledge 

regarding gaze behavior strategies that differentiate experts from novices and evaluates 

12 



CHAPTER I.  Introduction 
 

 

the potential for gaze-based skill transfer across different fields. By means of this, it 

anchors the concept of perceptual performance as a measurable, transferable construct 

linked to visual attention strategies. 

​ Second, it introduces a novel performance-based approach for measuring 

overconfidence in hazard perception task, tested across manipulated environmental 

factors (i.e., daytime vs. nighttime). It provides an integrated framework for examining 

perceptual performance alongside confidence judgments and risk estimation, extending 

traditional hazard perception approaches. By doing so, it contributes to a more 

comprehensive understanding of the mechanisms underlying perceptual performance in 

dynamic and potentially hazardous environments. 

​ Third, it examines how confidence judgments and risk estimation correlate 

across perceptual and decision-making tasks within different mobility modes and task 

demands. By adopting a cross-task perspective, this work contributes to a deeper 

understanding of metacognitive consistency in traffic contexts, clarifying whether these 

judgments are trait-like or context-specific, and informs the development of assessment 

approaches that jointly capture perceptual performance and metacognitive calibration in 

traffic safety contexts. 

​ Across the empirical studies of this thesis, the traffic and mobility domain is 

adopted as an applied paradigmatic case of complexity. It offers an example of 

safety-critical scenarios, and shifting environmental cues where perceptual, 

metacognitive, and behavioral processes need to operate in tight coordination. Although 

the studies are mobility-based, the constructs explored, such as experience, confidence, 

and risk estimation, are generalizable to other domains involving time pressure, 

dynamic information, and safety constraints. Thus, the traffic setting is employed as a 

controlled, ecologically valid framework for investigating core cognitive and 

metacognitive mechanisms of human performance. 

​ Taken together, these contributions define a unified research aim grounded in 

the idea that effective human performance depends not only on the processing of visual 

information, but also on how individuals monitor and evaluate the adequacy of their 

own perception. In line with the notion captured by “I looked, but I didn’t see it”, 
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people form beliefs about whether they have seen enough, how confident they are in 

what they have perceived, and how risky a situation appears in light of the available 

information. These evaluative processes are tightly intertwined with perceptual 

processing and play a central role in regulating the selection of task-relevant 

information, deciding when to act, and how cautiously they act accordingly.  

1.3 Outline of the Thesis 

The thesis is organised in five chapters, plus introduction.  

​ Chapter 2 synthesizes cross‑domain eye‑tracking evidence comparing expert 

and novice gaze strategies and evaluating gaze‑based training approaches. It investigates 

how domain-specific expertise shapes visual attention across different application fields, 

it proposes a taxonomy of diagnostic gaze features, and practical design principles for 

gaze training in supporting task performance and skill acquisition. 

​ Chapter 3  introduces the concept of calibration of confidence judgments and 

reports the experimental study investigating the impact of overconfidence and 

environmental factors on hazard perception and risk estimation of first-perspective 

driving scenarios.  

​ Chapter 4, through an international empirical study, extends the analysis by 

exploring the generalizability of confidence judgments and risk estimation across 

perceptual and decision-making tasks. It highlights the concept that metacognitive 

processes are not task-specific, but function as transversal constructs that affect 

behavior across different mobility contexts (i.e., driving and cycling). 

​ Chapter 5 provides a general discussion that integrates a summary of the main 

findings across the three studies, examines theoretical and practical implications, and 

outlines the overarching limitations of the thesis along with directions for future 

research. 

​ Finally, the Supplementary Materials contains experimentals materials (Section 

A), and additional full models estimates from the statistical analysis (Section B). 
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1.4 Publications 

Part of the material presented in this thesis has appeared in some publications or has 

been submitted for publication: 

 

●​ Lupia, E., Bortolotti, A., Palumbo, R., (2024) Skill Transfer and Gaze Strategies 

Studied by Eye-Tracking: A Systematic Review. [Under Review to Trends in 

Psychology]. 

 

●​ Lupia, E., Bortolotti, A., & Palumbo, R. (2025). The Impact of Overconfidence 

and Environmental Conditions on Hazard Perception and Risk Assessment: An 

Experimental Study Using Video-Based Traffic Scenarios. [Pre-print Submitted 

for Review to Cognitive Processing]. 

 

●​ Lupia, E., Bontje, F., Bortolotti, A., Palumbo, R., Janssen, C, P. (2025). 

Confidence and Risk in Hazard Perception and Dynamic Decision Making in 

Traffic. [Under Review to Human Factors]. 
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Abstract 
 

Domain-specific expertise confers perceptual and cognitive benefits in engaging with 

information from that domain. Eye-tracking research has provided significant insight 

into the differences in performance between experts and novices across various fields. 

In visually demanding tasks, expert performance is characterized by systematic 

differences in gaze behavior relative to novice performance. The present systematic 

review examines empirical evidence on gaze-based skill transfer, to consolidate 

literature describing the application of expert gaze behavior as an adjunct tool to 

traditional instructional intervention. Following PRISMA guidelines, a structured search 

was conducted on Scopus database covering the period from 2000 to January 2024. 

Eight empirical studies met the inclusion criteria, four studies comparing expert and 

novice gaze behavior, and four studies evaluating the effects of gaze-based training 

interventions. Key findings demonstrate that, across domains, experts consistently 

exhibited more selective, anticipatory, and task-relevant visual attention patterns than 

novices. Also, gaze-trained individuals exhibit a performance advantage over 

traditionally trained counterparts. The consistency of these effects varied depending on 

task characteristics, and prior knowledge. In conclusion, the review offers practical 

insights on how gaze-based training can facilitate aspects of task performance and 

summarize the benefits of using expert gaze as a visual cue in terms of 

attention-modeling processes, human performance and safety.  
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2.1 Introduction 
Expertise shapes how individuals perceive, elaborate, and keep in mind information 

from a specific task (Bédard and Chi, 1992). Over numerous fields and sensory 

modalities, domain-specific mastery confers perceptual and cognitive benefits 

(Ericsson, 2004). Within visual domains, these advantages can include the capacity to 

proficiently extract crucial data from the environment, rapidly perceive and process that 

data, and act accordingly (Papesh et al., 2021). Several theoretical accounts have 

clarified the processes that underlie expertise in the comprehension of visualizations. 

Long-term working memory theory (Ericsson & Kintsch, 1995) assumes that expertise 

extends the capacities for information processing thanks to the acquisition of recovery 

structures. The Information-reduction hypothesis (Haider & Frensch, 1999) suggests 

that expertise enhances efficiency by disregarding unnecessary information and 

concentrating on crucial task elements. Complementarily, the holistic model of image 

perception (Kundel et al., 2007) proposes that expertise expanded the visual span, 

allowing for more comprehensive image analysis.  

A substantial body of research comparing experts and novices performance in 

visual search tasks has shown that, with growing experience, professional visual 

searchers needed to visit objects less frequently, they were less likely to view 

distractors, they viewed objects for shorter durations, and showed evidence of an 

expanding visual span (Wilson et al. 2010a; 2010b; O’Neill et al. 2011; Khan et al., 

2012; Wood et al. 2013; Bond et al. 2014; Harvey et al. 2014; Jaarsma et al. 2014; Tien 

et al. 2015; Papesh et al., 2021; Reingold & Sheridan, 2023). These gaze patterns reflect 

strategic distribution of attention to task-critical information (Wilson et al., 2010a, 

2010b), and reduced susceptibility to distractors (Litchfield & Donovan, 2016). The 

transition from novice to expert performance is also characterized by broader 

adaptations, including improvements in biomechanical and metabolic efficiency and 

increased neural efficiency, resulting in more selective and effective processing 

(Abernethy et al., 2007). From the perspective of learning psychology, this progression 

is in line with the model proposed by Fitts and Posner (1967), according to which 

performance shifts from declarative and tiring control to automated procedural 

execution with reduced attention demands. 
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Expert-novice comparisons provide a necessary basis for developing gaze-based 

training approaches, clarifying which perceptual and attentional mechanisms 

characterize skilled performance. Based on this framework, eye-tracking methodology 

has been used to to support training interventions aimed at modeling novice gaze 

behavior in dynamic high-pressure environments (Yarrow et al., 2009; Wilson et al., 

2010a; 2010b; Vine et al. 2012; Causer et al. 2014; Ashraf et al., 2017). A key 

motivation for such an approach lies in the possibility of accessing tacit expert 

knowledge, which is typically difficult to externalize through conventional instructional 

formats such as courses or written materials (Sik-wah Fong & Chu, 2006; Chetwood et 

al., 2012; Dzeng et al., 2016; Menezes et al., 2018). As a result, extracting expert 

knowledge is challenging (Mahroeian & Forozia, 2012), but eye-tracking technology 

offers a means to capture and transfer expert knowledge for improving trainees’ 

performance in complex visual domains (Lohmeyer et al., 2013; van Meeuwen et al., 

2014). In addition, empirical studies indicate that training gaze behavior can mediate the 

negative effects of anxiety on performance (Causer et al. 2014) and achieve faster 

completion times and fewer errors in performing a task (Vine et al., 2012).  

2.1.1 Objectives 

This systematic review brings together empirical work on expertise-related gaze 

behavior and on gaze-based interventions used to support learning and task 

performance. Previous literature reviews have addressed eye tracking within specific 

domains, most notably medical settings (Ashraf et al., 2018) and high-risk industries 

such as aviation, maritime, and construction (Martinez-Marquez et al., 2021), where the 

emphasis has largely been on assessment and feedback. Consideration of skill transfer 

has emerged more recently and has been discussed only in relation to a single training 

approach (e.g., eye movement modeling examples:  Xie et al., 2021; Tunga & Cagiltay, 

2023). Adopting a cross-domain perspective, the aims of this systematic review are: 

(1)​To summarize visual organizational strategies that differentiate experts from 

novices; 
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(2)​To examine the training potential of eye movements as instructional cues, 

evaluating the feasibility and impact of transferring expert skills through 

gaze-based interventions across different tasks and approaches. 

By integrating these lines of evidence, this review wants to clarify how gaze 

behavior associated with expertise can inform the design of training programs aimed at 

improving novice performance.  

The article's structure is as follows. Section 2 outlines the conceptual 

background guiding the literature search and classification framework. Section 3 details 

the review methodology and provides a descriptive analysis of the included studies. 

Section 4 presents the literature review's results. Section 5 discusses the theoretical and 

practical contributions obtained from the literature analysis, the limitations and 

promising future research avenues. Finally, Section 6 concludes with the key points. 

2.2 Conceptual Background 

2.2.1 Skill Transfer Approaches 

Literature review studies in cognitive science and learning (Xie et al., 2021; Tunga & 

Cagiltay, 2023) confirmed that the most common approach of gaze-based training is 

“Eye Movement Modeling Examples” (EMME), which focuses on recording the gaze 

behavior of experts while performing a task and presenting it to students in the form of 

video demonstrations. By observing expert gaze patterns, learners can infer which task 

elements are diagnostically relevant, how long they are inspected, and in what sequence 

information is processed (Jarodzka et al., 2012; Renkl, 2014). To provide a 

comprehensive learning experience, EMMEs are often complemented by verbal 

explanations detailing the expert's thought process, decision-making rationale, and 

interpretive strategies. By combining visual cues with verbal explanations, EMMEs 

create a multi-modal learning environment (Jarodzka et al., 2013; Van Gog et al., 2009). 

EMMEs have also been linked to improvements in metacognitive strategies, including 

the acquisition of expert heuristics, monitoring of task progress, and adaptive learning 

strategies (Collins & Kapur, 2006). Theoretically rooted in observational learning 

(Bandura, 1977), consistent with the Cognitive Theory of Multimedia Learning (Mayer, 

2014) and the Cognitive Apprenticeship framework (Collins & Kapur, 2006), EMMEs 
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are expected to support learners’ comprehension strategies by facilitating the selection, 

organization, and integration of task-relevant information (Groenendijk et al., 2013). 

From a neurocognitive perspective, the effectiveness of observational learning has also 

been discussed in relation to action observation mechanisms, including the mirror 

system (Bonini et al., 2022), which supports the internal simulation of observed actions 

and may facilitate the integration of new skills into the observer’s behavioral repertoire 

(Calvo-Merino et al., 2005, 2006).  

Another approach has been explored with the use of “Quiet Eye” Training 

(QET), targeting the modulation of the quiet eye (QE) period, which refers to  the final 

fixation or tracking gaze preceding a critical motor action (Vickers, 1996, 2009; 

Klostermann, 2020). Longer QE periods have been linked with expert performance, 

particularly in tasks requiring precise motor control under time pressure, in sport, 

military operations and medical procedures (Causer et al., 2010; Ward et al., 2008). The 

QE is theorized to represent the time required to organize neural processes underlying 

action execution, with longer durations observed as task complexity increases (Williams 

et al., 2002). Also, maintaining a longer QE has also been shown to mitigate the 

detrimental effects of anxiety on performance, highlighting its role in attentional control 

under stress (Causer et al., 2011, 2014). 

Several theoretical frameworks support the use of attention cueing and expert 

gaze observation for improving task performance. Attention cueing has been shown to 

promote selective processing of relevant information, reduce cognitive load, and 

enhance memory for cued elements (De Koning et al., 2009). Theory of Hints (Kirsh, 

2009), posits that eye movements can function as implicit or explicit environmental 

aids, or "hints," that guide problem solving by shaping attention and interpretation 

(Thomas & Lleras, 2009a, 2009b; Ball & Litchfield, 2017). Observing expert gaze 

behavior may further support the formation of organized mental representations by 

revealing relational structures within visual scenes and highlighting task-relevant 

associations (Becchio et al., 2008; Jarodzka et al., 2013; Lobmaier et al., 2006). Taken 

together, these mechanisms suggest that expert eye movements can facilitate not only 

immediate performance improvements but also the development of transferable visual 

cognitive strategies applicable to novel situations (Kieras & Bovair, 1984). 
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2.2.2 Gaze-based Training Interventions: Application Fields 

Medical Fields 

In the medical field, gaze-based training was first introduced by Wilson and colleagues 

(2011), and has since been applied across several surgical and diagnostic contexts 

(Ashraf et al., 2018). Studies in laparoscopic training have revealed that novices 

exposed to expert gaze guidance develop more target-focused fixation patterns, 

resulting in faster task execution and fewer errors compared to discovery-learning or 

conventionally trained controls (Vine et al., 2012; Chetwood et al., 2012). In line with 

this evidence, Causer and colleagues (2014), demonstrated that while both traditional 

technical training and QET can improve surgical performance, QET uniquely supports 

performance stability under stress and anxiety, alongside more efficient gaze and motor 

coordination. Furthermore, neurophysiological findings suggest that combining visual 

guidance with expert gaze display may reduce cortical processing demands relative to 

verbal instruction alone, indicating more efficient visuocognitive processing during task 

execution (Leff et al., 2015). Gaze-based instructional formats have also been shown to 

benefit diagnostic learning. Jarodzka and colleagues (2012) showed that medical 

students’ diagnostic accuracy improved most when expert narration was combined with 

gaze-based attention cueing, particularly when irrelevant visual information was 

suppressed using a spotlight technique. This finding highlights how important is the 

way gaze information is presented, rather than gaze display alone. 

High-Risk Industries 

In high-risk industries such as maritime operations, construction, and aviation, 

improving training programs is linked to the prevention of accidents and the 

enhancement of situational awareness (Martinez-Marquez et al., 2021).  

​ In maritime applications, Li and colleagues (2020) proposed an innovative of 

gaze-based training approach, “expert-in-the-loop”, in which information about experts' 

gaze was used to decompose operational tasks, define critical areas of interest (AOIs), 

and generate weighted attention maps that reflect the visual priorities of experts. When 

applied in a simulated heavy lifting operation, trainees who received visual guidance 

derived from experts demonstrated more focused and safety-relevant attention patterns 
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than those who were only informed about operational risks, supporting the use of 

expert-based attention maps as training tools. 

​ In the construction industry, eye tracking has been used to examine hazard 

recognition and visual search behavior. Pinheiro and colleagues (2016) demonstrated 

that simplified 2D representations led to more diffuse attention and faster but potentially 

superficial hazard identification compared to real images of buildings, suggesting 

limited ecological validity for complex environments. Extending this work, Jeelani and 

collaborators (2019) demonstrated that eye-tracking-based visual feedback derived from 

expert workers could improve novice hazard recognition performance. Specifically, 

broader and more systematic visual exploration of the workplace was associated with 

the identification of more hazards, highlighting the potential of personalized, gaze-based 

interventions for safety training.  

​ In the aviation industry, eye tracking research has revealed differences in visual 

scanning strategies between different levels of expertise. Robinski and Stein (2013) 

found that experienced helicopter pilots relied more heavily on instrument information 

during critical phases of flight, while less experienced pilots showed greater dependence 

on external visual cues. Importantly, eye tracking feedback has been shown to support 

the transfer of skills from simulator training to real-world flight contexts, underscoring 

the value of gaze-based feedback in aviation training. In line with this evidence, 

previous work has shown that EMMEs can improve fault detection performance among 

novice aviation inspectors, helping to improve aviation safety (Sadasivan et al., 2005). 

Sport Applications 

Gaze-based training has been extensively examined in sport, most often through 

interventions based on the quiet eye (QE).  

In golf putting, Moore and colleagues (2012) examined the effects of QET on 

performance as well as on kinematic (clubhead acceleration) and physiological 

responses (heart rate, muscle activity). Participants trained with the QE technique 

demonstrated superior accuracy, more effective gaze control, reduced clubhead 

acceleration, greater slowing of heart rate, and decreased muscle activity compared to 

those who received standard technical training. These findings suggest that quiet eye 
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training is associated with improved motor response preparation and a shift toward 

external focus. 

Evidence from team sports points in a similar direction, although the picture is 

less uniform when pressure is introduced. In soccer penalty kicking, Wood and Wilson 

(2011) reported that QE-trained players showed improved gaze control and higher 

accuracy in retention tests. They also tested performance under pressure by simulating a 

penalty shootout, and during this high-stress scenario, the quiet eye-trained group 

maintained their improved visual focus, exhibiting longer-duration fixations on distant 

aiming points. Despite this, they were unable to sustain their accuracy advantage over 

the control group under these pressured conditions (Wood & Wilson, 2011). 

In basketball, Vine and Wilson (2011) found that, when subjected to a 

high-pressure testing scenario, the quiet eye-trained athletes maintained their 

performance advantage. These findings lend credence to the potential of attentional 

training techniques in improving visuo-motor skills.  

2.2.3 Eye-Tracking Metrics 

Vision is the primary sensory system through which humans acquire information from 

the environment, guide action, and is involved in everyday interaction (Baritz & Lazar, 

2019; Land & Hayhoe, 2001). During action, people often look at objects before 

manipulating them, which reflects ongoing cognitive processing and intentions (Hayhoe 

et al., 2003). Eye tracking research has identified several eye metrics that are linked to 

different cognitive, emotional, and physiological states, thereby providing a broader 

insight into the human mind (Skaramagkas et al., 2023). Eye-tracking studies 

commonly describe such behavior using measures like fixations, saccades, pupil size, 

and blink rate, usually analyzed within predefined Areas of Interest (Holmqvist et al., 

2011). A summary of the most commonly used metrics in describing eye behaviors can 

be found in Supplementary Materials (Table A1). 

Fixation 

Fixation, a state where the eye and pupil remain stationary for about 180–300 ms, is 

typically linked with the acquisition of information and visual processing (Carter, & 
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Luke, 2020). During this period, individuals gather new data from a location, stimulus, 

or object. Various fixation metrics such as fixation frequency, fixation duration, 

maximum fixation duration, and the standard deviation of the fixation duration have 

been statistically analyzed and found to be associated with different cognitive 

attentional processes and human performance.  

For instance, the distribution of fixations and fixation duration on relevant areas 

of interest (AOIs) can provide insights into a pilot’s situation awareness (SA) 

performance and their level of expertise (Li et al., 2019). A study in aviation research 

discovered that seasoned pilots tend to distribute their fixations across multiple flight 

instruments, without lingering excessively on any single one. Interestingly, gaze 

behaviors can vary among experts from different fields. In the maritime industry, for 

example, expert operators often fixate more on the external environment, while novices 

tend to focus more on the deck. This variation can also be observed within the aviation 

industry itself, where commercial pilots often spend more time observing the instrument 

panel, while military pilots tend to look out the window more (Ziv, 2016). During a 

visual search activity, the duration of fixation can be used to predict an individual’s 

ability to recognize hazards. On the other hand, a shorter fixation duration is generally 

associated with individuals who are experiencing anxiety or a state of threat (Vine et al., 

2015). 

Saccades 

Saccades, which are quick eye movements that take place when an individual shifts 

their gaze between different points of fixation, typically last between 10 and 100 ms 

(Carter & Luke, 2020). During this brief period, the transfer of visual information is 

inhibited, indicating that saccades are not directly involved in cognitive processing. 

Nevertheless, the speed of saccades can be indicative of fatigue, stress, and lethargy 

(Schleicher et al., 2008). 

For instance, the rate of saccades has been observed to decrease in response to 

fatigue and challenging tasks. The length of saccadic movements has been utilized as a 

measure of mental workload, and it has been found to increase in correlation with an 
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increase in mental workload (MWL) (Leigh & Kennard, 2004). Notably, very short 

saccades are associated with the presence of conflict. 

Pupil Size 

The pupil, one of the most notable features of the human eye, is easily observable and 

its size and center location can be readily determined using video recording (Kassner et 

al, 2014). The size of the pupil, which controls the amount of light that reaches the 

retina, is influenced by various factors including illumination, emotions, muscular 

fatigue, cognitive processes, and mental workload (MWL) (Lim et al., 2020).  

For instance, an increase in pupillary dilation has been associated with a higher 

processing load in various maritime settings. Pupil size has also been utilized to 

understand the cognitive impact of stress during aviation emergencies and conflicts. In 

the context of quay crane operators, changes in pupil dilation have been used as a 

measure of alertness and the progression of fatigue (Murata, 1997).   

Quiet Eye Movement 

The “Quiet Eye” (QE) is a term used in the field of visual perception and motor 

performance. It refers to the final fixation or tracking gaze at a task-relevant location 

before the initiation of the final phase of a movement (Lebeau et al., 2016). This 

phenomenon is often observed in elite athletes and is believed to exemplify 

expertise-related differences in fixation behavior. The core concept behind Quiet Eye 

revolves around the gaze behavior that precedes an action.  

For instance, before a basketball player releases a free throw, they often fixate 

their gaze on the basket, absorbing vital information before initiating the movement 

(Rienhoff et al., 2016). The "Quiet Eye" refers to this period of stable focus. The Quiet 

Eye technique can be applied by focusing on the object and/or target of your task. This 

can be achieved by keeping your eye movement steady and paying attention to a ball if 

you’re playing a game or the keys of a piano if you’re playing music. Research has 

shown that this technique can help athletes maintain their focus under high pressure, 

preventing them from ‘choking’ at crucial moments (Hill et al., 2010). It’s not just 

beneficial for athletes, but also for professionals like doctors performing keyhole 
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surgery, and it is of increasing interest to the military. In summary, the Quiet Eye 

technique is a fascinating area of research that offers insights into how visual focus can 

enhance performance in various fields, from sports to surgery. 

2.3 Methodology  

2.3.1 Literature Search and Selection Strategy 

Systematic reviews are conducted with the purpose of identifying and summarizing 

existing evidence relating to a clearly defined research area, making the selection 

process transparent and replicable (Petticrew & Roberts, 2006).  

In this review, a systematic search was performed to identify evidence-based 

studies investigating the transfer of skills through the use of information provided by 

expert observation. The literature search was carried out exclusively on the Scopus 

database on 05 February 2024, focusing on the period between 2000 to January 2024, 

and following the PRISMA guidelines (Page et al., 2021).  

The literature search and selection strategy (Figure 2.1), consisted of three main 

steps: (a) defining relevant keywords, (b) searching one scholarly database and (c) 

identifying relevant papers. Three groups of keywords were established based on the 

conceptual framework described above. The first set of keywords is related to skill 

transfer (“skill” AND “transfer”); the second and third sets of keywords were selected 

based on the method through which skills transfer is achieved (“eye” AND “tracking”), 

(“gaze” AND “behavior”). These three groups of keywords were connected by Boolean 

operators in this sequence: (“skill” AND “transfer”) AND (“eye” AND “tracking”) OR 

(“gaze” AND “behavior”). Articles containing at least one relevant keyword in their 

title, abstract, or keyword list were selected for further examination.  
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Figure 2.1 Literature selection flow diagram based on the PRISMA approach. 

 

The initial search yielded 79 articles. An initial selection was made by reviewing 

titles, abstracts, keywords, and publication channels to assess their relevance and scope. 

At this stage, results that were review articles, conference proceedings, or book 

chapters, or that involved populations with atypical development, were excluded. 

Following this initial selection, 29 results were eliminated.  

34 



CHAPTER II. Systematic Review 

 

The remaining 50 records were organized in a shared Excel spreadsheet and 

evaluated according to predefined inclusion criteria. To be selected, studies had to 

investigate differences in visual behavior related to skills or the training potential of 

expert gaze applications in different fields. Articles were excluded if they did not report 

relevant empirical data (Reason 1) or were not published in English (Reason 2). All 

authors participated in this screening phase to reduce selection bias, and discrepancies 

were discussed until consensus was reached. The spreadsheet was used to document 

each decision during the filtering and screening process. After this step, the remaining 

articles were imported into Zotero © Reference Manager for full-text review. Studies 

were included in the final sample if they examined differences in eye movements as a 

function of experience or reported empirical findings on skill transfer through 

gaze-based modeling.  

The selection process identified 8 studies suitable for final review.  

2.3.2 Descriptive Analysis 

This section provides a descriptive overview of the eight studies included in the review 

through a term co-occurrence analysis based on titles and abstracts. The analysis was 

conducted to offer a qualitative indication of the main concepts recurring across the 

selected papers rather than to support inferential claims.  

Figure 2.2 illustrates the co-occurrence network generated using VOSviewer 

software. The clusters of terms identify sets of words that appear most often together in 

the titles and abstracts, using a binary counting method, so that repeated occurrences of 

a term within the same document were counted only once. A minimum occurrence 

threshold of two was applied, resulting in the selection of 14 terms from an initial set of 

23. These terms formed a network consisting of 14 nodes organized into three clusters, 

represented by different colors in the visualization. The size of the nodes reflects the 

frequency of occurrence in the publications, while the thickness of the links represents 

the strength of the association between the terms.  

The terms included were: skill (7), study (4), transfer (4), performance (3), eye 

movement (3), expert (3), time (3), learning (2), example of eye movement modeling 

(2), eye tracking (2), gaze (2), visual behavior (2), novice (2), and cardiovascular 
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intervention (2). Terms such as participant, model, EMME, and domain-specific 

acronyms (e.g. catheter, CBCVI) were excluded due to their low relevance or limited 

conceptual contribution. 

The association strength method has been chosen for the analysis. The software 

identified three clusters: [1] The first cluster grouped terms related to the comparison of 

skills and the context of the activity (expert, beginner, gaze, visual behavior, time, 

transfer, cardiovascular intervention); [2] The second cluster focused on learning and 

performance outcomes (skill, study, learning, performance, eye movement, example of 

eye movement modeling); [3] The third cluster consisted only of the term “eye 

tracking”, reflecting its role as a methodological anchor across studies rather than a 

thematic focus.  

 

Figure 2.2 VOSviewer visualization of a term co-occurrence network. 

2.4 Key findings 

The systematic literature search identified eight studies that met the inclusion criteria. 

For analytical clarity, the studies were grouped into two categories of studies: (1) 

examining expertise-related differences in eye movement, and (2) evaluating the 

potential of gaze-based approaches for skill transfer.  
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2.4.1 Expertise-Related Differences in Perceptual Processing 

Four of the included studies examined differences in eye movements between 

experienced and novice in medical settings. These studies focused primarily on surgical 

and interventional procedures and used eye tracking to describe how visual attention is 

distributed during task performance. 

Zheng and colleagues (2011) compared experienced and novice surgeons during 

a simulated laparoscopic cholecystectomy in a virtual reality trainer while wearing a 

head-mounted eye tracker. Some patients were “preprogrammed” to have a mildly 

unstable cardiac condition during the procedure. During this task, the surgeons had to 

interact with the virtual environment to simulate the steps involved in a laparoscopic 

cholecystectomy procedure. Surgical performance, mental workload, and eye 

movements were recorded and compared between 13 experienced and 10 novice 

surgeons. Results revealed that although the experienced surgeons did not outperform 

the novices in terms of task completion time or error rates, differences in attention 

distribution emerged. Novices performed faster but focused more their attention on the 

surgical task, while experienced surgeons shifted their gaze more frequently to the 

anesthesia monitor to check vital signs. This pattern was observed in both stable and 

unstable patient conditions. In addition, experts reported less physical effort but higher 

levels of frustration, suggesting a different subjective experience of the demands of 

surgery. The authors interpreted these findings as evidence that vigilance during surgery 

is related to experience rather than speed or accuracy alone. 

In cardiovascular interventions, Lanzer and authors (2017) aimed to analyze 

gaze behavior during real coronary angiography and catheter-based cardiovascular 

interventions (CBCVI). The researchers developed a computerized system to analyze 

eye-tracking data continuously across both time and space. This system processes 

information collected by a wearable eye-tracking device mounted on the user's head. 

Experienced operators exhibited stable viewing strategies, focusing predominantly on 

central regions of the screen and shifting their gaze only in response to relevant 

findings. In contrast, novices adopted more segmented and sequential scanning patterns. 

In particular, experts devoted a substantial portion of the procedure time to elements 

outside the screen, including patient monitoring, instrumentation, and communication 
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with the team. Although the study was limited to the operators’ interaction with the 

X-ray screen, it provided evidence that expert performance is based on coordinated 

visual attention between task-relevant and contextual information sources. 

In a similar way, Zimmermann and colleagues (2020) compared experienced and 

novice operators during real-life catheter-based cardiovascular interventions (CBCVIs) 

while wearing eye-tracking glasses. Experts showed fewer transitions between areas of 

interest and maintained a more focused gaze distribution during critical phases of the 

procedure, while novices showed higher transition rates and more diffuse visual 

attention. These findings reinforce the idea that expertise is reflected in more stable and 

selective visual strategies, which can be taken into account for training and assessment 

in interventional education. 

Finally, Kulkarni and colleagues (2023) emphasized the importance of 

scene-dependent gaze metrics, that reflect both feedback and feedforward behaviors, to 

differentiate technical skill levels of trainees in laparoscopic surgery training. Using 

computer vision techniques, the authors identified gaze measures that distinguished 

multiple levels of competence rather than binary categories of experts and novices. 

Trainees with higher skill levels demonstrated anticipatory gaze behavior, characterized 

by looking ahead to elements of the upcoming task and reduced fixation on objects 

under direct manipulation. These feedforward gaze patterns were more sensitive to skill 

differences than traditional feedback-based metrics, suggesting their relevance for 

formative assessment and personalized training. 

2.4.2 Effects of Gaze-based Interventions on Task Performance 

Four studies examined the use of eye movements as an instructional signal to support 

task performance. Two studies were conducted in medical contexts, while two 

addressed non-medical tasks. Across these studies, gaze information was used to guide 

learners’ attention toward task-relevant elements, either by training fixation behavior 

directly or by displaying expert gaze patterns as part of instructional examples. 

In the medical setting, Wilson and colleagues (2011) conducted a randomized 

controlled trial to evaluate the impact of gaze training on the acquisition of laparoscopic 

skills under multitasking conditions. Thirty trainees with no laparoscopic experience 
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were assigned randomly to the gaze trained group, to the movement trained group, or 

discovery learning group. They performed the 'eye-hand coordination' task on a 

laparoscopic surgical simulator, where they had to touch flashing balls of different 

colors using specific instruments. Training consisted of ten trials of the eye-hand 

coordination task. They also concurrently performed a tone counting task to assess 

multitasking abilities. Gaze control was measured using a Mobile Eye gaze registration 

system. The results supported the hypotheses, because at the baseline all groups showed 

comparable performance and inefficient gaze strategies. After training, participants in 

the gaze training group completed the task more quickly and showed an increase in 

target-grasping fixations compared to the movement and discovery groups. Importantly, 

this performance advantage was maintained under multitasking conditions, despite no 

significant differences in the secondary tone-counting task. The authors attributed the 

observed benefits to changes in gaze behavior rather than improvements in instrument 

movement, suggesting that attention control played a central role in performance 

improvement. Gegenfurtner and colleagues (2017) examined the role of EMMEs in the 

interpretation of medical images. Twenty-three participants with varying levels of 

expertise observed an expert's gaze and verbal reasoning during the diagnosis of 

PET/CT images and were subsequently tested on retention and transfer. The study was 

structured in a progressive sequence of four distinct phases. In the baseline task 

participants diagnosed the first patient case, to establish their pre-existing diagnostic 

skills and knowledge. Then, in the learning phase subjects observed a modeling 

example of an expert model diagnosing a second patient case. In the retention task, 

participants were tasked with independently diagnosing the same case they had just seen 

the expert analyze. Finally, in the transfer task, participants were presented with a new 

patient case, for evaluating the participants' ability to transfer and apply the learned 

diagnostic processes to a novel situation. Results indicated that viewing the modeling 

example directed attention to diagnostically relevant regions. Performance and verbal 

reports suggested that experts benefited more from the intervention than novices, 

particularly in retention and transfer tasks. These findings indicate the role of prior 

knowledge in determining the effectiveness of gaze-based instruction in supporting 

adaptive skills. 
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Evidence supporting gaze-based teaching outside of medical training is mixed. 

Mason and colleagues (2016) used eye-movement modeling examples (EMMEs) in the 

school context,  focusing on students' ability to integrate text and images when reading 

illustrated materials. Sixty-four students were randomly assigned to EMME or 

non-EMME conditions and were asked to read a text that was accompanied by relevant 

pictures. Students exposed to gaze reproductions showing a model's integrative reading 

strategy demonstrated more frequent gaze shifts between text and images and engaged 

in more rereading. In addition, the effectiveness of EMME varied based on students' 

reading comprehension abilities. Specifically, students with lower reading 

comprehension skills derived greater benefits from observing the strategic processing of 

text accompanied by illustrations. The authors concluded that EMME has the potential 

to enhance students' integrative processing of text and pictures, leading to improved 

learning outcomes and deeper comprehension of educational materials. In contrast, van 

Marlen and colleagues (2016) reported limited benefits of EMMEs in procedural 

problem-solving tasks through two experiments involving geometry problems. Results 

showed that viewing a model's eye movements did not lead to reliable improvements in 

accuracy or response time compared to standard solved examples. Although some 

trends suggested that meaningful visual cues could facilitate transfer, these effects were 

inconsistent and did not reach statistical significance, highlighting the sensitivity of 

EMME effectiveness to task complexity and instructional context. 

In conclusion, gaze-based training shapes the allocation of visual attention and 

may improve task performance, but its effects vary across tasks and depend on task 

demands and prior experience. 

2.5 Discussion 

The present systematic review, adopting a cross-domain perspective, examined the 

expertise-related differences in gaze behavior during the comprehension of 

visualizations across different tasks, and whether gaze-based training interventions can 

improve task performance.  

Expert-novice comparison of the studies included revealed that expert 

performance in a specific domain is characterized by more selective and stable visual 
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strategies. In particular, experts tend to allocate their attention among sources relevant 

to the task, keep track of contextual information, and show anticipatory gaze behavior 

rather than focusing only on the immediate action (Lanzer et al., 2017; Zimmermann et 

al., 2020). This pattern has been observed mainly in simulated and real medical 

procedures, such as laparoscopic surgery and cardiovascular catheter procedures (Zheng 

et al., 2011; Lanzer et al., 2017; Zimmermann et al., 2020). It is important to emphasize 

that these differences were not always accompanied by increased speed of task 

execution or reduced error rates (Zheng et al., 2011), suggesting that gaze behavior 

captures aspects of proficiency that are not fully reflected in conventional performance 

metrics. Moreover, the study conducted by Kulkarni and colleagues (2023) proves that 

anticipatory and feedforward gaze behaviors may be informative in differentiating 

between different levels of expertise. Eye tracking data provides access to process-level 

indicators of proficiency, such as vigilance, self-monitoring, and feedforward control 

(Sadasivan et al., 2005), which are particularly relevant in dynamic high-risk domains 

replete with stressors and distractions that may increase the attention demands (Fabri & 

Zayas-Castro, 2008; Szafranski et al., 2009; Poolton et al., 2011). 

Concerning the effects of gaze-based interventions, the studies reviewed indicate 

that exposing trainees to expert gaze information can influence attention allocation and, 

in some cases, improve task performance. In the medical field, these interventions have 

been shown to promote the acquisition of technical skills and multitasking performance 

by promoting target-focused fixation patterns (Wilson et al., 2011). Skill transfer effects 

were also shown when gaze-related information was embedded in richer training 

contexts and supported higher-level cognitive processes, such as adaptive expertise in 

interpreting medical images (Gegenfurtner et al., 2017). This is particularly crucial in 

the medical field, where rapid advances in technology and evolving work practices 

require continually adapting established visual patterns to the new possibilities offered 

by the tasks at hand (Helle et al., 2011).  

An additional finding seems to suggest that gaze-based modeling may, in some 

contexts, benefit highly skilled operators more than novices ones. Specifically, 

Gegenfurtner and authors (2017) reported that experienced medical professionals 

showed greater performance improvements than novices in interpreting unfamiliar 
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visualizations after observing the gaze behavior of experts. In this study, experts 

appeared to make more effective use of the information provided by gaze, particularly 

when dealing with cases that differed from their usual experience. This finding indicates 

that prior knowledge of the domain may influence how gaze-based guidance is used, 

especially in situations requiring adaptation to new working conditions, as discussed in 

relation to adaptive expertise (Hatano & Inagaki, 1986; Taya et al., 2013). At the same 

time, previous studies have shown that the transfer of skills to new contexts can be 

limited by cognitive biases developed through experience, which can restrict flexibility 

despite high levels of skill (Feltovich et al., 1997; Gegenfurtner & Seppänen, 2013). 

From this perspective, gaze-based interventions can support not only initial learning but 

also aspects of adaptive skills, helping experts to adjust established routines when faced 

with unfamiliar visual demands (Hatano & Inagaki, 1986). 

Benefits have also been observed in school settings, where EMMEs have 

facilitated integrative processing of text and images, particularly for students with lower 

prior levels of expertise (Mason et al., 2016). These findings support the idea that an 

expert's gaze can serve as an implicit attention signal, guiding novices toward 

diagnostically relevant information and supporting cognitive and metacognitive 

processing.  

Still, evidence for skill transfer through gaze-based training isn't consistent. 

Studies looking at procedural problem-solving tasks, such geometry problems, have 

reported limited or inconsistent benefits from EMMEs (van Marlen et al., 2016). In fact, 

earlier research suggests that gaze-based modeling is more effective in non-procedural 

tasks that rely on visual inspection and classification (Jarodzka et al., 2012; Jarodzka et 

al., 2013). That is, for most procedural problem-solving tasks, the individual has to 

actively manipulate elements displayed on the screen (e.g., making calculations, 

selecting options, or moving objects). In line with the skill reversal effect, additional 

gaze information may impose unnecessary cognitive demands on more skilled students, 

potentially reducing its educational value (Kalyuga et al., 2003; Kalyuga, 2007). 

Overall, these results indicate that gaze-based training should not be considered a 

universally effective teaching tool. Rather, its impact seems to depend on several 
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interacting factors, including task complexity, the nature of visual information, the way 

visual stimuli are presented, and students' prior knowledge and skills.  

Based on the included studies, what emerges is that the nature of 

domain-specific expertise is not merely reflected in faster or more accurate 

performance, but also in the way visual attention is organized, distributed, and 

anticipated during task performance. At the same time, evidence for the effectiveness of 

transferring these visual strategies through gaze-based training remains mixed and 

context-dependent.  

2.5.1 Limitations and Implications 

This work is subject to several limitations. First, the number of empirical studies 

directly addressing skill transfer through gaze-based interventions remains small, and 

methodological heterogeneity limits direct comparison between studies. In addition, 

because of the variability of the keywords used in the literature on this topic, we might 

have missed relevant papers. Second, eye tracking technology only captures overt visual 

attention (i.e., foveal gaze behavior, whereas visual attention in real-world activities also 

relies on covert mechanisms). Research has shown that attention can be allocated to 

peripheral or unfixed regions of the visual field, allowing individuals to process 

information without corresponding eye movements (Treisman & Gelade, 1980; 

Liversedge & Findlay, 2000). Consequently, eye tracking data may not fully reflect how 

visual information is interpreted, particularly in complex and dynamic environments 

where overt and covert attention mechanisms interact (Brunyé et al., 2019). This 

limitation implies that gaze measurements should be interpreted as partial indicators of 

visual cognition rather than direct proxies of attentional processing. A further limitation 

concerns the restricted set of potential moderators examined in the studies analyzed. 

Only a limited number of factors influencing the effectiveness of gaze-based 

interventions have been addressed systematically, leaving open some questions 

regarding the interaction between visual and verbal cues in examples of eye movement 

modeling and the variation of these effects between procedural and non-procedural 

tasks. Consequently, practitioners and educators should exercise caution when applying 

expert gaze models in educational settings and carefully consider task characteristics 

and student profiles.  
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Despite these limitations, the present review brings together existing evidence 

on expertise-related gaze behavior and on the use of gaze-based approaches in training, 

offering a consolidated view of a still fragmented literature. At the same time, it makes 

clear that several questions remain open, particularly concerning when gaze-based 

training is effective and for whom. Future work should therefore move beyond simple 

expert-novice comparisons and focus on how gaze behavior changes during learning, 

how it combines with other forms of instruction, and how it operates in more realistic 

task settings. Addressing these issues will likely require longitudinal studies and tasks 

with higher ecological validity in order to assess whether gaze-based interventions lead 

to learning effects that are stable and transferable. 

2.6 Conclusion 

The present work examined expertise-related differences in gaze behavior and the 

potential transfer of visual strategies through gaze-based training. The results suggest 

that, across studies and domains, expertise was linked to how visual attention was 

organized, monitored, or anticipated during task execution rather than in performance 

outcomes alone (such as reaction times or accuracy). Gaze-based training interventions 

were shown to influence the allocation of attention and, in some cases, task 

performance, particularly under demanding task conditions. However, their 

effectiveness varied across tasks and domains and appeared to depend on prior 

knowledge, and task demands.  
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Abstract  
 

Human decisions are accompanied by internal confidence judgments about the 

likelihood of being correct. These judgments are not always well-calibrated. 

Miscalibration occurs when there is a discrepancy between self-reported confidence 

regarding the correctness of performance and the objective performance. As a result, 

cognitive bias such as overconfidence can emerge, shaping how individuals perceive 

and behave. Traffic represents a distinctive decision environment, in which individuals 

have to constantly monitor and interpret changing perceptual information. Although 

overconfidence has been linked to unsafe driving, prior research conceptualizes 

confidence through self-report questionnaires and group-based analyses. Using 

performance-based measures, the present study aims to capture confidence as a 

continuous variable, investigating whether this bias can impact both the hazard 

perception performance and subjective experience of risk. Sixty-five participants 

completed a novel adaptation of the Hazard Perception Task (HPT), which integrated 

trial-by-trial confidence judgments and risk estimation of driving scenarios, alongside 

scores from the Hazard Perception Questionnaire (HPQ) and the Environmental 

Sensitivity (HSP scale). Results showed that overconfidence significantly reduced 

hazard perception accuracy, whereas reaction times to hazard and risk estimation were 

unaffected. Response accuracy declined also during nighttime in safe scenarios but 

remained high in hazardous trials. Subjective risk estimation was driven by the presence 

of hazards and lightning conditions. Environmental Sensitivity (HSP scale) showed a 

significant positive correlation with risk estimation. No relationship emerged between 

overconfidence and driving experience. Understanding how confidence judgments and 

individual differences operate in this high-risk context is therefore critical for safety.
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3.1 Introduction 

Metacognition, or "thinking about thinking", is a higher-level cognitive process that 

involves regulating and assessing one's mental operations, which is essential for 

self-regulation and learning (Rhodes, 2019; Norman et al., 2019; Efklides & Misailidi, 

2010a; Efklides & Misailidi, 2010b). Confidence judgments, a key aspect of 

metacognition, refer to the ability to assess the quality of one's performance (Metcalfe 

& Shimamura, 1994). This mechanism enables the evaluation of the correctness of one's 

own decisions and actions (Kepecs et al., 2012; Yeung & Summerfield, 2012; Fetsch et 

al., 2014). These judgments are not always accurate, and their miscalibration can lead to 

cognitive biases (Horrey et al., 2015). A relevant bias is overconfidence, which is 

commonly characterized by three distinct manifestations. Overestimation reflects the 

belief that one’s abilities or success probability exceed objective measures. 

Overplacement, or the Above-Average Effect, refers to individuals that see themselves 

as more skilled than peers, and overprecision, an excessive confidence in the accuracy 

of one’s beliefs (for a comprehensive review, see Moore & Healy, 2008).  

​ Research demonstrates that confidence in a decision can increase with the 

accumulation of evidence supporting that decision, together with the decrease of 

evidence for an alternative one (Yeung & Summerfield, 2012; Kiani et al., 2014; 

Murphy et al., 2015), and overconfidence often linked to confirmation bias. 

Metacognitive calibration (e.g. the ability to properly judge one’s decision or task 

performance; Horrey et al., 2015) improves when individuals consider disconfirming 

evidence (Koriat et al., 1980). These findings are well-supported in laboratory settings 

(Kiani et al., 2014; Chua & Solinger, 2015; Handel et al., 2020; Brus et al., 2021; for a 

review see Fleming, 2024). Confidence judgments are crucial in real-life settings, where 

sequential decisions must be made without immediate feedback (Fetsch et al., 2014). 

Within this context, overconfidence has serious implications in various professional 

fields, such as clinical judgment (Croskerry & Norman, 2008), investment decisions 

(Kumar & Prince, 2023), driving safety (Wohleber & Matthews, 2016), finance and 

trading (Chuang & Lee, 2006; Baker & Wurgler, 2013).  
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The mobility domain is a complex adaptive system in which human decisions 

occur in the presence of considerable dynamism and variability (Groeger, 2013). 

Individuals have to rapidly process, interpret and adapt their decision to changing 

conditions in real time (Hills, 1980; Warren, 2006; Owsley & McGwin, 2010), and 

simultaneously they need to evaluate their performance while maintaining a calibrated 

judgment of correctness of one's own actions (Horrey et al., 2015). Based on Deery’s 

model (1999), young drivers are inclined to overestimate their driving abilities, while 

underestimating their risk of crash involvement. This tendency can lead individuals to 

believe they are less likely to experience negative outcomes than others (Matthews & 

Moran, 1986; Gregersen, 1996; Deery, 1999; Sümer et al., 2006; McKenna & Horswill, 

2006). According to Horrey and colleagues (2015), overestimation reflects poor 

calibration, in which perceived and actual ability or performance diverge. In high-risk 

environments such as traffic, this miscalibration contributes to safety concerns by 

promoting increased risk-taking behaviors (Horrey et al., 2015), biased 

decision-making, and a distorted belief in one's capacity to control driving impairments, 

such as fatigue and distraction (Svenson, 1981; Matthews & Moran, 1986; Horswill & 

McKenna, 1999; Deery, 1999; Wohleber & Matthews, 2016).  

This manuscript primarily aims to investigate the relationship between 

confidence bias and perception in driving. A performance-based approach was adopted 

to explore whether this bias affects both hazard perception and the subjective experience 

of risk. To this end, we developed a novel adaptation of the video-based Hazard 

Perception Task (HPT), integrating trial-by-trial confidence judgments and subjective 

risk estimation of road scenarios. Also, it investigates how individual differences in 

Environmental Sensitivity relate to subjective risk estimation of potential threat in 

driving, and finally examines the relationship between overconfidence and driving 

experience. 

3.1.1 The role of Confidence in Hazard Perception 

Driving involves a three-stage cognitive process: perceiving driving-related 

information, decision-making, and vehicle control actions (Groeger, 2013). Hazard 

Perception Skill (HPS) represents a critical component of the perception stage (Cao et 

al., 2022). In line with the definition proposed by Crundall and colleagues (2003), 
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Hazard Perception Skill is defined as the “driver’s ability to detect and respond in time 

and appropriately to potentially dangerous events on the road” (Ābele et al., 2018). HPS 

is typically assessed through behavioral task, where participants observe dynamic traffic 

scenes from driver-perspective, and a response to the hazard is requested (e.g. Wetton et 

al., 2011; Zeuwts et al., 2017; Sun et al., 2021; Crundall et al., 2021). The behavioral 

measures include reaction time to hazards, response accuracy in detecting road hazards, 

and eye movements (for review, see Moran et al., 2019; Cao et al., 2022). Poor HPS is 

associated with increased rates of crash involvement and unsafe driving behavior 

(McKnight & McKnight, 2003; Horswill & McKenna, 2004; Fisher et al., 2006; 

Pollatsek et al., 2006; Cheng et al., 2011; Horswill et al., 2015). Hazard perception 

ability can be affected by several cognitive variables (Cao et al., 2022), as well as 

environmental factors such as nighttime visibility and weather conditions (Garay et al., 

2004; Konstantopoulos et al., 2010; Asadamraji et al., 2019; Evans et al., 2020; Wang et 

al., 2025). Among human factors influencing this ability, driving experience has 

emerged as the most extensively studied variable (Sagberg & Bjørnskau, 2006; Scialfa 

et al., 2012; Crundall et al., 2012; Bonfiglio et al., 2014; Vlakveld, 2014; Crundall, 

2016), with the role of (self-reported) confidence and its miscalibration (relative to 

performance outcomes) seldom being investigated. 

Literature regarding the consistency between subjectively and objectively 

measured hazard perception abilities has yielded mixed findings (Farrand and 

McKenna, 2001; Martinussen et al., 2017; Ābele et al., 2018). For instance, Farrand and 

McKenna (2001) found no association between self-reported questionnaires and 

behavioral performance, suggesting an independence between questionnaire and 

response latency measure. In contrast, Ābele and colleagues (2018) reported that young 

drivers who responded in time to visible hazards also scored higher on both subjective 

self-assessments and objective measures of HPS. Recent research has further 

investigated whether confidence-related bias may directly influence hazard perception 

performance (Sun et al., 2024; Hu et al., 2025). Sun and colleagues (2024), using a 

static-image paradigm of the hazard perception test, showed that overconfident drivers 

exhibit slower response times compared to controls. Nonetheless, static images provide 

a less ecologically valid representation of real-world driving. Addressing the limitations 

of this previous research, Hu, Sun, and Cheng (2025) used dynamic video stimuli and 
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classified drivers into several confidence groups (rather than using a binary 

classification adopted by Sun and colleagues, 2024), based on their self-rated scores on 

the Hazard Perception Questionnaire (HPQ; White et al. 2011). Their results showed 

that underconfident drivers reported longer response times than both moderately and 

very confident drivers. It follows that both over- and under- confidence can impair 

hazard perception, highlighting the influence of confidence bias. Since previous studies 

primarily define confidence through self-reported questionnaires, the direct comparison 

between the ability to judge the correctness of one’s task performance and the actual 

performance outcomes remain overlooked. Addressing this gap, this study proposes a 

performance-based approach investigating the role of confidence bias, defined as a 

continuous variable, in shaping both hazard perception accuracy and subjective risk 

evaluation of road scenarios.  

3.1.2 Individual differences in Environmental Sensitivity 

Individuals' responses may be shaped by their sensitivity to surrounding factors, with 

some individuals being more or less reactive to the same environmental conditions 

(Belsky & Pluess, 2009; Aron et al., 2012; Pluess, 2015). This manuscript took into 

consideration the role of Environmental Sensitivity, an individual trait that embodies 

genetic, neurophysiological, and behavioral differences in how people perceive and 

respond to stimuli (Pluess, 2015). Its theoretical foundation is grounded in three 

conceptual frameworks, comprising Aron and Aron's sensory processing sensitivity 

(1997), Belsky's differential susceptibility model (1997, 2009), and the biological 

sensitivity to context theory (Boyce & Ellis, 2005; Ellis et al., 2011). Recently, it has 

been conceptualized as an adaptive trait that allows individuals to respond to both 

negative and positive environmental conditions, serving as the foundation for human 

adaptability and neuroplasticity (Pluess et al., 2018). This evolution is reflected in the 

measurement of this trait, from the original Highly Sensitive Person scale (HSP, Aron & 

Aron, 1997) to more recent adaptation (Pluess et al., 2023). Although the original scale 

covers broad domains, it has been linked to heightened perceptual awareness and 

responsiveness to threats. As evidenced by findings from Rubaltelli and colleagues 

(2018), higher HSP scores predicted greater risk perception and a stronger 

psychophysiological response to threatening visual stimuli. To the best of our 
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knowledge, its relationship with subjective risk estimation of potential road hazard has 

yet to be explored. 

3.1.3 Overconfidence and Driving Experience 

Overconfidence and driving experience could demonstrate an association, though 

directionality remains exploratory due to conflicting evidence in prior research. On the 

one hand, according to the zero-risk theory (Näätänen & Summala, 1974), as drivers 

develop greater proficiency, the more they adapt to risks on the road. This exaggerated 

sense of control and overconfidence in one's abilities represent a significant risk factor 

for traffic safety, as it reduces the driver’s risk perception (Summala, 1988). Other 

studies have further corroborated that driver’s experience is positively correlated with 

increased confidence in their driving skills and negatively associated with safety 

concerns (Lajunen & Summala, 1995). On the other hand, Deery (1999) theorizes his 

model by emphasizing how young novice drivers often overestimate their driving 

abilities while underestimating the risks associated with hazardous situations. This 

overconfidence may be a key factor contributing to their higher involvement in 

accidents compared to experienced drivers. 

3.1.4 The current study 

By considering confidence bias as a continuous predictor, this study attempts to 

examine its impact on hazard perception accuracy and subjective risk estimation, 

accounting for environmental factors (i.e. lighting conditions and hazard presence). It 

also takes into account individual differences, such as Environmental Sensitivity and 

driving experience. Based on the background discussed above, the following research 

aims are addressed.  

(1)​We examine the role of confidence bias, lighting conditions (daytime, 

nighttime), and hazard presence (hazard, safe) on hazard perception 

performance, specifically on response accuracy (RQ1a) and reaction times 

(RQ1b).  

(2)​We further evaluate how these same factors influence subjective risk estimation 

for potential traffic hazards (RQ2a), and explore if Environmental Sensitivity 
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(HSP-12, Pluess et al., 2023) relates with individual differences in rating risk 

(RQ2b). 

(3)​Finally, we examine the association between overconfidence and driving 

experience (RQ3). 

3.2 Method 

3.2.1 Participants 

Sixty-five participants took part in the experiment (32 female, 1 non-binary and 32 

male; age range 20-35 years, M = 26.31 years, SD = 4.33 years). They obtained a car 

driver's license from 1-17 years (M = 7.32 years; SD = 4.21 years) and were student 

volunteers from the D'Annunzio University of Chieti-Pescara. 

3.2.2 Materials  

Self-Report Questionnaires 

​ Socio-demographic information (including age, gender, level of education) and 

driving experience were collected via questionnaire. Driving experience refers to 

self-reported measures of road exposure, including years since obtaining a license, 

driving frequency, and annual kilometers driven (see Castro et al., 2020). 

Self-reported hazard perception skill was assessed using the Hazard Perception 

Questionnaire (HPQ-6) (White et al., 2011). Participants were asked to compare their 

ability in hazard perception to those of an average driver (e.g., item 1: "Compared to an 

average driver, how skilled are you at spotting hazards quickly?"). A 7-point Likert 

scale was used, ranging from 1 ("much less") to 7 ("much more"), with a midpoint of 4 

("the same"). In this study, the internal consistency reliability of the Hazard Perception 

Questionnaire was 0.88.  

The 12-item Highly Sensitive Person scale (HSP, Pluess et al., 2023) was used to 

measure the participants’ Environmental Sensitivity. They were asked to indicate their 

level of agreement with 12 items (e.g., Item 2: "Are you easily overwhelmed by things 

like bright lights, strong smells, coarse fabrics, or sirens close by?") on a 7-point Likert 
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scale ranging from 1 ("Not at all") to 7 ("Extremely"). The internal consistency 

reliability of the Highly Sensitive Person Scale was 0.83. 

Video-based Hazard Perception Task (HPT) 

The video-based Hazard Perception Task (Wetton et al., 2011) was programmed in 

E-Prime 3 (Psychology Software Tools, 2017; https://pstnet.com/products/e-prime/), 

and contained 80 video clips selected from the Road Hazard Stimuli dataset (for details 

see Song et al., 2024). Each video showed a road scenario filmed using front-facing 

dashcams. The inclusion criteria for the videos required: an average duration of 

approximately 8 seconds (M = 7.78 s; SD = 1.25), adherence to right-hand traffic 

conventions (in line with Italian driving regulations), visual stability of the dashcam, 

absence of distracting text overlays, and a resolution of 1280 × 720 pixels (30 frames 

per second). Videos were selected, such that half depicted a hazardous event and half 

did not, balanced for daytime and nighttime conditions. Hazards include pedestrians, 

vehicles, animals, and obstacles in a range of environments (e.g., city streets, 

highways), weather (e.g., sunny, rainy, or snowy), and lighting conditions (daytime or 

nighttime). The clips were presented in random order. The videos have been used and 

validated in previous studies (Song & Wolfe, 2024; Guidi et al., 2024). Detailed 

categorical and temporal information on the Hazard Perception Task stimuli is provided 

in Supplementary Materials (Table A2). 

Before starting the task, the following definition of hazard was given, as “any 

object, situation, occurrence or combination of these that introduce the possibility of the 

individual road user experiencing harm should be included […]. Harm may include 

damage to one’s vehicle, injury to oneself, damage to another’s property, or injury to 

another person" (Haworth et al. 2000, p. 3; Borowsky et al., 2010). During the task, 

participants observed driving scenes recorded from a driver’s perspective, imagining 

themselves as actors in the clips. They were instructed to press the spacebar only when 

they identified an hazardous situation that required action to avoid a crash (response), 

and to withhold responding otherwise. The video would stop in case of responding, and 

therefore were requested to respond only once to the hazard they identified.  
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Response outcomes (whether participants pressed the spacebar or not) and 

Response Times to hazard (defined as the moment at which the spacebar was pressed to 

respond) were recorded for each trial of the Hazard Perception Task.  

After each video, participants provided trial-by-trial confidence judgments and 

subjective risk estimation (for details, see the following  two sections). An example of a 

trial from this novel adaptation of the Hazard Perception Task is shown in Figure 3.1. 

Driver’s Confidence Judgment Test 

In this study, the driver’s confidence judgment measure consisted of one question after 

each video trial of the Hazard Perception Task (HPT). Specifically, participants 

self-reported the confidence in their perceptual performance accuracy, by answering the 

question: “How confident are you that your decision [to press or not the spacebar] is 

correct? Please give a rate on a scale from 1 to 7”.  

Subjective Risk Estimation Test 

Subjective risk estimation, designed to evaluate the perceived level of danger in each 

road scenario, was assessed immediately after each video trial of the Hazard Perception 

Task (HPT). Participants were prompted to answer the question: "How dangerous does 

this situation seem to you?" by selecting a response on a 7-point Likert scale ranging 

from 1 ("Not hazardous at all") to 7 ("Very hazardous") (see Castro et al., 2020). This 

measure is consistent with the definition of risk perception, as “a subjective judgment 

that categorizes an upcoming event as potentially dangerous” (Knuth et al., 2014).  
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Figure 3.1 Example of a single trial of the task. The timeline shows: the initial mask 

slide (duration 350 ms), followed by a road traffic video clip (approximately 8 seconds) 

during which participants could respond or not; after each video, they provided 

trial-by-trial rating of confidence judgment and subjective risk estimation on a scale 

from 1 to 7. 

Balloon Analogue Risk Task (BART) 

BART was used as a control variable to eliminate the effects of risk-taking behavior 

(Lejuez et al., 2002). Participants inflated a virtual computer-based balloon for earning 

points, with a random bursting threshold. They could stop inflating at any time to secure 

accumulated points. The task included one practice trial and ten critical trials. Risk 

tolerance was calculated as the percentage of burst balloons, which suggests risk-taking 

behavior. Higher percentages reflected a greater willingness to take risks, offering 

insights into individual differences in decision-making under uncertainty. 

3.2.3 Experimental Design  

A 2 (hazard presence: hazard, safe) x 2 (lighting conditions: daytime, nighttime) within 

subject factorial design was used, including confidence bias as a continuous between 

subject variable. The dependent variables were: (1) Response accuracy (binary 
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outcome) in the HPT, (2) Reaction Times to hazard during the HPT, (3) Subjective risk 

estimation (Likert scale). 

3.2.4 Procedure 

Upon arriving at the laboratory, participants received information about the experiment 

and signed an informed consent form. They completed three questionnaires: (1) 

demographic and driving experience; (2) HPQ-6; and (3) HSP-12. Then, participants 

were instructed to sit 80 cm from the screen of a 15.6'' HP Windows laptop, where the 

experimenter provided instructions for the behavioral tasks. E-Prime 3 software 

(https://pstnet.com/products/e-prime/) was used to present the written instructions and 

record participants' behavioral responses. First, participants performed the Balloon 

Analog Risk Task (BART). Next, the instructions about how to proceed during the 

video-based Hazard Perception Task (HPT) and how to rate each trial in terms of 

confidence judgment and subjective risk estimation were given. Questionnaires were 

administered before the Video-based Hazard Perception Task to limit possible response 

bias created by driving scenarios (see Abele et al., 2018). The entire experiment lasted 

approximately 35 minutes. 

3.2.5 Data Analysis 

Hazard Perception Task (HPT) 

A total of 27 trials were removed due to a wrong keyboard case pressed during the task. 

Response accuracy was scored binary, marking the response as “correct” in the case of 

hazard identification (in the hazard videos) and omission of response (in the safe 

videos); misses and false alarms were marked as “incorrect”. For the hazard videos, 

Reaction Times (RTs) were calculated as the difference between the participant’s 

response time and the hazard onset time. The hazard onset time, as defined and 

pre-annotated in the Road Hazard Stimuli dataset (Song et al., 2024), refers to the first 

visible deviation point from the normal state at which it could be detected. It varied 

randomly across videos. A positive difference between the participant's response time 

and hazard onset indicates a delayed response, a negative difference reflects anticipation 

of the hazard, and finally, a value of zero indicates a response coinciding with the 

hazard appearance.  
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Generalized linear mixed-effects models (GLMMs) and Linear Mixed Models 

(LMMs) were used to investigate the effects of hazard presence (hazard vs. safe), 

lighting condition (daytime vs. nighttime), and confidence bias on the dependent 

variables (response accuracy, RTs, subjective risk estimation). Response accuracy was 

examined using a GLMM with a binomial distribution and logit link function, whereas 

RTs (on hazard trials only) and subjective risk estimation were analyzed using LMMs. 

Random intercepts were included to account for between-participant variability. 

Confidence bias was treated as a continuous predictor. For response accuracy (binomial 

outcome), model based predicted probabilities were estimated on the response scale, 

and findings are reported as percentage-point (pp) differences relative to a baseline 

condition defined as safe daytime trials with confidence bias fixed at its sample mean. 

For RTs and subjective risk estimation, effects are reported as differences in estimated 

marginal means. 

Confidence Bias 

Confidence bias was determined as the deviation between participants’ (self-reported) 

confidence judgments regarding the correctness of one’s task performance and their 

(objective) performance in the Hazard Perception Task. Adopting the method proposed 

by Sun and colleagues (2024), this measure was calculated, for each participant, as the 

difference between the percentage of confidence judgments and the percentage of 

response accuracy. A difference of zero indicates perfect calibration (i.e., the ability to 

correctly judge one’s task performance), while positive values reflect overconfidence. 

For descriptive analyses, the sample (N = 65) was classified into two groups: 

twenty-nine overconfident individuals (44.6%; positive deviation), and thirty-six not 

overconfident (55.4%; zero or negative deviation). In the main analysis, confidence bias 

was included as a continuous predictor. Formulas used to compute hazard perception 

accuracy, confidence judgments, confidence bias, and group classification are provided 

in the Supplementary Materials (A5). 

Driving Experience  

Based on the criteria established by Castro and colleagues (2020), the sample was 

classified according to the driving experience. Twenty-six were considered experienced 
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drivers (40%), as they had held a car driver's license for more than three years, drove at 

least twice a week, and covered more than 10,000 km per year. The remaining 

thirty-nine participants (60%), who did not meet these criteria, were categorized as 

novices. A Chi-square test of independence was performed to explore the association 

between confidence bias-based groups (overconfident vs. not overconfident) and driving 

experience-based groups (novice vs. experienced drivers). 

 

Availability of data and materials 

The datasets and materials used and/or analyzed during the current study are available 

on the Open Science Framework (OSF) at  

https://osf.io/jb72y/?view_only=2728ddd1a9ce457b87790de7026e99ee, ensuring 

adherence to data transparency practices. 

 

Code availability 

The code utilized for the analysis in this study is available on the Open Science 

Framework (OSF) at 

https://osf.io/jb72y/?view_only=2728ddd1a9ce457b87790de7026e99ee, ensuring 

adherence to data transparency practices. 

 

3.3 Results  

3.3.1 Descriptive statistics  

Table 3.1 shows the descriptive analysis of the total sample (N = 65) divided in two 

confidence bias-based groups. It includes demographic data (age and driving years), 

mean scores on the HPQ-6 questionnaires and HPS-12 scale, mean percentage of 

self-reported confidence judgments and mean percentage of exploded balloons in the 

BART. 
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 Overconfident Group Not Overconfident Group 

 N = 29 N = 36 

 Mean (SD) % Mean (SD) % 

Age 26.29 (4.37)  26.32 (4.35)  

Driving Years 7.45 (4.14)  7.21 (4.34)  

HPQ-6 5.28 (0.83)  4.96 (0.87)  

HSP-12 4.43 (1.10)  4.66 (0.79)  

Confidence Judgments  95.26  86.57 

BART 
(burst balloons) 

 23.87  27.94 

Table 3.1 Comparison of descriptive statistics between groups. 

 

3.3.2 Behavioral data analysis 

Table 3.2 summarizes the results of the (G)LMM analyses. The main text only discusses 

the main significant effects. Full fixed-effects estimates are provided in the 

Supplementary Materials (Table B1, B2, B3). 

Response Accuracy: Confidence bias showed a significant effect on accuracy 

(β = -0.04, SE = 0.01, t = -4.48, p <.001), with positive values of confidence bias (i.e., 

participants whose subjective confidence judgments exceeded their actual performance, 

deviation > 0) associated with a lower probability of a correct response. Also, as 

illustrated in Figure 3.2A, a significant hazard presence x lighting conditions interaction 

emerged (p <.001). The baseline performance, defined as predicted accuracy in safe 

daytime trials with confidence bias fixed at its mean value, was estimated at 96.4%. 

During daytime, accuracy was slightly lower in hazardous scenarios compared to safe 

ones (-1.8 percentage points, p = .024). In contrast, during nighttime conditions hazard 

trials were associated with higher accuracy than safe trials (+8.9 percentage points, p < 

.001). In safe trials, accuracy decreased at night relative to daytime (-9.7 percentage 

points, p < .001), but no significant day-night difference was observed in hazardous 
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trials (p = .21). No interactions involving confidence bias reached statistical 

significance.  

Reaction Times (RTs): A significant main effect of lighting conditions was 

found  (β = -98.82, SE = 17.41, t = -5.67, p < .001). Estimated marginal means 

confirmed slower responses during nighttime scenarios (M = 934.8 ms, 95% CI [841.6, 

1028.0]), compared to daytime  (M = 737.1 ms, 95% CI [643.8, 830.5]). Confidence 

bias did not show a significant effect  on RTs (p = .45). 

Subjective Risk Estimation: A significant hazard presence x lighting 

conditions interaction emerged (p <.001; Figure 3.2B), suggesting that the effect of 

hazard presence on risk ratings differed between daytime and nighttime. In the baseline 

condition (safe daytime trials), the estimated marginal mean risk score was 1.74 (Likert) 

points (95% CI [1.58, 1.89]). Relative to this baseline, subjective risk estimation was 

higher in hazardous scenarios presented during daytime (+3.79, p < .001). Safe 

scenarios during nighttime showed a smaller but significant increase in rating risk 

(+0.63,  p < .001). Hazardous nighttime scenarios were associated with the largest 

increase in rating risk relative to the baseline (+3.82, p < .001). Confidence bias did not 

exhibit a significant main effect on subjective risk estimation (p = .68). Although the 

interaction between confidence bias and hazard presence reached statistical significance 

(p < .001), conditional slopes analysis showed no reliable association between 

confidence bias and risk estimation in either hazardous trials (slope = 0.009, 95% CI 

[-0.010, 0.029]) or safe ones (slope = -0.0017, 95% CI [-0.037, 0.002]). No interaction 

between confidence bias and lighting condition emerged (p = .86). 
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Figure 3.2. Model-based estimates from mixed effects model as a function of hazard 

presence and lighting conditions (95% CIs). Panels show: (A) predicted accuracy from 

the generalized linear mixed-effects model (GLMM), and (B) estimated marginal means 

of risk ratings from the linear mixed-effects model (LMM). 
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 Accuracy (pp) RTs (ms) Risk Estimation 
(Likert point) 

Confidence bias ↓ *** ns ns 

Nighttime (Safe 
trials) 

- 9.7*** — +0.63*** 

Nighttime (Hazard 
trials) 

— +197.7*** — 

Hazard (Daytime) - 1.8* — +3.79*** 

Hazard (Nighttime) +8.9*** — +3.82*** 

 

Table 3.2 Model based effects relative to the safe-daytime baseline (except for 

confidence bias, which reflects the main effect of the continuous predictor). Findings 

are reported as percentage point (pp) difference for accuracy, milliseconds for RTs, and 

(Likert) point differences for subjective risk estimation. Significance: *: p < .05; **: p < 

.01; ***: p < .001. Dashes (—) indicate effects not estimated. Downward arrow (↓) 

indicates a negative effect. 

 

Environmental Sensitivity and Subjective Risk Estimation: Pearson's 

correlation analysis revealed a significant positive correlation (r = 0.028, p = 0.047, 

95% CI [0.000, 0.055]) between the score on Highly Sensitive Person scale (HSP; 

Pluess et al., 2023) and risk ratings in driving scenarios.  

Overconfidence and Driving Experience: Chi-Squared test of independence 

revealed a statistically non-significant association between these variables, χ²(1, 65) = 

0.508, p = 0.47, indicating that in our sample the distribution of overconfidence does 

not significantly differ based on driving expertise. 
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3.4 Discussion 

The present study explored how confidence bias and environmental factors influence 

perception in driving, with regard to both subjective experience of risk and performance 

in a video-based Hazard Perception Task (HPT). First, a key contribution of this work is 

conceptualizing confidence bias as the difference between self-reported ratings of their 

task accuracy versus their objective task accuracy on each trial of HPT. Unlike previous 

studies, which relied primarily on self-report questionnaires representing an off-line 

global self-monitoring of driving abilities (Farrand & McKenna, 2001; Martinussen et 

al., 2017; Ābele et al., 2018; Händel et al., 2020; Hu et al., 2025), this work captures 

on-line trial-by-trial confidence judgments on correctness of one's own performance 

(Saraç & Karakelle, 2012). Second, by treating confidence bias as a continuous variable, 

it advances previous group-based studies (Sun et al., 2024; Hu et al., 2025), allowing us 

to gather individual variability. 

Task-level analysis of hazard perception performance showed that confidence 

bias was a significant predictor of response accuracy. Overconfident participants were 

associated with a lower probability of correct response in identifying hazards. This 

pattern supports the theoretical view that judgment miscalibration (Moore & Healy, 

2008; Horrey et al., 2015) may undermine hazard identification in dynamic traffic 

environments. The effect of confidence bias on reaction times to road hazards was not 

observed, differing from previous studies based on confidence groups (Sun et al., 2024; 

Hu et al., 2025). This discrepancy likely reflects methodological differences in how 

overconfidence was operationalised across studies. Future work may benefit directly 

comparing questionnaire- and performance-based measures of confidence, along with 

continuous- and group-based approaches, within the same experimental paradigm. 

Beyond overconfidence, environmental factors significantly shaped hazard perception 

performance. As expected based on previous studies (Garay et al., 2004; 

Konstantopoulos et al., 2010; Asadamraji et al., 2019; Wang et al., 2025), performance 

was affected by both hazard presence and lighting conditions (see Figure 3.2A). 

Nighttime scenarios significantly elicited longer reaction times to hazards compared to 

daytime, which confirms that low luminance can impair visual perception (Wang et al., 
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2025). Accuracy in hazardous trials remained relatively high across lighting conditions, 

while it declined during nighttime in safe trials.  

Subjective risk estimation was primarily determined by the presence of hazard, 

and significantly modulated by lighting conditions (Deery, 1999; Horswill & McKenna, 

2004; see Figure 3.2B). Confidence bias did not affect estimation of the perceived level 

of risk in a driving scenario. It’s important to point out that unlike previous evidence 

linked overconfidence to underestimation of personal crash risk involvement (Matthews 

& Moran, 1986; Gregersen, 1996; Deery, 1999; Sümer et al., 2006; McKenna & 

Horswill, 2006), the present study assessed context-specific risk ratings rather than 

self-referential risk. Within this framework, our findings would suggest that risk ratings 

of traffic scenarios depend more on context than on individual characteristics. Future 

research should further study how people evaluate the riskiness of scenes along with 

their own personal risk, and whether overconfidence affects them.  

Environmental Sensitivity (HSP scale) demonstrated a weak but significant 

correlation with subjective risk estimation of road scenarios. Specifically, individuals 

who scored higher on the Highly Sensitive Person scale (Pluess et al., 2023), tended to 

report slightly greater perceived risk. This finding is consistent with the literature 

suggesting that heightened environmental sensitivity reflects increased responsiveness 

to external cues (Pluess, 2015) and threat awareness (Rubaltelli et al., 2018). Despite the 

small effect size, this finding warrants further investigations. 

In this task, no significant relationship between overconfidence and driving 

experience was found. Notably, our sample did not include professional drivers, limiting 

generalizability to more advanced proficiency. Theoretical perspectives remain divided, 

with some suggesting greater experience increases overconfidence and reduces risk 

perception (Näätänen & Summala, 1974; Lajunen & Summala, 1995), while others 

highlight overconfidence in novice drivers (Deery, 1999). The lack of significance 

highlights the need for further research, including studies on professional drivers, to 

better understand how experience influences overconfidence.  
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3.4.1 Limitations and Implications 

The present research has some limitations. First, the absence of differentiation between 

latent and immediate hazards in the video stimuli used. Our definition of hazards did not 

account for latent hazards, which could have limited the generalizability of findings to 

scenarios involving less obvious dangers (Song et al., 2024). Second, hazards occurred 

in 50% of the stimulus set, which does not reflect the probabilities of occurrence in the 

real world. This manipulation may influence participants' expectations and responses. 

Future studies should address these limitations to improve the design of stimuli in the 

HPT.  

This study has practical applications. Findings indicate that confidence bias can 

impair response accuracy in perceiving hazards in driving scenarios, highlighting the 

key relevance of confidence calibration in potentially real-world driving performance. 

Although Hazard Perception Task is already implemented in driver licensing systems 

across several countries as an early indicator of driving skill (e.g., Crundall et al., 2021; 

Wetton et al., 2011), confidence measurement in judging task performance should be 

integrated into driving tests. Based on studies showing that feedback-based training can 

effectively reduce bias and overconfidence in self-assessments of driving abilities (e.g., 

Horswill et al., 2017), training programs targeting overconfidence could contribute to 

safe driving.  

3.5 Conclusion 

This study reveals insight regarding drivers' hazard perception performance and 

subjective risk estimation based on confidence bias and environmental conditions in a 

video-based hazard perception task. Overconfidence (i.e., positive values of confidence 

bias) was associated with a reduced response accuracy in perceiving hazards, but it did 

not affect reaction times. Also, hazard perception performance and subjective risk 

estimation resulted from the interaction between the presence of hazard and lighting 

conditions. Confidence bias did not influence subjective risk estimation, suggesting that 

risk ratings of traffic scenarios may rely more on environmental cues. A weak positive 

association between Environmental Sensitivity (HSP scale) and subjective risk 

estimation suggests that this trait may amplify responsiveness to potential threats in 
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traffic context. An absent link emerged between overconfidence and driving experience. 

The results suggest that integrating the measurement of confidence in performance 

accuracy into driver training and testing could improve awareness and safety. 
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Abstract 

Hazard perception is a widely used predictor of driving safety, yet perception alone does 

not ensure effective responses in dynamic traffic settings. Effective responses also rely 

on metacognitive judgments for decision making, such as confidence judgments and 

risk estimation. However, it is unknown how they manifest across different mobility 

modes. To investigate confidence, risk estimation and performance across perception 

(Driving Hazard Perception Task) and decision-making (Cycling Decision-Making 

Task) processes, within different mobility modes and environments. Forty-three 

participants completed a Hazard Perception Task and a Decision-Making Task. 

Trial-by-trial confidence and risk estimates were collected, alongside Hazard Perception 

Questionnaire (HPQ-6) scores, Environmental Sensitivity (HSP-12 scale) and 

self-reported general confidence. Confidence judgments showed significant positive 

cross-task correlations (r = .71). Risk estimates correlated significantly positively across 

tasks, particularly in hazardous conditions (r = .45). HPQ scores predicted confidence in 

hazardous trials, but not decision outcomes. Both tasks were also impacted by 

environmental factors. No direct relationship emerged between hazard perception 

accuracy and braking behavior, suggesting that perceptual skill does not fully translate 

to task performance. Confidence and risk estimation exhibit consistent patterns across 

mobility modes, but environmental and task-specific factors can modulate these 

relationships. While hazard perception tasks remain central to driver assessment, the use 

of confidence calibration provides a richer picture of self-monitoring and 

decision-making in traffic. 
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4.1 Introduction 

Traffic safety remains a major societal concern, with human factors contributing to over 

90% of fatal accidents (e.g., European Commission, 2024; Dingus et al., 2016). Part of 

the driving task involves making judgments, for example whether to yield for a 

pedestrian that is about to cross. When these and other judgments are poorly calibrated 

with actual skills and situational demands, drivers may overestimate their ability to 

handle hazards or underestimate the dangers they face (Horrey et al., 2015). 

The calibration of these judgments is central to situational awareness (SA): the 

ability to perceive, understand, and anticipate the state of a dynamic environment 

(Endsley, 2020; Horrey et al., 2015). In traffic, poor SA can impair hazard perception 

and decision-making, reducing anticipation of future events, and increase the likelihood 

of adverse outcomes (Fisher & Strayer, 2014; Horswill, 2016; Endsley, 2020). 

According to Endsley’s (2020) model, SA consists of three levels: perceiving 

environmental elements (Level 1), understanding their meaning (Level 2), and 

projecting their future state (Level 3).  

Hazard perception has been primarily linked to the perceptual stage of SA 

(Level 1), as it requires the detection and encoding of salient environmental cues (e.g., 

Gugliotta et al., 2017; Katrahmani et al., 2017). By contrast, traffic decision-making – 

such as deciding whether to stop or continue cycling when approaching a crossing 

pedestrian – is better understood as a distinct process that closely draws on all three 

levels of SA (e.g., Endsley, 2020; Gugliotta et al., 2017).  

Accurate hazard perception and dynamic decision making may also benefit from 

correctly calibrated metacognitive processes, such as confidence judgments and risk 

estimation. Although confidence judgments have been studied in high-risk domains 

such as aviation and the military (e.g., Sulistyawati & Chui, 2009; Sulistyawati et al., 

2011), and in driving (e.g., Wohleber & Matthews, 2016; Sun et al., 2024; Hu et al., 

2025; Lupia et al., 2025 submitted), the metacognitive consistency across different 

cognitive domains in mobility remain largely underexplored. Moreover, a recent 

meta-review of Hazard Perception Task suggests that while much previous research has 

examined how hazard perception is influenced by expertise, psychological 

98 



CHAPTER IV. Study 2 

 

characteristics, and environmental factors (Cao et al., 2022), less attention has been paid 

to the effect of confidence. This manuscript therefore investigates performance and 

subjective assessment of confidence and risk in two tasks: Hazard Perception (in 

automotive scenarios) and Decision-Making (in cycling scenarios). This allowed us to 

assess how performance and subjective assessment correlate across different tasks and 

settings.  

4.1.1 Perception and Decision Making in Traffic 

Perception plays a fundamental role in traffic behavior (Castro, 2008), especially in 

safety-critical scenarios. Here, drivers need to perceive potential threats, anticipate 

hazards, and regulate their behavior for dynamic situations. The Hazard Perception Task 

is a well-established predictor of driving safety in this regard, with higher ability linked 

to lower crash risk (McKenna & Crick, 1994; Horswill & McKenna, 2004). Here, 

Hazard Perception (HP) refers to the skills or capabilities involved in detecting and 

identifying hazards (Borowsky et al., 2010).  

Various factors including cognitive and psychological factors (e.g., experience, 

fatigue), substance use, and environmental factors (e.g., road type, lighting) influence 

the hazard perception ability (see meta-review by Cao et al., 2022). Important for the 

current study, the metacognitive calibration, can also affect performance on hazard 

perception (Sun et al., 2024; Hu et al., 2025; Lupia et al., 2025 submitted). In research, 

hazard perception has been tested through a variety of experimental paradigms (Cao et 

al., 2022; Moran et al., 2019). The most common approach is to use video-based HP 

tasks, in which participants respond when they perceive a developing hazard that 

requires immediate action (Wetton et al., 2011; Zeuwts et al., 2017; Sun et al., 2021; 

Crundall et al., 2021).  

Beyond the ability to perceive hazards, safe driving also depends on how these 

perceptual inputs are translated into decisions (Zhang et al., 2017). Perceiving risk and 

acting upon it are distinct yet closely related processes, with decision quality strongly 

dependent on perceptual accuracy (Gianfranchi et al., 2021; Zhang et al., 2024). 

However, a gap remains in the literature about the role of metacognitive processes, such 
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as confidence and risk evaluation, in shaping perception and decision-making in 

mobility, especially regarding their consistency across domains. 

4.1.2 The Role of Metacognition in Traffic 

Confidence in decision-making refers to the metacognitive judgment of the probability 

that one’s decision is correct (Fetsch et al., 2014; Kepecs & Mainen, 2012; Yeung & 

Summerfield, 2012). Confidence influences future decisions (Folke et al., 2017) and 

learning from feedback (Fleming & Daw, 2017). Two types of confidence can be 

distinguished: (1) local confidence, tied to a specific decision, and (2) global 

confidence, reflecting aggregated self-assessment over time (Rouault et al., 2019; 

Händel et al., 2020). 

Local confidence generally increases when the evidence supporting a choice is 

stronger, and tends to decrease as response time increases (Kiani et al., 2014; Bontje & 

Zgonnikov, 2024). These effects are robustly demonstrated in simplified, 

non-naturalistic experimental paradigms (e.g. De Martino et al., 2013; Rouault et al., 

2019). Bontje & Zgonnikov (2024) showed that these relationships also hold in more 

naturalistic traffic scenarios, where confidence is additionally shaped by kinematic 

factors such as time and distance gaps. Consistent with findings from lane-change and 

cooperative driving studies, smaller gaps were associated with greater decision 

uncertainty (Yan et al., 2015, 2023; Miller et al., 2022). While these studies did not 

measure confidence judgments directly, their results align with the notion that tighter 

kinematic constraints reduce confidence and increase perceived risk. 

4.1.3 Study Aims and Hypotheses 

Hazard perception (McKenna & Crick, 1994; Horswill & McKenna, 2004) and traffic 

decision-making (Yan et al., 2015, 2023; Bontje & Zgonnikov, 2024; Bontje et al., 

2025, submitted) have been studied, yet their relationship remains unclear. In particular, 

little is known about how confidence and risk estimation vary and interrelate across 

different mobility modes and environmental conditions. To address this gap, a Driving 

Hazard Perception Task (Lupia et al., 2025 submitted) is combined with a Cycling 

Decision-Making Task (Bontje et al., 2025, submitted). The combination allows the 
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direct assessment and comparison of metacognitive consistency across perception 

(Hazard Perception Task) and decision-making (Decision-Making Task) contexts. 

​ It is hypothesized that there is a significant positive correlation in confidence 

judgments and risk estimation across tasks, reflecting a trait-like component and 

metacognitive consistency. Conversely, if confidence and risk are adjusted to specific 

tasks, no correlation is hypothesized. Moreover, it is hypothesized that general hazard 

perception skill (assessed through a HPQ questionnaire) predicts higher task accuracy 

and better alignment of risks with actual hazards (cf. McKenna & Crick, 1994; Horswill 

& McKenna, 2004). Additionally, it is hypothesized that lower environmental 

sensitivity (Belsky & Pluess, 2009; Pluess, 2015), measured through the Highly 

Sensitive Person Scale (Pluess et al., 2023), will exhibit more stable performance under 

threatening conditions, as higher sensitivity has been linked to stronger stress reactivity 

(Aron et al., 2012; Rubaltelli et al., 2018) and higher risk perception (Lupia et al., 2025, 

submitted). 

​ In the Hazard Perception Task, accuracy is expected to decline under nighttime 

conditions (cf. Asadamraji et al., 2019). In the Decision-Making Task, shorter time-gaps 

and higher pedestrian density are expected to result in more brake decisions and to 

shorter response times (cf. Bontje et al., 2025, submitted). Additionally, it is expected 

that confidence decreases under shorter time-gaps (i.e., TTAs, cf. Bontje & Zgonnikov, 

2024). 

4.2 Method 

4.2.1 Participants 

Forty-three participants took part (30 female; 11 male; 2 non-binary; age range 19-31 

years, M = 23.6 years, SD = 2.7 years; 69.77% Dutch). Participants had a car driver's 

license for 1-12 years (M = 4.60 years; SD = 3.01 years). Utrecht is a cyclist-oriented 

city; accordingly, 65.1% of participants reported cycling almost daily, and all but one 

had learned to ride a bike before the age of nine. This research complied with the 

American Psychological Association Code of Ethics and was approved by the Ethical 

Review Board of the faculty of Social and Behavioral Sciences at Utrecht University 
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(code: 25-0119). Informed consent was obtained from each participant. They were 

compensated with course credit or 10 euro.  

4.2.2 Materials  

Self-Report Questionnaires 

Four questionnaires were used: (1) a demographic questionnaire that also captured 

driving and cycling experience; (2) A standardized Hazard Perception Skill (HPQ-6; 

White et al., 2011) where participants rated their ability to perceive hazards compared to 

the average driver; (3)  The standardized Highly Sensitive Person scale (HSP-12; Pluess 

et al., 2023), which captures self-reported sensitivity to external stimuli (i.e. 

environmental sensitivity); (4) a three-item questionnaire assessing general confidence 

in task performance, confidence in traffic participation, and general self-confidence. 

Details are available in Supplementary Materials (Sections A3, A4). 

Balloon Analogue Risk Task 

The Balloon Analogue Risk Task (BART; Lejuez et al., 2002) was included for 

comparison with another study, but not the main aim of the current paper (see 

Supplementary Materials, B4). 

Hazard Perception Task  

The (Driving) Hazard Perception Task, in E-Prime 3 (Psychology Software Tools, 2016; 

https://pstnet.com/products/e-prime/), was developed by Lupia and colleagues (2025, 

submitted). It consisted of 80 real-world traffic scenes from a first-person driver’s 

perspective from the Road Stimulus Dataset (Song et al., 2024). Half of the videos 

contained a hazardous event and half did not; within each category, half were recorded 

during daytime and half at night. The hazardous scenarios were diverse (e.g., potential 

crashes with other vehicles, pedestrians, animals, and road obstacles), details are 

provided in Supplementary Materials (Section A2). 

​ The task instructions started with a standard definition of a road hazard, used 

by Borowsky and colleagues (2010). Participants were instructed to respond to the 
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presence of a hazard by pressing the spacebar. Each clip terminated immediately upon 

the response, or otherwise at the end of the clip.  

Decision-Making Task 

The (Cycling) Decision-Making Task was developed by Bontje et al. 2025 (submitted), 

of which a subset of stimuli was used. Participants viewed video fragments that 

simulated movement through urban areas from the egocentric perspective of a cyclist. 

The traveling speed of the cyclist was determined by predefined time-to-arrival values. 

Pedestrian density varied between conditions (low/high), with the high-density 

condition containing approximately four times as many pedestrians as the low-density 

condition. Pedestrians moved at 1.4 m/s on average (SD = 0.1 m/s) and walked parallel 

to or waiting alongside the cycling lane. Two city-center locations (Stadhuisplein, 

Janskerkhof; mimicking areas in Utrecht city) and four unique routes (two per location, 

opposing directions) were used.   

​ On each trial, one pedestrian crossed and paused at a location ahead of the 

participant’s position. Participants had to respond to this event as fast as possible: 

Continue cycling (press ‘up’ arrow key) or Stop/Brake (down’ arrow key). After a key 

press, the video terminated.   

Confidence Judgment and Subjective Risk Estimation: Trial-by-Trial Ratings 

In each task, after each trial, participants first rated confidence in task performance (cf. 

Sun et al., 2024) and then perceived risk (cf. Castro et al., 2020).  Figures 4.1 and 4.2 

illustrate a complete trial of the Hazard Perception Task and the Decision-MakingTask.
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Figure 4.1 Sequence of events in a trial of the Hazard Perception Task. 

 

 

Figure 4.2 Sequence of events in a trial of the Decision-Making Task.  
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4.2.3 Design 

Hazard Perception Task  

In the (Driving) Hazard Perception Task, hazard presence (hazardous vs. 

non-hazardous) and lighting conditions (daytime vs. nighttime) were manipulated 

within-subjects (see Figure 4.3 for examples). There were 80 trials (20 trials per 

condition) in a random order.   

 

Figure 4.3 Example frames from the Hazard Perception Task, showing clips containing 

hazards (A, C) and without hazardous events (B, D), presented during daytime (A, B) 

and nighttime (C, D) conditions.  
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Decision-Making Task 

In the (Cycling) Decision-Making Task, pedestrian density (low vs. high) and 

time-to-arrival (TTA; 4 seconds vs. 6 seconds, corresponding to speeds of 13.5 km/h 

and 9 km/h) were manipulated within-subjects. Simulations were made at two video 

locations that had two cycling directions of traveling, resulting in 16 unique videos (2 x 

2 x 2 x 2) (see Figure 4.4 for examples). Each video was shown six times. Trials were 

grouped in two blocks of 48 trials with a five-minute break between blocks. Within each 

block, all 16 unique videos were shown three times in a randomized order with the 

constraint that no two consecutive trials/videos were identical. For counterbalancing 

purposes, for each randomized sequence that was assigned to one participant, another 

participant received the inverse order. 

 

Figure 4.4 Example screenshots from scenarios of the Decision-Making Task in areas 

with high (A, C) and low density (B, D) and representing different environments (A, B at 

the Janskerkhof, and C, D at the Stadhuisplein). 
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4.2.4 Procedure 

Participants received a detailed explanation of the study and could ask questions before 

providing written informed consent. They first completed three questionnaires: (1) 

demographics (2) HPQ-6, and (3) HSP-12 scale. Next, participants completed the 

Balloon Analogue Risk task, followed by the main tasks: the Hazard Perception Task 

and then the Decision-Making Task. Finally, participants again completed the HPQ-6, 

followed by the three general confidence questions. The full session lasted 

approximately one hour. 

4.2.5 (Statistical) Analysis 

Hazard Perception Task 

For the hazard clips, response time is the difference between the moment the participant 

pressed the space button and the annotated hazard onset time (defined by Song et al., 

2024). Trials were excluded if responses (1) were within 0.1 s of hazard onset (8.5 % of 

trials), (2) occurred after the annotated driver response time (i.e., the pre-defined 

moment when an evasive maneuver—such as braking or swerving – was visibly 

initiated in the video, 14 %), (3) had a confidence value outside of the 7-point Likert 

scale options  (i.e., another key on the keyboard was pressed; 0.037 %, i.e. one trial), 

and (4) had a subjective risk value outside of the 7-point Likert scale options (0 %). The 

percentage of valid trials per participant was between 70.0% and 87.5% (M =77.6%; SD 

=4.22%).  

​ Response accuracy was scored binary: hits (i.e., detection of hazard) and 

correct rejections (i.e., no hazard) were marked as ‘correct’; false alarms and misses 

were marked as ‘incorrect’.  

​ Generalized linear mixed-effects models (GLMMs) were used to examine the 

relationships between the dependent variables (accuracy, response time, risk estimation 

judgment, and local confidence judgment) and independent variables (hazard presence, 

time of day [nighttime/daytime], HSP score, HPQ score, previous local confidence 

judgment, general driving confidence, and general life confidence). Random intercepts 

accounted for between-participant variability. The day and the no hazard conditions 
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were defined as the reference categories. Model selection was based on the Bayesian 

Information Criterion (BIC). All analyses were performed in MATLAB R2023a using 

the fitglme function. Results are reported relative to the baseline condition (i.e.: 

non-hazardous, daytime, and all continuous variables = 0).  

Decision-Making Task 

Response time was defined (by Bontje et al., 2025, submitted) relative to the first step 

that the pedestrian made perpendicular to the path of the “cyclist”. The following trials 

were excluded: (1) trials with no response (3.8% of trials), (2) responses made before 

the appearance of the crossing pedestrian (5.0%), (3) responses made after passing the 

crossing pedestrian (0.28%), (4) confidence judgments with values outside of the 

7-point Likert scale options (0 %), and (5) subjective risk estimates with values outside 

the 7-point Likert scale options (0 %). The percentage of valid trials per participant was 

between 54.7% and 100% (M = 91.8% ; SD =10.9%). 

​ The analysis mirrored that used in the hazard perception task. BIC-selected 

generalized linear mixed-effects models (GLMMs) were employed to examine the 

relationships between dependent (decision outcome, response time, risk estimation, 

local confidence judgment) and independent variables (TTA, pedestrian density 

[high/low], HSP score, HPQ score, previous local confidence judgment, general driving 

confidence, and general life confidence). Random intercepts accounted for 

between-participant variability and differences due to location. Results are reported 

relative to the baseline condition (i.e.: high pedestrian density condition, continue 

decision, and all continuous variables = 0). 

Correlation Analyses between Hazard Perception and Decision-Making 

Five sets of correlation analyses were conducted: 

1.​ Accuracy: The correlation between participants’ mean accuracy in the (driving) 

hazard perception task and their mean percentage of braking decisions in the 

(cycling) decision making task.  
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2.​ Risk estimates: Three correlations between mean risk estimates in the two tasks: 

overall, and for hazardous and non-hazardous (driving) trials. 

3.​ Confidence judgments: The correlation between participants’ mean local 

confidence judgments in the two tasks: overall, and for hazardous and 

non-hazardous (driving) trials.   

4.​ Hazard Perception Questionnaire (HPQs): The correlation between HPQs before 

and after the experiment.  

5.​ General confidence: The correlations between participants’ self-reported general 

confidence: in task execution, in driving skills, and  in everyday life. 

​ All materials, including the data and video stimuli used for collection and 

analysis, are available in the OSF repository at 

https://osf.io/gxbpe/overview?view_only=d2e12ef2509e4bc8871d0f75d208c98c  

 

4.3 Results 

4.3.1 Hazard Perception Task  

Table 4.1 summarizes the results of the (G)LMM analysis. The main text only discusses 

the main significant effects. Full model specifications, including non-significant or 

negligible (i.e., a percentage point change smaller than 0.01 or a relative percentage 

change smaller than 0.01%) are provided in Supplementary Material (Section B5-B10). 

​ Overall performance: Participants detected hazards with high accuracy (92%). 

In the baseline (non-hazardous daytime trial, continuous predictors set to zero), 

accuracy was estimated at 100%. Accuracy dropped sharply in hazardous scenarios 

(−59.31 pp, p < .001) and was slightly lower in nighttime scenarios (−0.23 pp, p = 

.021).  

​ Response times: Baseline response time was 0.76 s. Responses were faster in 

nighttime scenarios (−0.09 s, p = .003).  
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​ Risk estimates: Baseline risk score was 3.68 (Likert) points. Risk was higher in 

nighttime scenarios (+0.37 point, p = .030), lower after correct responses (−1.51 point, p 

< .001), and reduced by higher HPQ scores (−0.22 point, p = .048). An interaction effect 

between hazard and accuracy indicated that in hazardous trials, higher accuracy 

predicted higher risk estimates (+3.57 point, p < .001). In hazardous-only trials 

(baseline = 5.53 point), an interaction between nighttime and response time showed that 

faster nighttime scenarios responses predicted lower risk (−0.38 point per second, p = 

.038).  

​ Confidence judgments: Baseline confidence was 2.72 (Likert) point. 

Confidence was higher after correct responses (+3.37 point, p < .001), in nighttime 

scenarios (+1.45 point, p < .001), in hazardous trials (+0.89 point, p = .038), with higher 

subjective risk (+0.48 point, p < .001), and following previous confidence judgments 

(+0.05 point, p = .006). Several interactions moderated these effects: risk contributed 

less to confidence during nighttime scenarios (-0.40 point, p <.001), in hazardous trials 

(-0.42 point, p <.001), and after correct responses (−0.87 point, p < .001). Accuracy 

effects were also weaker during nighttime video (−1.70 point, p < .001) and in 

hazardous trials (−2.38 points, p < .001). These reductions by accuracy were partly 

offset by compensatory effects of risk estimation (+1.00 point in hazardous, +0.45 point 

during nighttime scenarios; both p < .001). In hazardous-only trials, confidence 

increased with HPQ (+1.07 point, p < .001), risk estimation (+0.87 point, p < .001), and 

previous confidence (+0.05 point, p = .024), but risk effects weakened with higher HPQ 

(−0.15 point, p < .001).  
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 Predictor Accuracy 
(pp) 

RT (s) Risk all 
(points) 

Risk 
hazard 
(points) 

Confidence 
all (points) 

Confiden
ce hazard 
(points) 

Nighttime −0.23* −0.09** +0.37* ns +1.45*** ns 

Hazard −59.31*** — ns — +0.89* — 

Accuracy — — −1.51*** — +3.37*** — 

RT  — — — ns — ns 

HSP −0.01** ns ns ns ns ns 

HPQ ns ns −0.22* ns ns +1.07*** 

Risk 
estimation 

— — — — +0.48*** +0.87*** 

Prev. 
confidence 

ns ns ns ns +0.05** +0.05* 

General 
confidence  

ns ns ns ns ns ns 

Key 
interactions 

Hazard×HS
P: 
+0.002*** 

— Hazard×Accur
acy: +3.57*** 

Nighttime×
RT: −0.38* 

multiple (see 
text) 

Risk×HP
Q: 
−0.15*** 

Table 4.1 Predictors of hazard detection accuracy, response times, risk estimates, and 

confidence judgments, pp = percentage points; s = seconds; ns = non-significant. 

Significance: *: p < .05; **: p < .01; ***: p < .001.  
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4.3.2 Decision-Making Task 

Table 4.2 summarizes the results of the (G)LMM analysis. The main text again only 

covers the main significant effects. Full model specifications are provided in 

Supplementary Material (Section B11-B14). 

​ Braking behaviour: Participants braked in 84.1% of the trials. The proportion 

of braking in the baseline condition (i.e. high pedestrian density and all continuous 

variables = 0) was 79.7%. Braking was less likely in low pedestrian density (-8.94 pp, p 

< .001) and with larger  time-to-arrival (TTA; -6.17 per 1-s increase, p < .001).  

​ Response times: The baseline response time was -0.73 s. Brake decisions were 

faster than continue decisions (−1.07 s, p < .001). Moreover, response times increased 

with a larger TTA (+0.19 s per 1-s increase, p < .001), this was stronger in brake 

decisions (+0.29 s per 1-s decrease, p < .001).  

​ Risk estimation: The baseline risk estimation was 3.51 points. Risk was lower 

in low-density environments (-0.92  point, p < .001), and increased with longer response 

times (+1.07 point per 1-s increase, p = .003), and when braking (+1.72 point, p = .010). 

Interactions showed longer response times increased risk in low-density (+0.29 point 

per 1-s, p < .001), whereas with large TTA larger response times decreased risk (−0.12 

point per 1-s, p = .017).  

​ Confidence judgments: The baseline confidence judgment was 6.18 points. 

Confidence was higher in low-density environments (+0.80 point, p < .001), and 

increased with response times (−0.66 point per 1-s, p = .037), risk (−0.58 point per risk 

point, p < .001), and when braking (−2.46 point, p < .001). Confidence increased 

slightly with previous confidence ratings (+0.06 point per previous rating point, p < 

.001). Interactions shaped these effects: confidence dropped with long response times 

and braking in low-density (-0.51 point per 1-s and  -1.2 points, ps < .001), but 

increased when all three co-occurred (+0.67 point, p < .001). The negative 

response-time effect was reduced with large TTA (+0.16 point, p = .002) or braking 

(+0.92 point, p = .005), though with large TTA, long RT, and braking combined, 

confidence decreased (−0.21 point, p < .001). Finally, confidence increased when 

braking in high-risk estimated situations (+0.73  point per point of risk, p < .001).  
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Predictor Braking (pp) Response time (s) Risk estimate 
(points) 

Confidence 
judgment 
(points) 

Low density -8.94*** ns -0.92*** +0.80*** 

TTA -6.17*** +0.19*** ns ns 

Brake decision — -1.07*** +1.72* -2.46*** 

RT — — +1.07** -0.66* 

Risk estimate — — — -0.38*** 

Previous 
confidence 

ns ns ns +0.06*** 

HSP ns ns ns ns 

HPQ ns ns ns ns 

General 
confidence 

ns ns ns ns 

Key interactions — Brake×TTA: 
0.38*** 

Low density×RT: 
+0.29*** 
 TTA×RT: −0.12* 

multiple (see 
text) 

Table 4.2 Predictors of braking, response times, risk estimates, and confidence. Notes. 

pp = percentage point; points = raw scale points; s = seconds. ns = non-significant. 

Significance: *: p < .05; **: p < .01; ***: p < .001. 

 

4.3.3 Correlation Analyses between Hazard Perception and Decision-Making 

​ Performance: There was no significant correlation between accuracy in Hazard 

Perception Task and percentage of braking decisions in Decision-Making Task (r = 

−.03, p = .87, Figure 4.5A).  

​ Risk estimation: A significant positive correlation emerged between 

participants’ mean risk estimations in the two tasks (r = .33, p = .03, Figure 4.5B). 

When hazardous and non-hazardous driving trials were correlated separately with the 
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cycling task (see Figure 4.6A - 4.6B), hazard trials showed a significant positive 

correlation (r = .45, p = .003), whereas non-hazard trials showed no significant 

relationship (p = .22).  

​ Confidence judgments: Participants’ mean local confidence judgments across 

tasks showed a significant positive correlation (r = .71, p < .001, Figure 4.5C). This also 

held when hazardous (r = .62, p < .001) and non-hazardous trials were analyzed 

separately (r = .63, p < .001) (see Figure 4.6C - 4.6D). 

​ Hazard Perception Questionnaires (HPQs): A significant positive correlation 

was found between HPQ score before and after the experiment (r = .79, p < .001). 

​ General confidence: General confidence in task execution significantly 

correlated with general confidence in driving skills (r = .47, p < .001), and to a smaller 

degree with general confidence in everyday life (r = .23, p < .001). Additionally, a 

significant correlation was found between confidence in driving skills and confidence in 

everyday life (r = .44, p < .001).  
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Figure 4.5. Marginal density plots display distributions between (Driving) Hazard 

Perception Task and (Cycling) Decision-Making Task. Panels show A) performance: 

accuracy vs. braking, B) mean risk estimation, and C) mean confidence judgments. 
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Figure 4.6. Marginal density plots display distributions between (Driving) Hazard 

Perception Task and (Cycling) Decision-Making Task. Panels show A) mean risk 

estimation in hazard trials, B) mean risk estimation in no hazard trials, C) mean 

confidence judgments in hazard trials, and D) mean confidence judgments in no hazard 

trials.  
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4.4 Discussion 

The present paper investigated how risk estimation and confidence judgments relate 

across a Driving Hazard Perception Task and a Cycling Decision-Making Task. The 

results indicate cross-task consistency: a positive correlation for confidence judgments 

and a positive correlation for mean risk estimation (see Figure 4.5 - 4.6). This 

consistency across the tasks using different stimulus types suggests that it reflects a 

generalizable metacognitive tendency rather than stimulus-specific effects. The HPQ 

scores showed good pre–post stability, and the general confidence measures correlated 

moderately across domains. Confidence reflects objective task performance, as accuracy 

in the Driving Hazard Perception Task was a significant predictor of confidence 

judgments. 

​ There was no significant correlation between performance on the two tasks 

(hazard detection accuracy vs. braking percentage), suggesting that these performance 

measures do not directly relate to each other. Task-specific analyses confirmed some 

expected effects while others did not emerge. In the Driving Hazard Perception Task, 

accuracy decreased under nighttime conditions (replicating earlier findings; Asadamraji 

et al., 2019; Horswill, 2016; Cao et al., 2022). Environmental sensitivity (HSP scale) 

had a significant, yet in practice very small effect on accuracy. Although consistent with 

literature on contextual cues (Belsky & Pluess, 2009; Aron et al., 2012; Pluess, 2015; 

Pluess et al., 2018) and threat awareness (Rubaltelli et al., 2018), its impact on hazard 

detection requires further exploration. The absence of the relationship between accuracy 

and HPQ scores or general confidence partially diverges from studies reporting links 

between self-reported hazard perception and task performance (e.g., Ābele et al., 2018). 

This suggests that subjective self-reported measures may not always predict actual 

performance in safety-traffic scenarios. Risk estimates proved to be context-sensitive, 

increasing during nighttime scenarios (cf. Evans et al., 2020) and decreasing after 

correct responses (cf. research that risk estimation varies with task performance and 

hazard type; Sun et al., 2021, 2024; Rubaltelli et al., 2018). Confidence was higher after 

correct responses, during nighttime condition, and in hazardous trials, though moderated 

by hazard presence and accuracy, echoing earlier findings on confidence bias in 

situation awareness (Sulistyawati et al., 2011) and overconfidence in driving (Wohleber 
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& Matthews, 2016). In the cycling task, shorter time-gaps increased braking likelihood 

and reduced response times (cf. Bontje et al., 2025, submitted; Bontje & Zgonnikov, 

2024). Pedestrian density increased the odds of braking (cf. Bontje et al., 2025 

submitted) , elevated risk estimates, and lowered confidence, which was also in line 

with earlier work showing that traffic interactions heighten perceived risk (Zeuwts et al., 

2017; European Commission, 2024). 

4.4.1 Limitations and Implications 

There were limitations to the study. First, data was collected in a controlled laboratory 

setting, where behavior had no real-life consequences or incentives, potentially reducing 

ecological validity. Future studies could address this by using field-based or 

semi-naturalistic designs. Second, is the high proportion of hazardous trials (50%) in the 

Driving Task, which may have influenced participants’ expectations. Finally, in the 

Cycling Task participants did not physically cycle.  

​ Additionally, the participants were recruited in the Netherlands, where cycling 

is a common practice   supported by well-developed infrastructure. While this likely 

reduces behavioral variability, it may limit generalizability to countries with a less 

developed cycling culture.  Future studies could test whether these patterns hold in other 

countries as well.  

​ The findings have two practical implications for traffic safety. First, they 

suggest that confidence and risk estimation play a key role in perception and adaptive 

decision-making. Therefore, this could be an area of attention for future training 

programs aimed at improving traffic safety. Second, hazard perception tests that are 

used in licensing procedures (Wetton et al., 2011) could be extended with confidence 

judgments or risk estimates, to obtain a richer assessment of self-monitoring skills, as it 

could help identify individuals who systematically misjudge their abilities or 

underestimate risks (i.e., that are not well calibrated). Similarly, screening for hazard 

perception skill (HPQ) may help identify individuals who would benefit most from 

training aimed at improving confidence–risk calibration. 
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4.5 Conclusion 

This study demonstrates that confidence judgments and risk estimation generalize 

across different traffic contexts, whereas performance is more tightly bound to (task/test 

specific) situational demands such as nighttime (on driving task), or pedestrian density 

and time-gaps (on cycling task).  Confidence and risk estimation thus appear partly 

trait-like and transferable across domains, while performance reflects immediate 

environmental constraints.  
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5 

 

General Discussion 
 

This thesis drew together empirical and theoretical knowledge about how individuals 

acquire perceptual information, how they evaluate the correctness of their perceptual 

performance, and assess risk in dynamic scenarios, from a human factors psychology 

standpoint. By integrating findings across three complementary studies, this work 

adopted a multi-component perspective on human performance in contexts requiring 

high visual engagement, considering cognitive processes (i.e., perception and adaptive 

decision-making), metacognitive monitoring (confidence judgments and risk 

estimation), and environmental factors as jointly relevant components. 

5.1 Summary of the Main Findings 

Chapter 2 provided a literature review on expertise-related differences in gaze behavior 

during visual search tasks, and the potential application of expert gaze behavior as an 

adjunct tool to support learning and task performance. It covered several theoretical 

accounts, skill transfer approaches, and eye-tracking research applied across different 

tasks and domains. Findings showed that expert gaze strategies are more selective, 

anticipatory, and task-relevant across domains. These patterns are not just the 

consequence of experience, but reflect tacit knowledge that can be externalized, studied, 

and partially transferred. Eye-tracking research highlighted how perceptual expertise 

supports selective attention and efficient cue integration. The review identified eight 
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empirical studies meeting strict inclusion criteria and found converging evidence that 

gaze-trained individuals outperformed those in traditional instruction groups. However, 

transfer effects were moderated by task complexity and prior knowledge, suggesting 

that gaze-based training is not universally effective but must be adapted to 

context-specific constraints. 

​ In Chapter 3, the concepts of confidence judgments and their miscalibration in 

the context of driving hazard perception were discussed. Within this framework, 

confidence bias was conceptualized as the discrepancy between subjective confidence 

judgments regarding the correctness of one’s task performance and their actual 

performance accuracy. Specific focus was given to understanding whether this bias 

affects both hazard perception and the subjective experience of risk. To this end, a new 

Hazard Perception Task (HPT) was developed, which integrated trial-by-trial 

confidence judgments and risk estimation of driving scenarios. Results revealed that 

overconfidence was associated with a lower probability of correct response in 

identifying hazards, without affecting reaction times. Hazard perception performance 

and risk estimation reflected interactions between hazard presence and lighting 

conditions. Confidence bias did not predict risk estimation, which appeared primarily 

driven by environmental factors. In addition, the association between Environmental 

Sensitivity (HSP scale) and subjective risk estimation in the presence of potential road 

hazards was explored in a preliminary manner, and showed a weak positive relationship. 

​ In Chapter 4,  the novel (driving) Hazard Perception Task developed in the 

previous study was implemented in a different national context, with data collected in 

the Netherlands from a predominantly Dutch sample (69.77%), and extended by 

integrating a (cycling) Decision-Making Task. This study examined how confidence 

judgments and risk estimation vary and interrelate across perception and 

decision-making processes, within different mobility modes (driving vs. cycling) and 

environmental conditions. Results showed cross-task consistency in confidence 

judgments and risk estimation, indicating that these evaluations generalize across 

different cognitive processes (perception and decision-making) and stimulus types 

(real-world driving scenes vs. simulated-urban cycling areas). In contrast, performance 

measures (response accuracy and braking behavior) did not correlate across tasks and 
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remained strongly dependent on task-specific situational environmental factors (e.g., 

nighttime conditions, pedestrian density). Also, Environmental sensitivity (HSP scale) 

showed a statistically significant but practically small effect on response accuracy in 

HPT. Although this result is consistent with previous work on sensitivity to contextual 

cues and threat awareness, its role in hazard detection warrants further investigation. 

5.2 Theoretical Implications 

The empirical findings of the thesis contribute to theoretical models of driving safety 

and situational awareness by highlighting the role of metacognitive components in 

hazard perception and decision-making. By anchoring a multi-component perspective in 

the human factors tradition and grounding it in recent cognitive science literature, the 

thesis argues for embedding self-monitoring processes such as confidence judgments 

and risk estimation into contemporary models of situational awareness and decision 

making.  

​ Endsley's SA model (1995) remains foundational, but it describes the content 

of awareness, while metacognitive monitoring represents the assessment of that 

awareness, that is, for instance, the confidence with which one judges one's state of 

knowledge (Horrey et al., 2015). For example, McAnally and  colleagues (2017) used a 

radar-like visual change-detection task to simulate an SA scenario and found that 

individuals often missed changes in the display (demonstrating limited SA) but 

nevertheless gave Judgment of Performance (JOP, that is perceived probability of a 

correct response) well calibrated to objective performance. In other words, even when 

situational awareness was imperfect, participants showed well-calibrated metacognitive 

insight into their performance. Embedding these monitoring processes into the SA 

model may help explain when and why perception alone fails to translate into safe or 

effective action. Achieving adaptive performance requires both accurate awareness and 

calibrated judgements.  

5.3 Practical Implications 

The findings have some practical implications. 
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​ First, the evidence presented in Chapter 2 on expert gaze behavior supports the 

development of training methods that integrate visual modeling into the teaching 

process. In high-risk settings that require intense visual engagement, exposing trainees 

to expert gaze patterns may help promote anticipatory and task-relevant attention 

strategies. 

​ Second, as demonstrated in Chapters 3 and 4, assessment protocols in 

transportation, especially for driver licensing or professional certification, could benefit 

from integrating metacognitive indicators. Traditional hazard perception tests used in 

licensing procedures (Wetton et al., 2011) assess whether hazards are recognized, but 

they do not capture how sure individuals are about their judgments, nor how they 

evaluate risk. Including confidence and risk estimation alongside behavioral 

performance may offer a rich assessment of self-monitoring skills, as it may help 

identify individuals who systematically misjudge their abilities or underestimate risks 

(i.e., who are not well calibrated). 

​ Third, the results support the development of adaptive support systems that 

detect misalignments between cognitive performance, confidence, and behavior. In 

situations consistent with “I looked, but I didn’t see it”, a system may register that 

visual information was sampled without leading to timely or appropriate action, 

indicating potential overconfidence, delayed awareness, or insufficient interpretation of 

available cues. By incorporating metacognitive indicators or gaze-based markers, such 

systems could move beyond behavior monitoring toward real-time decision support. 

Similar adaptive approaches may be relevant in domains such as aviation or healthcare, 

where misjudged certainty carries high costs and time for corrective action is limited. 

5.4 Limitations and Future Directions 

While the methodological limitations of each study have been discussed in their 

respective chapters, this thesis is also subject to some limitations that should be 

acknowledged.  First, although the research adopts a multi-component perspective on 

human performance in high visual engagement scenarios (integrating cognitive, 

metacognitive, and individual components), it does this within a limited set of 

experimental paradigms. The use of controlled, computerized tasks in the laboratory has 

132 



CHAPTER V. General Discussion

 

ensured internal validity but has limited the exploration of higher-order interactions that 

typically emerge in more complex real-world, dynamic environments (Mackenzie & 

Harris, 2015). Future work should incorporate high-fidelity driving simulations or 

instrumented vehicles to assess the generalizability of these findings. 

​ A second limitation concerns the reliance on trial-by-trial confidence ratings 

(CRs). While these provide valuable on-line monitoring insights, research shows they 

introduce cognitive load and may interfere with primary task performance (Petrusic & 

Baranski, 2003; Li et al., 2023). Specifically, CRs can lead to  longer response times, 

enhanced decision accuracy, and compete for attentional resources. Future studies 

should include implicit markers of confidence, such as decision latency, or 

physiological measures like pupil dilation (Fleming and Dolan, 2012; Lempert et al., 

2015).  

​ Third, the samples of participants in the experiments were predominantly 

composed of young adults. This limits the generalizability of the results to other 

populations, such as older drivers, professional operators, or individuals from different 

cultural backgrounds. For example, previous research suggests that aging may affect 

both confidence calibration and perceptual performance (Klever et al., 2022), a limit 

that should be the subject of future research. 

​ Finally,  this thesis only preliminarily addressed the role of individual traits 

such as Environmental Sensitivity. Future studies should investigate more how this 

factor interacts with contextual demands to shape perceptual performance and threat 

awareness (Rubaltelli et al., 2018).  
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Supplementary Materials Section A - Experiments Materials  
 

Table A1. Common Eye-Tracking Measures and Definitions. 

Category Measure Definition 

Position Measures Position of a fixation 
Addresses where a participant looks, i.e., the center of the field of vision. It is given 
by (x,y)-coordinates in a two-dimensional space, or (x,y,z)-coordinates in a 
three-dimensional space. 

 Position 
Measures 

Fixation duration (also 
known as fixation time) 

Measures the time the gaze of a participant stays in a position. 

 Position 
Measures 

Dwell time 
Measures the sum of all fixation durations during a dwell (i.e., a visit) in an AOI, 
from entry to exit 

Position Measures  
Pupil diameter (also known 

as pupil dilation or pupil 
size) 

Quantifies the diameter of the pupil. Its values are normally given in the form of 
pixels of the eye camera or in millimeters after calibration 

Numerosity 
measures 

Number of fixations (also 
known as fixation density) 

Quantifies how often an AOI is fixated. 
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Category Measure Definition 

Numerosity 
measures  

Fixation rate (also known as 
fixation frequency) 

Measures the number of fixations per second or per minute. 

 Numerosity 
measures 

Blink rate Measures the number of blinks per second or per minute. 

Movement 
measures 

Saccade amplitude (also 
known as saccade length or 

saccade distance) 
Measures the distance of eye movement from one fixation to a consecutive fixation. 

 Movement 
measures 

Saccade duration (also 
known as transition time) 

Measures the time the saccade takes to move between two fixations. 

 Movement 
measures 

Saccade velocity Refers to the first derivation of position data with respect to time. 

Aggregate 
measures 

Attention map 
It is normally visualized using a heatmap and describes the spatial distribution of eye 
movement data. 

Aggregate 
measures  

Scanpath (also known as 
scan pattern, search pattern, 

gaze sequence) 
Describes how the eye moves physically through space within a certain timespan. 
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Category Measure Definition 

 Aggregate 
measures 

Saccade amplitude fixation 
duration ratio (SF ratio) 

Quantifies the proportional measure of saccade amplitude to fixation duration. 
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Table A2. Categorical and Temporal Annotation of Video-based Hazard Perception Task Stimuli. 

The Hazard Perception Task consisted of 80 videos (selected from Song et al., 2024). Table A2 reports the categorical and temporal 

annotation of the stimuli, with a legend provided below. 

 

Legend for Table A2: 

Annotation Name Description 

Hazard / Safe Whether a hazard is present in the video 

day / night Time of day the video is taken 

MovieFile_name Name of the file 

Duration (s) Duration of the video 

Hazard onset (s) Time in seconds of hazard onset from 

the start of video, i.e. the initial 

indication that the situation is 

hazardous, not the first moment the 

eventual hazardous object becomes 

visible. 

Type of hazard Category of hazard: vehicle, pedestrian, 

cyclist, animal 

139 



SUPPLEMENTARY MATERIALS 

 

Annotation Name Description 

Hazard side The location of the hazard relative to 

video midline 

Hazard Frame Screenshot representing the hazard 

Brief description Brief description of how the hazard 

develops 

Driver response time Time in seconds of first driver response 

from start of video 

Onset_response Time in seconds between hazard onset 

and video driver response 
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Table A2. 

Trial Hazard 
/ Safe 

Day / 
Night 

MovieFile_name Duration 
(s) 

Hazard 
onset (s) 

Type of 
Hazard 

Hazard 
side 

Brief description Driver 
response 
time 

Onset_res
ponse 

Video Frame 

1 Hazard day noaudio_c_002_c
ritical_pedestrian 

8.16 4.7 vehicle left Car's door opens along 
the adjacent lane 

5.23 0.53 

2 Hazard day noaudio_c_008_c
ritical_driver_hits
_sign 

8.0 3.5 vehicle right Dynamic obstacles 
caused by a vehicle 
going off the road 

7.9 4.4 

3 Hazard day noaudio_c_008_c
ritical_traffic_con
e 

8.14 2.45 obstacle right Dynamic obstacles (a 
traffic cone) crossing 
the roadway 

3.42 0.95 

4 Hazard day noaudio_c_010_c
ritical_unsignaled
_turn 

8.0 5.05 vehicle left Unsignaled turn by 
oncoming vehicle in 
lane 

5.4 0.35 

5 Hazard day noaudio_c_012_c
ritical_cut_across 

8.04 3.93 vehicle right Vehicle pop out that 
performs a turnaround  

5.7 1.77 
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6 Hazard day noaudio_c_013_c
ritical_u_turn 

8.03 3.7 vehicle right Oncoming vehicle in 
lane that performs a 
turnaround  

4.33 0.63 

7 Hazard day noaudio_c_016_c
ritical_loose_tires 

8.0 0.91 obstacles left Dynamic obstacles (two 
tires) crossing the 
roadway in the car's 
direction in snowy 
conditions 

2.46 1.56 

8 Hazard day noaudio_c_018_c
ritical_swerve 

8.03 3.75 vehicle left Critical swerve by a 
vehicle that is not 
visible because it is 
immediately behind 
another. 

5.45 1.7 

9 Hazard day noaudio_c_019_c
ritical_swerve 

8.08 2.52 vehicle right Critical entry of a 
vehicle into our lane in 
rainy conditions 

3.3 0.78 

10 Hazard day noaudio_c_020_c
ritical_deer 

8.0 5.55 animal left A deer suddenly 
crosses the roadway in 
rain conditions 

5.76 0.22 

11 Hazard day noaudio_c_022_c
ritical_truck_cras
hes 

8.06 3.14 vehicle right Critical truck crash 6.7 3.56 
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12 Hazard day noaudio_c_023_c
ritical_truck_cras
hes 

8.03 2.83 vehicle right Critical incident in 
which a truck overturns 

4.4 1.57 

13 Hazard day noaudio_c_024_c
ritical_stopped_c
ar_in_road 

8.0 2.03 vehicle left A stopped car occupies 
the lane of traffic 

2.3 0.27 

14 Hazard day noaudio_c_026_c
ritical_run_light 

7.97 5.33 vehicle right A vehicle suddenly 
arriving from the right 
cutting us off 

5.5 0.17 

15 Hazard day noaudio_c_029_c
ritical_swerve 

8.04 4.25 vehicle right Critical swerve of a 
vehicle for lane change 

6.0 1.75 

16 Hazard day noaudio_c_035_c
ritical_crash_in_l
ane 

8.0 3.3 vehicle left Critical lane crash, 
involved three vehicles 

4.97 1.66 

17 Hazard day noaudio_c_045_c
ritical_tire 

8.07 1.4 obstacle left Dynamic obstacles (a  
tire) crossing the 
roadway in the car's 
direction 

3.7 2.3 
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18 Hazard day noaudio_c_046_c
ritical_pedestrian 

8.0 4.7 pedestria
n 

right Pedestrian crossing 
right of way 

6.5 1.8 

19 Hazard day noaudio_c_critica
l_001 

8.0 4.0 vehicle left Critical lane crash, 
involved two vehicles 

4.73 0.73 

20 Hazard day noaudio_c_critica
l_055 

8.03 6.0 animal left An animal suddenly 
crosses the roadway in 
snowy conditions 

7.25 1.25 

21 Hazard night noaudio_c_critica
l_070 

8.0 5.0 vehicle right Critical entry of a 
vehicle into our lane 

6.0 1.0 

22 Hazard night noaudio_c_critica
l_072 

8.06 4.57 animal right An animal suddenly 
crosses the roadway in 
snowy conditions 

5.15 0.58 

23 Hazard night noaudio_c_critica
l_162 

8.03 4.7 vehicle right Crash collision of a 
vehicle against the ​
guardrails 

5.65 0.95 
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24 Hazard night noaudio_c_critica
l_163 

8.04 1.37 vehicle left Crash crash of a vehicle 
against the security 
wall 

2.84 1.48 

25 Hazard night noaudio_c_critica
l_186 

8.0 4.0 obstacles / Dynamic obstacles 
crossing the roadway in 
the car's direction 

4.6 0.6 

26 Hazard night noaudio_c_critica
l_200 

8.0 3.0 vehicle left Oncoming vehicle in 
lane  

3.5 0.5 

27 Hazard night noaudio_c_critica
l_209 

8.06 2.6 vehicle right Critical swerve of a 
vehicle for lane change 

3.17 0.57 

28 Hazard night noaudio_c_critica
l_232 

8.03 6.0 vehicle left Vehicle breaks into the 
lane of traffic, cutting 
us off 

6.85 0.75 

29 Hazard night noaudio_c_critica
l_266 

8.04 1.0 pedestria
n 

right Pedestrian crossing 
right of way 

3.3 2.3 
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30 Hazard night noaudio_c_critica
l_276 

8.04 5.8 animal right An animal suddenly 
crosses the roadway in 
snowy conditions 

6.55 0.75 

31 Hazard night noaudio_c_critica
l_307 

8.3 4.5 vehicle left Vehicle breaks into the 
lane of traffic, cutting 
us off 

5.98 1.48 

32 Hazard night noaudio_c_critica
l_315 

8.0 4.61 vehicle right Critical swerve of a 
vehicle for lane change 

5.03 0.42 

33 Hazard night noaudio_c_critica
l_319 

8.0 3.22 obstacle left Dynamic obstacles (a 
tire) crossing the 
roadway in the car's 
direction 

3.72 0.5 

34 Hazard night noaudio_c_critica
l_352 

8.0 2.35 vehicle right Critical swerve of a 
vehicle for lane change 

3.08 0.73 

35 Hazard night noaudio_c_critica
l_359 

8.0 2.5 animal right An animal stopped on 
the roadway 

4.03 1.53 
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36 Hazard night noaudio_c_critica
l_369 

8.0 3.56 animal right An animal suddenly 
crosses the roadway  

4.25 0.69 

37 Hazard night noaudio_c_critica
l_395 

7.96 1.0 vehicle right Loss of control of a 
vehicle in the adjacent 
lane in snowy 
conditions 

2.28 1.28 

38 Hazard night noaudio_c_critica
l_405 

7.96 1.52 vehicle right Vehicle breaks into the 
lane of traffic, cutting 
us off in snowy 
conditions 

2.34 0.82 

39 Hazard night noaudio_c_critica
l_417 

8.0 3.6 vehicle right Crash crash of a vehicle 
against the security 
wall 

4.2 0.61 

40 Hazard night noaudio_c_critica
l_435 

8.04 5.7 pedestria
n 

left Pedestrian crossing 
right of way 

6.55 0.85 

41 Safe day noaudio_c_005_n
o_event 

10.07 

42 Safe day noaudio_c_006_n
o_event_2 

8.0 

43 Safe day noaudio_c_012_n
o_event_1 

8.01 
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44 Safe day noaudio_c_013_n
o_event_1 

8.03 

45 Safe day noaudio_c_016_n
o_event_1 

8.01 

46 Safe day noaudio_c_018_n
o_event_1 

8.0 

47 Safe day noaudio_c_019_n
o_event_1 

8.08 

48 Safe day noaudio_c_024_n
o_event_1 

8.03 

49 Safe day noaudio_c_033_n
o_event_1 

6.0 

50 Safe day noaudio_c_036_n
o_event_2 

8.03 

51 Safe day noaudio_c_039_n
o_event_2 

10.27 

52 Safe day noaudio_c_041_n
o_event_1 

8.0 

53 Safe day noaudio_c_041_n
o_event_3 

8.07 

54 Safe day noaudio_c_044_n
o_event_1 

8.08 

55 Safe day noaudio_c_046_n
o_event_1 

8.08 

56 Safe day noaudio_c_047_n
o_event_1 

8.0 

57 Safe day noaudio_c_049_n
o_event_2 

8.03 

58 Safe day noaudio_c_049_n
o_event_3 

8.0 
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59 Safe day noaudio_c_050_n
o_event_3 

8.0 

60 Safe day noaudio_c_054_n
o_event_2 

8.04 

61 Safe night noaudio_c_no_ev
ent_011 

8.1 

62 Safe night noaudio_c_no_ev
ent_070 

8.14 

63 Safe night noaudio_c_no_ev
ent_072 

8.0 

64 Safe night noaudio_c_no_ev
ent_084 

8.0 

65 Safe night noaudio_c_no_ev
ent_090 

8.02 

66 Safe night noaudio_c_no_ev
ent_098 

8.07 

67 Safe night noaudio_c_no_ev
ent_125 

8.03 

68 Safe night noaudio_c_no_ev
ent_125b 

8.0 

69 Safe night noaudio_c_no_ev
ent_163 

8.01 

70 Safe night noaudio_c_no_ev
ent_186 

8.01 

71 Safe night noaudio_c_no_ev
ent_200 

8.03 

72 Safe night noaudio_c_no_ev
ent_209 

8.1 

73 Safe night noaudio_c_no_ev
ent_291 

2.51 
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74 Safe night noaudio_c_no_ev
ent_291b 

4.93 

75 Safe night noaudio_c_no_ev
ent_317 

4.23 

76 Safe night noaudio_c_no_ev
ent_323 

1.75 

77 Safe night noaudio_c_no_ev
ent_334b 

10.6 

78 Safe night noaudio_c_no_ev
ent_359 

5.8 

79 Safe night noaudio_c_no_ev
ent_362 

5.0 

80 Safe night noaudio_c_no_ev
ent_376 

7.11 

 

Reference:  

Song, J., Kosovicheva, A. & Wolfe, B. Road Hazard Stimuli: Annotated naturalistic road videos for studying hazard detection and scene 

perception. Behav Res 56, 4188–4204 (2024). https://doi.org/10.3758/s13428-023-02299- 
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Supplementary Material A3. Demographic and Mobility-related Experience Questionnaire 

Participants completed self-reported questionnaires assessing demographic variables (age, gender identity, education) and mobility-related 

experience, including years since obtaining a driver’s license, driving frequency and mileage in the past 12 months, and cycling history 

(i.e., age of acquisition and current cycling frequency per month).  

The full questionnaire is provided below. 

Q1. What is your age? (insert number) _______________ 

 

Q2. What gender do you self-identify as?  

▢ Man 

▢ Woman 

▢ Non-binary 

▢ Prefer to self-describe as:____________________________________________ 

▢ Prefer not to answer 
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Q3. What is the highest degree that you have already completed / finished? Please select one of the following alternatives: 

▢ High school diploma 

▢ Bachelor’s degree 

▢ Master’s degree 

▢ PhD or post-graduate degree 

▢ Other, namely:_____________________________________________________ 

 

Q4. How many years do you have a driver’s license?________________________ 

 

Q5. On average, how often did you drive during the past 12 months? Please select the closest answer: 

▢ Once a week or less 

▢ More than twice a week 

 

Q6. How many kilometers have you driven in the past 12 months roughly? Please select the closest answer: 

▢ Less than 5,000 km per year 
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▢ More than 10,000 km per year 

 

Q7. Do you drive any other vehicles? Please tick all that apply 

▢ Bicycle 

▢ Scooter/Motorcycle 

▢ No other vehicle 

▢ Other (please specify) ________________________________________________ 

 

Q8. If you ride a bicycle, at what age did you learn to ride one? 

▢ 0-9 years old 

▢ 10-18 years old  

▢ Over 18 years old 

 

Q9. If you ride a bicycle, how often do you cycle in a typical month? 

▢ Almost every day 
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▢ 3-4 times a week 

▢ Once a week 

▢ Once a month 

▢ Rarely or never 

 

Q10. Where did you grow up or spend most of your time? 

▢ Netherlands 

▢ Another country (please specify)______________________________________ 

▢ Prefer not to answer 
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Supplementary Material A4. General Confidence Questionnaire  

At the end of the experiment, participants completed a final 3-item questionnaire assessing general confidence. The items assessed 

confidence in task performance, confidence in traffic participation, and general self-confidence, each rated on a 7-point scale (1 = “Not at 

all,” 7 = “Extremely”).  

The full general confidence questionnaire is provided below. 

 

Q1. Across the two tasks that you did today (Hazard Perception Task, Cycling Task): How confident are you that you performed well 

across these two tasks?   
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Q2. In general, beyond the experiment you did today:  How confident are you in your overall ability to participate in traffic in general? 

 

 

 

Q3. In general, beyond the experiment you did today and beyond just traffic settings: How would you rate your general confidence? 
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Supplementary Material A5. Confidence Bias Formulas  

These formulas define Hazard Perception Accuracy, Confidence Judgments, and Confidence 

Bias, and were used to derive individual-level measures and classify participants as 

overconfident or not overconfident. 
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Supplementary Materials Section B - Full Model Estimates  

Table B1. GLMM fixed-effects estimates for Response Accuracy  

 Estimate SE t-score p-value  

(Intercept) 2.69 0.07 36.28 <.001 *** 

Confidence bias -0.04 0.01 -4.42 <.001 *** 

Hazard 0.21 0.06 3.43 <.001 *** 

Nighttime -0.29 0.06 -4.82 <.001 *** 

Confidence bias 

x Hazard  

0.005 0.009 0.55 .581  

Confidence bias 

x Daytime 

-0.003 0.009 -0.35 .729  

Hazard x 

Daytime 

-0.41 0.06 -6.79 <.001 *** 

Significance: *: p < .05; **: p < .01; ***: p < .001. 
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Table B2. LMM fixed-effects estimates for Reaction Times (RTs) 

 Estimate SE df t-score p-value  

(Intercept) 826.12 46.00 62.96 17.96 <.001 *** 

Confidence 

bias 

-4.46 5.88 63.01 -0.76 .451  

Nighttime -98.83 17.41 2387.29 -5.68 <.001 *** 

Significance: *: p < .05; **: p < .01; ***: p < .001.  
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Table B3. LMM fixed-effects estimates for Subjective Risk Estimation  

 Estimate SE df t-score p-value  

(Intercept) 3.79 0.08 63.00 50.52 <.001 *** 

Confidence 

bias 

-0.004 0.01 63.02 -0.41 .683  

Hazard 1.77 0.02 5103.03 93.87 <.001 *** 

Nighttime 0.17 0.02 5103.03 8.78 <.001 *** 

Confidence 

bias x Hazard  

0.01 0.002 5103.03 5.50 <.001 *** 

Confidence 

bias x Daytime 

-0.0004 0.002 5103.03 -0.18 .860  

Hazard x 

Daytime 

0.15 0.02 5103.03 8.25 <.001 *** 

Significance: *: p < .05; **: p < .01; ***: p < .001. 

 

 

Supplementary Material  B4. Results Balloon Analogue Risk Task (BART) 

The average percentage of balloons exploded per participant was 29% (SD = 16%). 
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Table B5. Results Driving Hazard Perception Task: Full model estimates Accuracy score 

  Estimate SE t-score p-value   

(Intercept) 10.59 2.10 5.05 <.001 *** 

Night -4.54 1.97 -2.30 .021 * 

Hazard -10.97 2.23 -4.92 <.001 *** 

HSP -1.32 0.41 -3.26 .001 ** 

HPQ1 -0.03 0.18 -0.18 .856 
 

Previous conf -0.12 0.07 -1.60 .110 
 

General conf2 0.02 0.13 0.14 .892 
 

General conf3 -0.07 0.14 -0.48 .629 
 

Night: Hazard 5.51 2.61 2.11 .035 * 

Night: HSP 0.68 0.41 1.67 .095 
 

Hazard: HSP 2.28 0.484 4.71 <.001 *** 

Night: Hazard: 

HSP 

-0.89 0.573 -1.56 .119 
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Table B6. Results Driving Hazard Perception Task: Full model estimates Response times in 

hazardous trials 

  Estimate SE t-score p-value   

(Intercept) 0.77 0.19 4.13 <0.001 *** 

Night -0.091 0.030 -3.01 0.003 ** 

HSP -0.041 0.031 -1.32 0.187 
 

HPQ1 -0.012 0.026 -0.48 0.631 
 

Previous conf 0.011 0.012 0.91 0.363 
 

General conf2 0.0020 0.019 0.10 0.917 
 

General conf3 0.025 0.019 1.28 0.202 
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Table B7. Results Driving Hazard Perception Task: Full model estimates Subjective Risk 

Estimation (All trials) 

  Estimate SE t-score p-value   

(Intercept) 3.68 0.76 4.79 <.001 *** 

Accuracy score -1.51 0.17 -9.10 <.001 *** 

Night 0.37 0.17 2.18 .030 * 

Hazard 0.20 0.18 1.13 .260 
 

HSP 0.10 0.13 0.79 .432 
 

HPQ -0.22 0.11 -1.98 .048 * 

Previous conf 0.01 0.02 0.41 .683 
 

General conf2 -0.05 0.08 -0.63 .528 
 

General conf3 0.062 0.09 0.72 .472 
 

Night: accuracy  -0.095 0.18 -0.54 .590 
 

Hazard: accuracy  3.57 0.18 19.29 <.001 *** 
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Table B8. Results Driving Hazard Perception Task: Full model estimates Subjective Risk 

Estimation (Hazard trials)  

  Estimate SE t-score p-value   

(Intercept) 5.53 0.95 5.85 <0.001 *** 

Night 0.20 0.15 1.40 0.161 
 

Response Time -0.005 0.11 -0.042 0.967 
 

HSP 0.09 0.16 0.57 0.567 
 

HPQ -0.17 0.14 -1.23 0.220 
 

Previous conf 0.05 0.033 1.39 0.166 
 

General conf2 -0.05 0.10 -0.50 0.620 
 

General conf3 0.09 0.11 0.86 0.389 
 

Night: Response Time  -0.38 0.18 -2.08 0.0377 * 
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Table B9. Results Driving Hazard Perception Task: Full model estimates Local confidence 

judgements (all trials) 

  Estimate SE t-score p-value   

(Intercept) 2.72 0.83 3.29 0.001 ** 

Subjective Risk Estimation 0.48 0.10 4.77 <.001 *** 

Accuracy score 3.37 0.36 9.30 <.001 *** 

Night 1.45 0.39 3.73 <.001 *** 

Hazard 0.89 0.40 2.20 .038 * 

HSP -0.07 0.13 -.56 .575 
 

HPQ 0.16 0.11 1.40 .161 
 

Previous conf 0.05 0.02 2.73 .006 ** 

General conf2 0.05 0.08 0.59 .553 
 

General conf3 -0.01 0.09 -0.06 .949 
 

Subjective Risk Estimation: Night -0.40 0.11 -3.82 <.001 *** 

Subjective Risk Estimation: Hazard -0.42 0.11 -3.83 <.001 *** 

Subject Risk Estimation: Accuracy score -0.87 0.10 -8.44 <.001 *** 

Hazard: Accuracy score -2.38 0.40 -4.30 <.001 *** 
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Risk: night: accuracy score 0.45 0.44 -5.38 <.001 *** 

Risk: hazard: accuracy score 1.00 0.11 4.16 <.001 *** 
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Table B10. Results Driving Hazard Perception Task: Full model estimates Local confidence 

judgements (hazard trials) 

  Estimate SE t-score p-value   

(Intercept) -0.29 0.88 -0.32 0.74 ***  

Subjective Risk Estimation 0.87 0.11 7.95 <.001 *** 

Night -0.14 0.24 -0.59 .554 
 

Response Time 0.29 0.29 1.02 .309 
 

HSP  0.09 0.09 0.92 .359 
 

HPQ1 1.07 0.17 6.09 <.001 *** 

Previous conf 0.05 0.02 2.26 .024 * 

General conf2 0.00 0.06 0.01 .991 
 

General conf3  0.03 0.06 0.55 .584 
 

Risk estimation: HPQ  -0.15 0.02 -5.94 <.001 *** 

Night: HPQ 0.02 0.06 0.40 .691 
 

Response time: HPQ -0.05 0.07 -0.75 .453 
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Table B11. Results Cycling Decision-Making Task: Full model estimates Braking behaviour 

  Estimate SE t-score p-value   

(Intercept) 1.37 3.26 0.42 .669   

Low pedestrian density -0.49 0.14 -3.63 <.001 *** 

TTA -0.35 0.068 -5.12 <.001 *** 

HSP 0.27 0.55 0.49 .627 
 

HPQ 0.87 0.49 1.78 .076 
 

Previous conf 0.098 0.052 1.89 .059 
 

General conf2 -0.24 0.35 -0.69 .491 
 

General conf3 -0.16 0.37 -0.43 .669 
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Table B12. Results Cycling Decision-Making Task: Full model estimates Response time  

  Estimate SE t-score p-value   

(Intercept) -0.76 1.12 -0.68 .500   

Low pedestrian density -0.57 0.33 -1.70 .089 
 

TTA 0.20 0.048 4.11 <.001 *** 

HSP 0.23 0.19 1.20 .232 
 

HPQ 0.30 0.17 1.80 .072 
 

Previous conf -0.0092 0.011 -0.83 .408 
 

General conf2 -0.066 0.12 -0.54 .590 
 

General conf3 0.039 0.13 0.24 .812 
 

Brake -1.03 0.27 -3.76 <.001 *** 

Low pedestrian density: TTA 0.12 0.063 1.93 .054 
 

Low pedestrian density: brake  -0.55 0.36 -1.54 .124 
 

TTA: brake 0.28 0.052 5.38 <.001 *** 

Low pedestrian density: TTA: brake  0.14 0.069 2.10 .036 
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Table B13. Results Cycling Decision-Making Task: Full model estimates Subjective Risk 

Estimation 

  Estimate SE t-score p-value   

(Intercept) 3.51 1.95 1.80 0.0717   

Low pedestrian density -0.92 0.19 0.88 <.001 *** 

TTA -0.094 0.10 -4.92 .358 
 

Response time 1.072 0.30 -0.92 .003 ** 

HSP -0.0083 0.32 3.63 .980 
 

HPQ -0.15 0.28 -0.026 .608 
 

Previous conf 0.015 0.17 -0.51 .381 
 

General conf2 -0.00017 0.21 -0.00084 1.00 
 

General conf3 -0.16 0.22 -0.73 .465 
 

Brake 1.72 0.67 2.57 .010 * 

Low pedestrian density: Response time  0.289 0.081 3.55 <.001 *** 

TTA: response time -0.12 0.051 -2.39 .017 * 

Low pedestrian density: brake 0.21 0.22 1.01 .312 
 

TTA: brake -0.043 0.12 -0.35 .729 
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Response time: brake -0.55 0.32 -1.70 .089 
 

Pedestrian density low: Response time: brake -0.081 0.090 -0.91 .363 
 

TTA: response time: brake  0.068 0.56 1.22 .224 
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Table B14. Results Cycling Decision-Making Task: Full model estimates Local confidence 

judgements 

  Estimate SE t-score p-value   

(Intercept) 6.18 1.04 5.92 <.001 ***  

Low pedestrian density 0.80 0.19 4.32 <.001 *** 

TTA -0.14 0.10 -1.42 .153 
 

Response time -0.66 0.30 -2.22 .037 * 

Subjective Risk Estimation -0.58 0.075 -7.75 <.001 *** 

HSP 0.040 0.15 0.26 .792 
 

HPQ 0.18 0.13 1.34 .181 
 

Previous confidence 0.059 0.017 3.52 <.001 *** 

General confidence driving -0.017 0.097 -0.18 .861 
 

General confidence overall 0.072 0.10 0.72 .472 
 

Brake -2.46 0.69 -3.55 <.001 *** 

Low pedestrian density: Response time -0.51 0.081 -6.35 <.001 *** 

TTA: Response time 0.16 0.050 3.15 .002 ** 

Response time: Risk estimate -0.010 0.27 -0.39 .695 
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Density low: Brake -1.20 0.22 -5.58 <.001 *** 

Brake: TTA 0.19 0.12 1.62 .106 
 

Brake: Response time 0.92 0.32 2.83 .005 * 

Brake: Risk estimate 0.73 0.083 8.85 <.001 *** 

Density low: Response time: brake 0.67 0.088 7.59 <.001 *** 

TTA:Response time: brake -0.21 0.055 -3.84 <.001 *** 

Response time: risk estimate: brake 0.015 0.029 0.51 .613 
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