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Executive Summary 

The collaborative efforts of the team have culminated in a comprehensive framework for advancing our 
research objectives. Our team, consisting of experts from various domains, contributed with essential 
knowledge and perspectives. The team successfully collected and assessed 21 model requirements, with 14 
of them achieving unanimous consensus through a rigorous Delphi study approach. Among these, nine 
requirements emerged as pivotal and were integrated into our testable hypotheses. The hypothesis 
selection, evaluation, and prioritization process were conducted with precision, benefiting from the 
invaluable insights and expertise of our multidisciplinary team. 

Through a series of iterative online workshops and internal evaluations, the team addressed 14 research 
questions, examining a total of 24 hypotheses. This meticulous process allowed us to refine our 
understanding of the research landscape, ensuring that our experimental endeavours are focused and 
purposeful. Moreover, we laid the groundwork for the upcoming experimental phases by conducting 
detailed investigations into these 24 testable hypotheses. This anticipatory work positions us well for the 
rigorous experiments ahead. 

Our team's interdisciplinary collaboration has been instrumental in shaping our project's trajectory. As we 
move forward, we remain committed to uncovering insights into diverse driving behaviours and enhancing 
road safety. This deliverable represents significant progress, marking the transition from hypothesis 
formulation to empirical validation. 
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1 Introduction 

 

To help ensure the responsible deployment of autonomous vehicles, a comprehensive testing regime is 
implemented at every stage of developing autonomous vehicles. The careful approach aims to mitigate the 
potential risks and challenges of incorporating automated driving into real world scenarios. However, the 
traditional method – field driving test - has certain drawbacks that cannot be overlooked. These tests require 
significant amounts of time and resources and pose potential risks to the people conducting them. The need 
for real-world experimentation clashes with the pressing demands for safety and efficiency.  

In response to these challenges, the automotive industry has turned its attention toward simulation-based 
testing methods. These methods hold great promise due to their ability to transcend the limitations of 
traditional road tests. By simulating various driving scenarios in a controlled virtual environment, developers 
can expose autonomous vehicles to complex and potentially dangerous situations without any risk to human 
testers. This approach not only accelerates the testing process but also allows for a broader range of 
scenarios to be evaluated, including those that might be impractical or hazardous to test on real roads. 

Nonetheless, the effectiveness of simulation-based testing hinges on its ability to faithfully replicate real-
world conditions and behaviours. In this regard, the i4Driving project emerges with a visionary mission. The 
core objective of the i4Driving project is to engineering driver models that mirror the intricacies of human 
driving behaviour, encompassing everything from cautious merging to split-second decision-making in high-
stress situations. These models are not only tasked with reflecting the diverse driving styles and habits of 
human drivers but are also expected to adapt to the unpredictable nature of real-world traffic dynamics. 

The primary objective of this task is to define the essential requirements of a human driver model and lay the 
groundwork for the creation of forthcoming models intended for implementation. These human driver 
models are anticipated to serve as a reliable foundational framework that can be utilized for evaluating the 
safety implications of autonomous vehicles on roadways. Beyond their role in safety assessment, these 
models possess the potential to furnish sturdy and interactive representations of traffic participants. These 
representations can be effectively employed within traffic-oriented virtual testing methodologies. 

Through our methodology, we endeavour to establish a coherent understanding of human driver behaviours 
and actions, culminating in a model that faithfully mirrors these intricate dynamics. By leveraging the 
collective wisdom of experts and distilling it into a coherent model, we aspire to contribute significantly to 
the advancement of autonomous vehicle technology and its integration into real-world traffic scenarios. 

 

1.1 Objective of this report 

We derive key requirements for the modelling framework developed in WP2. The model framework will be 
geared towards credible and plausible modelling outcomes from an human factor (HF) perspective. Three 
major intertwined categories of testable hypotheses are envisaged:  

(i) awareness, that is, the perception of objects and information, translating these to usable stimuli 
and the prediction of these in the short-term future (anticipation). In each of these three steps 
there are biases and errors which may affect performance;  

(ii) cognitive workload and how this affects both driving performance and adaptation of behaviour 
(e.g., dynamics of desired speed); and  

(iii) tactical driving strategies which govern how (non)cooperative drivers are, which is of 
fundamental importance to how (un)safe they (can) perform, for example cut-in manoeuvres. 
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In addition, we have derived experimental hypotheses based on the provided model requirements. These 
hypotheses serve two primary purposes: firstly, to validate existing theoretical assumptions, and secondly, 
to aid us in the process of modelling.  

 

1.2 Report organisation 

This document provides an overview of our approach to developing model requirements and testable 
hypotheses in the project. We discussed the framework for requirements, our methodology, and the results 
of our analysis, including hypotheses that were developed during workshops and will be tested in 
experiments in WP3 and WP5. We will also cover the application of these requirements and hypotheses to 
the project, and any necessary organizational or formal updates. 

 

2 Methodology 

The chapter outlines the methodology employed to achieve significant milestones in WP 2, 3, and 5 of the 
project. Specifically, we discuss the derivation of model requirements for the development of the model in 
WP2 and the identification of hypotheses to be tested through experiments in WP 3 and 5. The methods 
utilized for obtaining model requirements include online discussions, an offline workshop, and a Delphi study. 
Multiple online workshops and group activities were employed to derive the hypotheses based on important 
and necessary requirements. The detailed workflow and processes will be described in the following 
sections. These methodologies ensured a comprehensive and robust approach to meeting the objectives of 
our project.  

 

Figure 1: Workflow in the task 1.3 

During the entire course of our project, we established a robust partnership with the teams in WP2, WP3, and 
WP5, guaranteeing that our task deliverables harmonise effectively with the prerequisites of the tasks in 
these subsequent work packages. The concrete timeline and specific collaborative activities are visually 
represented in Figure 1. Importantly, as we formulated our hypotheses, we took great care to anticipate the 
requirements for upcoming experiments and considered the intricacies that need attention in the 
experimental design to effectively validate these hypotheses. 
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2.1.1 Online discussions and workshop 

Given the varied disciplinary backgrounds of the participating project partners, the initial phase involved 
thorough groundwork that featured both online discussions and a collaborative offline workshop. These 
preliminary activities were pivotal in fostering mutual understanding and knowledge exchange among the 
partners. 

 

The first milestone achieved was an initial consensus that led to the structured categorization of the 
anticipated driver behaviour model prerequisites into three distinct dimensions. These dimensions are 
categorized as follows: 

• General Requirements: This category encompasses the overarching essentials that the driver 
behaviour model needs to adhere to, irrespective of specific contexts or applications. These 
foundational requisites lay the groundwork for the subsequent stages of model development. 

• Architectural Requirements: Within this dimension, the experts outlined the necessary design and 
structural aspects that the driver behaviour model should possess. These requirements delve into the 
intricacies of the model's composition and overall architecture. 

• Human Process Requirements: This category underscores the behavioural aspects that stem directly 
from human drivers. It encapsulates the multifaceted human decision-making processes, responses 
to dynamic scenarios, and other cognitive and emotional factors that influence driving behaviour. 

 

By distilling the diverse expertise of each organisation and systematically organising the key model 
requirements into these three facets, the groundwork was laid for a comprehensive and well-structured 
approach to addressing driver behaviour modelling within the context of autonomous vehicles. 

 

2.1.2 Delphi Study 

To attain the task objective, we adopted the empirical Delphi research approach, which involves soliciting 
input from a diverse array of scientific experts and harmonizing their viewpoints to reach a consensus. The 
Delphi method constitutes a structured and systematic approach designed to facilitate the attainment of 
consensus within a panel comprising experts or individuals possessing specialized insights in a specific 
domain. This technique encompasses a sequence of iterative surveys, referred to as rounds, where the 
participants provide anonymous responses. These rounds are orchestrated to collect the perspectives and 
viewpoints of the panellists regarding the subject matter under consideration. Upon the completion of each 
round, the panellists are furnished with statistical summaries that encapsulate the collective responses of 
the group. Armed with this feedback, the panellists are afforded the opportunity to reevaluate their initial 
viewpoints and determine whether to maintain or alter their stance. This method's recursive nature, coupled 
with the anonymity of participant responses, fosters a dynamic and unbiased environment, encouraging the 
gradual convergence of opinions and the ultimate synthesis of consensus among the experts involved. 
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The Delphi procedure effectively tackles pressing concerns by employing the following strategies: 

• Anonymity: By utilising questionnaires or surveys, the Delphi method ensures the anonymity of 
participants. This approach diminishes the influence of dominant personalities and prevents any 
single individual from exerting undue control over the decision-making process. Each participant's 
input is collected confidentially, levelling the playing field and encouraging a more diverse range of 
perspectives. 

• Controlled Feedback: The Delphi method incorporates controlled feedback by summarizing the 
collective outcomes of each round and providing these results to the participants. This feedback 
mechanism furnishes panellists with a comprehensive overview of the prevailing opinions within the 
group, fostering an environment where participants can reevaluate their initial positions in light of 
the evolving consensus. 

• Statistical Group Response: The Delphi method aggregates the individual viewpoints of participants 
to generate a statistical representation of the group's overall opinion. This statistical approach 
alleviates the pressure to conform to a dominant viewpoint and instead emphasizes the convergence 
of diverse perspectives. This results in a more comprehensive and nuanced understanding of the 
issues at hand. 

 

By combining these elements, the Delphi procedure promotes a balanced and impartial exchange of ideas, 
allowing for a holistic exploration of critical issues and the eventual identification of a collective consensus 
that draws from the expertise of all participants. 

 

Sample 

A total of 15 experts hailing from six different institutions, each with diverse disciplinary backgrounds, were 
carefully selected to partake in the survey questionnaire. During the initial round of the survey, 11 
respondents submitted complete and comprehensive responses. Regrettably, four of the experts either 
failed to participate within the stipulated timeframe or provided incomplete survey responses. As a result, 
their input was not considered in the subsequent analysis. 

The ultimate assembly of participants comprised 11 individuals who exhibited proficiency in a wide spectrum 
of areas. The distribution of expertise encompassed the realms of Traffic Flow Theory, Human Factors, Road 
Safety, Cognitive Psychology, Social Sciences and Humanities, Mathematics & Statistics, Vehicle Dynamics, 
and Driving Simulation. Notably, over half of the participants demonstrated proficiency in three or more of 
these knowledge domains, which was a marked characteristic of the group (M=2.90, S=1.37). 

On average, each expert within this diverse cohort boasted 13 years of hands-on experience within their 
respective fields (M=13.64, SD=7.89). This extensive professional experience lent valuable insights and depth 
to the survey responses, enriching the overall quality of the collected data. 

  



 D1.5 Causal relationships between human/external factors and human drivers behaviors: modelling requirements & framework of 
testable hypothesesbehaviours | October 2023 

  Page | 9  

Procedure 

At the commencement of the inaugural round, each of the experts engaged in the survey was presented with 
a comprehensive introduction to the survey's overarching objectives and the structured process it entailed. 
These experts were provided with explicit instructions on how to systematically assign quantitative ratings 
to each statement, guided by three paramount criteria: Importance, Feasibility, and Verifiability. The 
evaluative scale, a five-point Likert scale ranging from "completely disagree" to "completely agree," not only 
facilitated numerical assessments but also offered an avenue for qualitative insights, allowing experts to 
furnish optional written explanations for their ratings. 

Under the criterion of Importance, participants were tasked with gauging the extent to which a given 
requirement contributed to fulfilling two specific and critical objectives: 

• The precise emulation of the benchmark behaviours exhibited by human drivers in comparison to the 
performance of automated vehicles. The comprehensive depiction of the multifaceted diversity 
inherent in human drivers, coupled with the skilful representation of pivotal and complex driving 
scenarios. 

• The Feasibility criterion called upon experts to assess the practicality of implementing each model 
requirement. This entailed an examination of factors such as data availability for requirement 
implementation, the feasibility of data collection, the capacity to effectively encapsulate the model 
requirement, and the potential for timely and efficient implementation. 

• Verifiability, another pivotal criterion, revolved around the feasibility of scientifically validating and 
substantiating the logic behind each model requirement, adding an essential layer of rigor to the 
evaluation process. 

In the subsequent round of the survey, the experts were provided with distributional response data, 
statistical feedback, and comprehensive justifications detailing the assessments of their fellow participants 
from the initial round. This additional layer of information was designed to empower experts to undertake a 
refined evaluation, incorporating the collective wisdom and insights gathered from their peers. This iterative 
approach, encompassing multiple rounds, aimed to foster a more comprehensive and nuanced consensus on 
the crucial model requirements, ultimately strengthening the foundation for the subsequent phases of the 
research. Figure 2 illustrates the overall process of the Delphi study. 

 

 

Figure 2: The process of Delphi study in this task 
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2.2 Testable hypotheses 

Obtaining testable hypotheses prior to data collection and experimentation is of utmost significance, as 
these hypotheses provide clear direction and objectives for both research and experiments. In the context 
of this endeavour, the testable hypotheses we have formulated serve to precisely define the research 
questions we aim to address. These research questions, in turn, contribute to refining the driver behaviour 
model. The presence of well-defined and testable hypotheses ensures that the research process remains 
focused and systematic. These hypotheses guide the data collection process and dictate the variables that 
need to be measured and analysed. By outlining the specific aspects of driver behaviour that are being 
investigated, the hypotheses enhance the effectiveness of experimental design and the subsequent analysis 
of collected data. 

 

2.2.1 Online workshops for the draft of the first hypotheses 

We utilized a series of online workshops that evolved over time, working collaboratively with the activities in 
WP3 and WP5. This collective effort enabled us to formulate a comprehensive set of hypotheses that can be 
tested. 

This collaborative initiative commenced with an online workshop led by VTI, who heads Work Package 3 in 
the project. The primary aim of this workshop was to initiate a brainstorming session, fostering the exchange 
of diverse ideas. The objective was to identify a range of critical scenarios essential for capturing intricate 
driver behaviour nuances. Simultaneously, we sought to understand the nuanced driver attributes 
influencing their decision-making and actions. While this opening workshop covered a broad array of 
subjects, it established a foundational framework, instilling our collective perspective with a wide scope. 

Expanding upon the insights drawn from the first workshop and the findings from a preceding Delphi study, 
we proceeded with a second online workshop. To ensure precision and concentration, we organized this 
workshop into three distinct groups. Each group focused on the existing nine model requirements, 
meticulously analysing the variables that required exploration and the relevant research questions 
underlying each requirement. This process yielded a series of hypotheses, each potentially providing answers 
to these well-defined research queries. Significantly, these hypotheses effectively formed the foundation for 
our upcoming experiments. As illustrated in Figure 3, the results of the online workshop are visually 
presented on the Miro board. This visual display encapsulates the collaborative efforts and outcomes of our 
online workshop sessions. 

The third online workshop was conducted to review and further discuss the outcomes of the second round 
of brainstorming. The second workshop brought forth a wide array of ideas and diverse perspectives, aiding 
us in efficiently gathering a substantial collection of comprehensive and varied hypotheses in a relatively 
short time. Given the importance of our project in exploring diverse driving behaviours and identifying 
potentially unsafe driving actions, certain intriguing hypotheses, within this context, held less priority. To 
prioritize the hypotheses that garnered more attention within the team, we internally voted on the 
hypotheses and research questions generated based on these model requirements at first. Then we 
categorized them into six groups: 

• Attention 

• Tactical behaviour 

• Communication of intentions 

• Task demand 

• Anticipation 

• General 
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In each category the top 4 significant hypotheses were selected, merging and refining repetitive or similar 
statements. Ultimately, before the discussion, we collected 12 testable hypotheses that form the foundation 
of our third-round workshop. In this third round, we divided into three groups to deeply explore and 
contemplate these testable hypotheses from the following aspects: 

• Accuracy and clarity of hypothesis descriptions, presence of ambiguity, and the need for description 
revisions; 

• Feasibility of testing in driving simulators, test track experiments, or existing data; 

• External factors that need to be considered in experimental design. 
 

 

Figure 3: Online workshop in Miro board 

2.2.2 Group activities 

Due to the online workshops in the previous three rounds being conducted in real-time, while promoting 
brainstorming and achieving consensus in a short span, they lacked the depth of contemplation and 
meticulous analysis that can come without time pressure. To refine the testable hypotheses more intricately, 
we initiated group activities. 

Step one involved rearranging and categorizing the testable hypotheses that had already been discussed in 
the third round into four categories: 

• Attention 

• Communication 

• Task demand 

• General 

Based on these four distinct topics, we formed four corresponding groups. 

For step two, we assigned team members to these four groups. Group allocation was based on different 
areas of expertise and personal interest preferences. We found this grouping approach highly reasonable, as 
it allowed the integration of diverse experts into different groups, ensuring the provision of crucial 
knowledge and insights for determining the viable hypotheses. For instance, in our group, human factors 
experts could aid in understanding the physiological and psychological mechanisms behind driver behaviour, 
modelling experts could incorporate these mechanisms into models, experts in experimental design and data 
collection could provide insight into the feasibility of hypothesis validation, cognitive psychology experts 
could help understand the cognitive processes behind driver decision-making, and traffic engineering experts 
could consider the impact of various road conditions and traffic situations on driver decisions. 
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Step three involved the group leader leading discussions within each group, summarizing and categorizing 
the testable hypotheses within their assigned topic. The aim was to identify which research questions these 
hypotheses primarily addressed. Then, they assessed whether these hypotheses could answer the research 
questions or if additional testable hypotheses were required. The refinement of these testable hypotheses 
was approached from these three perspectives: 

• Contributions of the hypothesis to model development. 

• Identification of diverse driver-related factors that need consideration. 

• Feasibility of operationalization in experiments. 
 

 In step four, the hypotheses that had undergone group discussions were internally ranked for importance 
within each group (essential - nice to have - skip). To achieve consensus across the entire consortium, we 
utilized the Menti tool for anonymous voting during the project meeting. This method ultimately determined 
the hypotheses to be tested in upcoming experiments. The comprehensive results are outlined in section 3.2. 

 

3 Results 

3.1 Model requirements 

In the first phase of our study, all task members leveraged their respective backgrounds to generate a pool 
of 21 model requirements. Following this initial step, a Delphi study was conducted, resulting in the consensus 
agreement on 14 model requirements. To gauge consensus, we employed the interquartile range (IQR) as a 
widely accepted measure in Delphi studies (Von Der Gracht, 2012). An IQR of less than or equal to 1 is typically 
considered an appropriate consensus indicator for 4- or 5-unit scales (Raskin, 1994). In our study, an IQR of 1 
or lower was required, in addition to more than half of the participants (or at least half) providing the same 
assessment, to establish consensus. Table 1 presents a summary of the Delphi study results. In this table, the 
model requirements marked in bold represent the two requirements that reached consensus in the initial 
round. Note that the requirements marked in bold font represent requirements that reached consensus in 
the initial round. 

Table 1: Results of the Delphi study.  

Category ID Description Importance 

General 
requirements 

(2/5) 

1 

Model should embed human factors (HF) into engineering human 
driver models and capture heterogeneity of behaviours, for instance 
using a variability of models' parameters, or different models, 
contributes to more realistic simulations and therefore more 
accurate impact assessment. 

Necessary 

2 
The model should be able to use different perception delay or 
reaction time for human driver based on level of criticality of different 
situations. 

Important 

Architectural 
requirements 

(2/5) 
3 

The open format main code should be clear and translatable to any of 
the different languages used in the simulator for each partner in the 
group (i.e., python language). 

Recommended 
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4 
The model should disentangle engineering traffic models and HF 
models. 

Recommended 

Human 
process 

requirements 

(10/14) 

5 
The model should include that the driver communicates intention to 
others (mainly via indicators) or not. 

Necessary 

6 
The model should be able to interact with the vehicles in downstream 
(=vehicles behind ego vehicle).  

Necessary 

7 
The model should be able to represent that drivers sometimes have 
insufficient scanning behaviour. 

Important 

8 

The model should be able to differentiate the visual attention of 
drivers to different parallel areas relative to the vehicle based on the 
intention of the driver as well as different situations, and 
regulations.  

Important 

9 
The model should be able to represent that drivers have a memory of 
the observed environment, and the accuracy of this information 
decays gradually in areas not updated by scanning. 

Important 

10 
The model should be able to integrate over time lane changing and 
car following controller so that the desire lane changing, and speed 
does not change frequently over time. 

Important 

11 
The model should entail anticipation reliance and its influence on 
multiple tasks. 

Important 

12 
The model should be able to use different aggregation techniques to 
obtain anticipation speed, gaps, and time headways of multiple 
leading vehicles. 

Recommended 

13 
The perception of environment and anticipation in the model should 
take some task demand. 

Recommended 

14 
The model should be able to include driver’s body position as hands 
on the steering wheel or head direction position. 

Negligible 

 

Firstly, there was consensus that the inclusion of human factors in the model is essential for expanding upon 
existing microscopic traffic engineering models (M=5, SD=0.47, Frequency=8). Secondly, it was agreed that 
the model should account for behaviours in which drivers may engage without scanning specific areas of 
their visual field (M=6, SD=0.87, Frequency=6). However, some experts provided feedback on this 
requirement, emphasizing the need to identify the most influential human factors affecting safe driving 
behaviour and represent their uncertainty through parameter distributions.  

Through mutual understanding and discussion of various perspectives, the second round of Delphi study 
achieved consensus on 14 requirements. Within the general requirements category, one requirement was 
deemed necessary, and another was considered important. In the architectural requirements category, 
experts unanimously agreed that these requirements were recommended but not necessary for model 
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implementation. These requirements pertained to code format and programming language and did not 
directly relate to the description of critical driving behaviour or driver diversity.  

    

In the third category, human process requirements, over half of the requirements achieved consensus, with 
only one requirement (ID=14) regarding driver body and hand position on the steering wheel considered 
entirely unnecessary. Among the ten agreed-upon requirements, seven were considered highly necessary for 
inclusion in the model, underscoring their significance. This highlights the critical importance of capturing 
behavioural mechanisms that influence driving behaviour within this type of model. 

When considering the study's findings, it is evident that mathematical traffic flow engineering models must 
integrate robust behavioural mechanisms to accurately depict inefficient or hazardous driving behaviours. 
The Delphi study results underscore the importance of creating a diverse and adaptable model capable of 
simulating near-crash scenarios. This entails representing several key aspects: 

• Attention Allocation (Perception): The model should incorporate how drivers allocate their attention, 
addressing the complexities of perception while driving. 

• Impact of Other Road Users (Communication): It is essential to consider how interactions with other 
road users influence driving performance within the model. 

• Quantifying Task Demand (Mental Workload): The model should quantify the mental workload 
associated with various driving tasks, providing insights into cognitive demands. 

• Triggering Speed Changes and Lane Changes (Decision): Understanding the factors and triggers 
behind speed adjustments and lane-changing responses is critical for realistic modelling. 

The outcomes of this study serve as a foundational guideline for future driver behaviour models. They 
emphasise the need to capture the multifaceted nature of driving behaviours, particularly when it comes to 
addressing inefficiencies and risks on the road. 

 

3.2 Testable hypotheses for experiments 

3.2.1 Research questions and testable hypotheses 

We categorised the research questions and hypotheses derived from our group activities into four 
categories:  

• Attention 

• Task demand 

• Communication of intention 

• General.  
 

For each hypothesis, we conducted an internal evaluation and assigned a priority level. Our priorities were 
defined based on three levels: 

• Essential: These hypotheses are of utmost importance, as their validation in the experimental design 
is critical for contributing significantly to our model development and calibration. They are central to 
achieving our project's objectives. 

• Nice to Have: While not absolutely essential, these hypotheses, if validated during experiments, 
would enhance the quality and effectiveness of our models. However, they can be bypassed if 
conditions or resources are limited. 
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• Skip: These hypotheses do not make substantial contributions to our model development. 
Consequently, we have chosen not to prioritize their validation, allowing us to focus our resources 
and efforts on more impactful areas of research. 

 

These priority levels were instrumental in guiding our decision-making process during the evaluation and 
selection of testable hypotheses. Table 1 provides a summary of the content and priority of each hypothesis. 
The next section will provide a detailed description of the essential and nice-to-have hypotheses, as well as 
the experimental scenarios and driver characteristics that need to be considered when recruiting experiment 
participants. 

Table 2: RQs and testable hypotheses related to attention, task demand, communication of intention and general 
features 

Topic RQ ID Hypothesis Priority 

Attention 

A: What 
driver characteris
tics lead 
to insufficient sc
anning? 

ATT A1 Drivers less familiar with urban motorway driving 
are less likely to scan all relevant target areas. 

Essential 

ATT A2 When turning right at an urban intersection such 
that conflicts with bicyclists are possible, drivers are 
less likely to scan all necessary target areas if they 
do not frequently bike. 

Essential 

ATT A3 In scenarios that require speed adaptation to enable 
timely scanning of necessary target areas, e.g., 
when approaching an urban intersection with 
limited visibility,  
1. most drivers do not adapt their speed and instead 
reduce scanning. 
2. experienced drivers adapt their speed more than 
inexperienced drivers. 

Nice to 
have 

B: Will the 
complexity of 
the traffic 
situation lead to 
more frequent 
perception errors 
and/or 
adaptation of 
speed?  

ATT B1 Scenarios that include several vehicles in the target 
lane for a lane change are more likely to lead to 
insufficient scanning and longer perception 
processing times than scenarios that involve. 

Essential
/Nice to 
have 

ATT B2 Vehicles (leading and/or in the target lane for a lane 
change/merge) with unpredictable   behaviour   are 
scanned more frequently than vehicles 
with predictable behaviour.  

Skip 

ATT B3 Scenarios that include more target areas to scan 
(especially on superior traffic streams) are 
more likely to lead to insufficient scanning and 
longer perception processing times than scenarios. 

Essential 
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Topic RQ ID Hypothesis Priority 

ATT B4 In complex scenarios that would require adapting 
the speed to scan necessary target areas 
within the available time for scanning:  
1. most drivers do not adapt their speed and instead 
reduce scanning frequency or do not scan 
some target areas at all. 
2. more experienced drivers adapt their speed more 
than unexperienced drivers.  

Skip 

C: How is the 
amount of 
attention given 
to vehicles 
influenced by 
their velocities 
and masses? 

ATT C1 Drivers prioritize scanning target areas related to 
risk for severe (for themselves) collisions over 
target areas related to risk for collisions less severe 
for themselves but more severe for others.  

Skip 

D: What are the 
most common 
consequences of 
insufficient 
scanning 
behaviour? 

ATT D1 When changing lane on a motorway and a necessary 
target area is not sufficiently scanned, drivers often 
realize this after initiating the manoeuvre and make 
a drastic evasive manoeuvre to avoid an accident if 
there is a conflict. 

Nice to 
have 

ATT D2 If a vehicle in front, merging from an on-ramp or 
changing lane on a motorway, acts as if a necessary 
target area was not sufficiently scanned, the driver 
in the target lane will most often reduce their speed 
drastically to avoid an accident. 

Nice to 
have 

Task 
demand 

A: What is the 
effect of speed, 
lane changing 
desire, and 
headway on 
driving task 
demand? 

TD A1 Driving task demand increases with speed.  Essential 

TD A2 Driving task demand increases with lane 
changing desire.  

Nice to 
have 

TD A3 Driving task demand increases with higher 
density (shorter headways).  

Essential 

B: What is the 
impact of 
criticality on task 
demand? 

TD B1  Driving task demand increases with criticality until 
a threshold. 

Nice to 
have 

TD B2 Very critical situations decrease total task demand. Nice to 
have 

C: What is the 
impact of task 
demand on 
situational 

TD C1 Increased task demand reduces desired speed/ 
increases desired time headway. 

Nice to 
have 

TD C2 Increased task demand increases reaction time. Essential 
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Topic RQ ID Hypothesis Priority 

awareness, 
reaction time, 
and desired 
speed? 

TD C3 Increased task demand reduces situational 
awareness. 

Nice to 
have 

D: What is 
an adequate met
hod to aggregate
 task demand? 

TD D1 Task demand of multiple tasks adds up nonlinearly 
to total task demand. 

Essential 

Communi
cation of 
intention 

A: How do 
drivers exert 
social pressure 
onto leading 
vehicles? 

COM A1 (Aggressive or stressed) drivers reduce their 
headway to exert social pressure onto perceived 
slower leading vehicle.  

Essential 

COM A2 (Aggressive) drivers use lateral movement (showing 
they intend to overtake) to exert social pressure 
onto the lead vehicle.  

Essential 

COM A3 Drivers use overtaking blinkers 
abusively/improperly to exert social pressure onto 
the lead vehicle. 

Skip 

B: What is the 
impact of social 
pressure from 
vehicles behind 
on the driving 
behaviour of the 
ego vehicle? 

COM B1 Social pressure from vehicles behind forces leading 
drivers to increase speed.  

Essential 

COM B2 Social pressure from vehicles behind force leading 
drivers to change (to a slower) lane if the road 
allows. 

Essential 

COM B3 Social pressure from vehicles behind force drivers 
on adjacent lanes to hold back from changing lane. 

Essential 

C: What method 
do drivers use 
to communicate 
their intention? 

COM C1 Drivers use not only indicators to communicate 
intention but also lateral and longitudinal 
movement.  

Skip 

General 

A: How does trip 
purpose 
influence driving 
speed? 

Gen A1 Business trips increases the speed.  Skip 

B: Does driver 
behaviour 
become more 

Gen B1 Drivers make abrupt accelerations and 
decelerations after getting out of congestion 
situation.  

Essential
/Nice to 
have 
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Topic RQ ID Hypothesis Priority 

aggressive in 
post-congestion 
situations 
compared to 
non-congested 
situations? 

Gen B2 Drivers make harsh manoeuvre due to post- 
congestion situation.  

Essential
/Nice to 
have 

Gen B3 Drivers increase speed over limits after getting out 
of a traffic jam.  

Essential
/Nice to 
have 

Gen B4 Drivers show smoother speeds while traffic lights 
are being changed from green to red after not 
congested 

Skip 

Gen B5 Drivers show smoother speeds while traffic lights 
are being changed from red to green after not 
congested 

Skip 

C: How does the 
frequency of 
drivers updating 
their memory 
vary based on 
the speed 
difference and 
situation 
complexity? 

Gen C1 Speeding gets worse the execution of known routes 
(topography memory). 

Skip 

Gen C2 Decision making is easier in simpler routes (less 
infrastructures, trees, buildings, intersections, ...). 

Skip 

 

3.2.2 Essential and nice-to-have hypotheses 

In the section, we will delve into the essential and nice-to-have hypotheses in more detail. Our primary focus 
was to explore the feasibility of the testable hypotheses from an experimental design perspective. For each 
testable hypothesis, we carefully examined the following aspects: 

• Experimental Design Conditions: We determined whether the hypothesis would be best tested using 
a between-subjects or within-subjects experimental design. This choice was critical in shaping the 
overall experimental approach. 

• Participant Recruitment Criteria: To ensure the experiments provided meaningful insights, we 
outlined the specific characteristics and demographics required for participants. This step was 
essential to select a representative sample for the study. 

• External Traffic and Weather Factors: Recognizing the influence of real-world factors, we assessed 
the need to consider external traffic and weather conditions. Understanding how these variables 
might affect the experiments was crucial for designing robust scenarios. 

• Scenarios to be Designed: We delved into the creation of scenarios that would effectively test each 
hypothesis. These scenarios aimed to simulate real-world driving situations and elicit behaviours 
relevant to our research questions. 

• Pre-design Considerations: For test track experiments and driving simulator experiments, we pre-
emptively addressed various logistical and technical concerns. This included equipment setup, data 
collection methodologies, and safety protocols. 



 D1.5 Causal relationships between human/external factors and human drivers behaviors: modelling requirements & framework of 
testable hypothesesbehaviours | October 2023 

  Page | 19  

• Contributions to Model Development: We evaluated how each hypothesis contributed to the 
development of our models. This helped us prioritize hypotheses that had a substantial impact on 
our project's objectives. 

• Data Collection Requirements: We determined the specific data points and measurements needed to 
validate the hypotheses. This step ensured that our experiments would generate the necessary data 
for rigorous analysis. 

 

By addressing each of these questions, we not only gained initial insights into each testable hypothesis but 
also developed a comprehensive understanding of the practical challenges that must be overcome during 
the experimental phase. These anticipatory considerations laid a solid foundation for subsequent tasks 3.1 
and 5.1. As a result, the testable hypotheses are presented in this section, while the detailed experimental 
procedures and designs are elaborated upon in tasks 3.1 and 5.1. 

 

3.2.2.1 Attention 

Research question What driver characteristics lead to insufficient scanning? 

 
Description: 

For a given situation, in which critical or near critical events are common, what 
driver characteristics are more likely to lead to insufficient scanning of some 
necessary target areas? 

 

Restriction: 

• When turning right at an urban intersection where conflicts with cyclists 
are possible.  

• When merging from an on-ramp or changing lane on a motorway.   

Hypothesis  Drivers less familiar with urban motorway driving are less likely to scan all relevant 
target areas.  

ID ATT A1 Priority Essential 

Analysis design Between subject Data to be collected Gaze data 

Trajectories 

Turning indicators 

Driving performance 

Driver characteristics Age 

Gender 

Driving experience 

Familiarity with urban interurban driving 

External factors Vehicle presence in relevant target areas 
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Proxy for task saturation 

Relevant scenarios  Lane change required for following the intended route: diverge or off-ramp, 
merging manoeuvres for TTE. 

Considerations DSE Eye-tracking is required to see how frequent the subject can be exposed to lane 
changing situations (diverges & ramps) 

Considerations TTE Eye-tracking is required (CTAG test track studies will be included this measure for 
merging manoeuvres) 

Contributions Informs what influences the scanning behaviour if a target area is insufficiently 
scanned or not, to facilitate inclusion of other factors leading to reduced 
situational awareness in addition to the task demand-based mechanism. 

Hypothesis  When turning right at an urban intersection such that conflicts with bicyclists are 
possible, drivers are less likely to scan all necessary target areas if they do not 
frequently bike. 

ID ATT A2 Priority Essential 

Analysis design Between subjects Data to be collected Gaze data 

Trajectories 

Infrastructure layout 

Priority rules 

Driver intentions 

Driver characteristics Familiarity with biking in urban environments 

External factors Road user presence in relevant target areas, and the non-presence of road users 
in relevant target areas. 

Relevant scenarios  Urban intersection with separate bicycle path (or bicycle lane to the right of car 
lane) 

Considerations DSE Eye-tracking is required, possibility of looking over the shoulder. Priming effects 
of seeing, and interaction with bicycles needs to be considered. 

Considerations TTE AR bicyclist. Learning/priming effects of interactions with and seeing bicycles 
needs to be considered. 

Contributions Informs what influences the scanning behaviour if a target area is insufficiently 
scanned or not, to facilitate inclusion of other factors leading to reduced 
situational awareness in addition to the task demand-based mechanism. 

Hypothesis  In scenarios that require speed adaptation to enable timely scanning of necessary 
target areas, e.g., when approaching an urban intersection with limited visibility,  

1. most drivers do not adapt their speed and instead reduce scanning. 
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2.  experienced drivers adapt their speed more than inexperienced 
drivers. 

ID ATT A3 Priority Nice to have 

Analysis design Between subject Data to be collected Gaze data 

Trajectories 

Infrastructure layout 

Speed limit 

Priority rules 

Driver intentions 

Driver characteristics Familiarity with urban driving 

Driving experience 

External factors Distance from intersection with different visibility 

Vehicle presence as well as non-presence in relevant target areas 

Relevant scenarios  Urban intersection with limited visibility until close to intersection 

Considerations DSE Eye-tracking is required 

Considerations TTE Eye-tracking is required 

Contributions Informs what influences scanning of target areas, to facilitate inclusion of other 
factors leading to reduced situational awareness in addition to the task demand-
based mechanism or in which cases driver adapt their speed to reduce risk of 
reduced situation awareness. 

 

Research question Will the complexity of the traffic situation lead to more frequent perception 
errors and/or adaptation of speed? 

 

Description: 

Will more complex scenarios (more vehicles/bicyclist/pedestrians required to 
interact with, more lanes, more zones to scan to achieve minimum required 
attention, etc.) lead to more frequent 

• perception errors (either that some necessary target areas are not 
scanned at all or that the information is older and thereby leads to a 
higher probability of errors)?  

• adaptation of speed to be able to achieve minimum required attention? 
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Hypothesis  Scenarios that include several vehicles in the target lane for a lane change are 
more likely to lead to insufficient scanning and longer perception processing 
times than scenarios that involve few vehicles in front and/or in target lane.  

ID ATT B1 Priority Essential/Nice to have 

Analysis design Within subject Data to be collected Gaze data 

Trajectories 

Driver characteristics Familiarity with urban motorway driving 

External factors Number of vehicles in target lane 

Proxy for task saturation 

Relevant scenarios  Leading vehicle braking when driver focus on finding gap in target lane 

Considerations DSE Eye-tracking is required to see how frequent the subject can be exposed to lane 
changing situations (diverges & ramps) 

Considerations TTE Eye-tracking is required, but it isn’t easy to create and vary motorway 
environment in test track 

Contributions Informs if the traffic situation complexity affects the likelihood of insufficient 
scanning / perception errors (i.e., lower Situational Awareness) and duration of 
perception processing times. 

Hypothesis  Scenarios that include several vehicles in the target lane for a lane change are 
more likely to lead to insufficient scanning and longer perception processing 
times than scenarios that involve few vehicles in front and/or in target lane.  

ID ATT B3 Priority Essential 

Analysis design Within subject Data to be collected Gaze data 

Trajectories 

Driver characteristics Age 

Gender 

Driving experience 

External factors  

Relevant scenarios  Urban intersection, two versions one with few target areas and one with many 
target areas. 

Considerations DSE Eye-tracking is required. 

Considerations TTE Eye-tracking is required. 
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Contributions Indicates whether the number of specific areas needing scanning can be utilised 
to gauge complexity and elucidate its impact on Situational Awareness, leading 
to potential errors in perception and prolonged processing times target. 

 

Research question What are the most common consequences of insufficient scanning behaviour? 

 

Description: 

• When a necessary target area is not scanned by the ego vehicle in the 
zone available for scanning, and the conflicting vehicle does not react to 
the imminent conflict, how likely is it that the driver discovers and reacts 
to the conflicting vehicle at a later point, and what are the most common 
reactions? 

• When a conflicting vehicle acts as if it has not seen the ego vehicle, what 
are the most common reactions? 

Hypothesis  When changing lane on a motorway and a necessary target area is not sufficiently 
scanned, drivers often realise this after initiating the manoeuvre and make a 
drastic evasive manoeuvre to avoid an accident if there is a conflict. 

ID ATT D1 Priority Nice to have 

Analysis design Within subject Data to be collected Gaze data 

Trajectories 

Driver characteristics Driving experience 

External factors Age 

Gender 

Driving experience 

Relevant scenarios   

Considerations DSE Eye-tracking is required. 

Considerations TTE Eye-tracking is required. 

Contributions Near accidents can have significant traffic performance effects or lead to 
conditions that increase the risk of accidents, which are important to capture in 
the model. 

Hypothesis  If a vehicle in front, when merging from an on-ramp or changing lane on a 
motorway, acts as if a necessary target area was not sufficiently scanned, the 
driver in the target lane will most often reduce their speed drastically to avoid an 
accident. 
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ID ATT D2 Priority Nice to have 

Analysis design Within subject Data to be collected Gaze data 

Trajectories 

Driver characteristics Driving experience 

External factors  

Relevant scenarios  Motorway on-ramp  

Considerations DSE Eye-tracking is required. 

Considerations TTE Eye-tracking is required. 

Contributions Near accidents can have significant traffic performance effects or lead to 
conditions that increase the risk of accidents, which are important to capture in 
the model. 

 

3.2.2.2 Task demand 

Task demand (TD) describes how much information processing effort the driver requires performing a 
particular task. 

Research question What is the effect of speed, lane changing desire, and headway on driving task 
demand? 

 

Description: 

How does the traffic state influence the TD of drivers? The DSE should consider 
different road traffic conditions and measure proxies for the TD? 
 

Hypothesis  Driving task demand increases with speed. 

ID TD A1 Priority Essential 

Analysis design Within subject Data to be collected Physiological 
responses 

Driver characteristics Age 

Gender 

Driving experience 

Driving style 

External factors Driving lane (fast vs other lanes) 
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2-lane rural road vs motorway 

Road geometry (curve vs straight) 

Speed limit 

Light condition 

Relevant scenarios  Low density 2-lane rural road tangent 

Low density 3-lane motorway tangent 

Low density 2-lane rural horizontal curve 

Low density 3-lane motorway horizontal curve 

Considerations DSE Eye-tracking is required. 

Considerations TTE Eye-tracking is required. The hypothesis will be tested, but only on motorway, not 
comparing rural vs motorway. 

Contributions The driver speed is an important input to define the “fundamental diagram of task 
demand” FDTD: with this hypothesis, we determine whether speed influences 
task demand and if so, quantify the impact to define the FDTD. 

Hypothesis  Driving task demand increases with lane changing desire. 

ID TD A2 Priority Nice to have 

Analysis design Within subject Data to be collected Gaze data 

Trajectories 

Driver characteristics Age 

Gender 

Driving experience 

Driving style 

External factors Driving lane (fast vs other lanes) 

2-lane rural road vs motorway 

Light condition 

Relevant scenarios  DSE without indications 

DSE requesting a lane change within the next 5 minutes 

A lane drop scenario (indicated with signal) 

Considerations DSE Eye-tracking is required. 

Considerations TTE Eye-tracking is required. The hypothesis will be tested, but only on motorway, not 
comparing rural vs motorway. 
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Contributions To internalise the task demand for the lane changing desire: determine whether 
lane changing desire influences task demand and if so, quantify the impact to 
define the FDTD with regard to lane changing desire. 

Hypothesis  Driving task demand increases with higher density (shorter headways). 

ID TD A3 Priority Essential 

Analysis design Between subject Data to be collected Gaze data 

Trajectories 

Driver characteristics Age 

Gender 

Driving experience 

Driving style 

Fatigue 

External factors Driving lane (fast vs other lanes) 

2-lane rural road vs motorway 

Road geometry 

Relevant scenarios  Low density, low flow scenario (large headways) 

Mid density, high flow scenario (critical headways) 

High density, low flow scenario (short headways) 

Considerations DSE  

Considerations TTE  

Contributions To endogenise the task demand for headways: investigate if shorter headways 
influence task demand and, if so, quantify the relation to define the FDTD 
regarding drivers’ headway. 

 

Research question What is the impact of criticality on task demand? 

 

Description: 

Criticality is determined by a given situation. Criticality has spatial and temporal 
components and is pre-defined in the scenarios, but the criticality may be 
perceived different by different drivers. We want to assess what is the impact of 
different (critical) situations on task demand. 

 

Restriction: 



 D1.5 Causal relationships between human/external factors and human drivers behaviors: modelling requirements & framework of 
testable hypothesesbehaviours | October 2023 

  Page | 27  

• 2-3 lane motorways 

• urban setting with a crosswalk 

Hypothesis  Driving task demand increases with criticality until a threshold. 

ID TD B1 Priority Nice to have 

Analysis design Within subject Data to be collected Driving performance 

Driver characteristics Age 

Gender 

Driving experience 

Driving style 

Fatigue 

External factors 2-lane rural road vs motorway 

Road geometry 

Relevant scenarios  Cut in scenario at high densities 

Cut in scenario at low densities 

Considerations DSE  

Considerations TTE  

Contributions To endogenise/internalise the task demand. Investigate whether the task demand 
is different under certain (near critical) situations. 

Hypothesis  Very critical situations decrease total task demand. 

ID TD B2 Priority Nice to have 

Analysis design Within subject Data to be collected Driving performance 

Driver characteristics Age 

Gender 

Driving experience 

Driving style 

External factors 2-lane rural road vs motorway 

Road geometry 

Relevant scenarios  Cut in scenario at very high densities 

An unexpected pedestrian crossing the road 
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Considerations DSE Can only be tested once per subject and probably need to be in the end of the 
experiment 

Considerations TTE Partially possible in TTE 

Contributions To endogenize the task demand. Investigate whether the task demand is different 
under certain (near critical) situations. Test if under near crash accident situations, 
the total task demand decreases. 

 

Research question What is the impact of task demand on situational awareness, reaction time, and 
desired speed? 

 

Description: 

Situational awareness can be defined as the perception of the elements in the 
environment within a volume of time and space, the comprehension of their 
meaning, and the projection of their status in the near future. Measuring 
Awareness is difficult as it is a mental state. It can loosely be measured at the 
first level of the situation of awareness. For example, by asking drivers about the 
location or situation (e.g., colour) of other vehicles: Ask cognitive scientists how 
to design the experiments. 

   

 

Restriction: 

• 2-3 lane motorway 

• urban setting with a crosswalk 

Hypothesis  Increased task demand reduces desired speed/ increases desired time headway. 

ID TD C1 Priority Nice to have 

Analysis design Within subject Data to be collected Driving performance 

Driver characteristics Age 

Gender 

Driving experience 

Driving style 

Fatigue 
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External factors Driving lane (fast vs other lanes) 

2-lane rural road vs motorway 

Task demand 

Relevant scenarios  Gradually add task demand by commanding participants to do secondary tasks 
(e.g., listening to music, mobile ringtones, etc.) and driving-related tasks (e.g., 
changing gear). 

Considerations DSE  

Considerations TTE Partially possible 

Contributions To modify the car-following behaviour given the task demand of drivers. 

Hypothesis  Increased task demand increases reaction time. 

ID TD C2 Priority Essential 

Analysis design Within subject Data to be collected Physiological 
responses, such as 
heart rate variability, 
blood pressure, skin 
conductance, and eye 
movements.   

 

Measure the hand 
pressure of drivers on 
the steering wheel.  

 

Ability to perform 
secondary tasks can 
provide insights into 
workload levels 

Driver characteristics Age 

Gender 

Driving experience 

Driving style 

External factors Driving lane (fast vs other lanes) 

2-lane rural road vs motorway 

Task demand 
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Relevant scenarios  Gradually add task demand by commanding participants to do secondary tasks 
(e.g., listening to music, mobile ringtones, etc.) and driving-related tasks (e.g., 
changing gear) 

Considerations DSE  

Considerations TTE The hypothesis will not be able to be tested at TTE. 

Contributions To modify the car-following behaviour given the task demand of drivers. 

Hypothesis  Increased task demand reduces situational awareness. 

ID TD C3 Priority Nice to have 

Analysis design Within subject Data to be collected Physiological 
responses, such as 
heart rate variability, 
blood pressure, skin 
conductance, and eye 
movements.   

 

measure the hand 
pressure of drivers on 
the steering wheel.  

 

Ability to perform 
secondary tasks can 
provide insights into 
workload levels 

Driver characteristics Age 

Gender 

Driving experience 

Driving style 

External factors Driving lane (fast vs other lanes) 

2-lane rural road vs motorway 

Task demand 

Relevant scenarios  Gradually add task demand by commanding participants to do secondary tasks 
(e.g., listening to music, mobile ringtones, etc.) and driving-related tasks (e.g., 
changing gear).   

Considerations DSE  

Considerations TTE  The hypothesis will not be able to be tested at TTE. 
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Contributions  

 

Research question What is an adequate method to aggregate task demand? 

 

Description: 

Total task demand is the aggregation of multiple tasks' demands. The way we 
aggregate tasks' demands (e.g., linearly or not) needs to be understood via 
experiments. 

  

 

Restriction: 

• 2-3 lane motorways 
 

Hypothesis  Task demand of multiple tasks adds up nonlinearly to total task demand. 

ID TD D1 Priority Essential 

Analysis design Within subject Data to be collected Physiological 
responses, such as 
heart rate variability, 
blood pressure, skin 
conductance, and eye 
movements.   

 

measure the hand 
pressure of drivers on 
the steering wheel.  

 

Ability to perform 
secondary tasks can 
provide insights into 
workload level 

Driver characteristics Age 
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Gender 

Driving experience 

Driving style 

External factors Can be a combination of scenarios for other hypothesis 

Drivers have secondary tasks in addition to the driving task 

Relevant scenarios  Driving lane (fast vs other lanes) 

2-lane rural road vs motorway 

Considerations DSE Eye tracker 

Considerations TTE Eye tracker 

Partially possible 

Contributions Investigate how FDTD can be quantified given multiple task demands. 

 

3.2.2.3 Communication of intention 

Research question How do drivers exert social pressure onto leading vehicles? 

 

Description: 

How do drivers react to a (perceived) slower lead vehicle and how different road 
conditions (2-3 lane motorway/1-lane rural road/driving lane) influence this 
behaviour? 

 

Restriction: 

This research question will be investigated in car-following situation with a slow 
lead vehicle on: 

• 2-3 lane motorways with the ego vehicle driving on the a) fast lane or b) 
other lane(s) 

• 1-lane rural roads 
 

Hypothesis  (Aggressive or stressed) drivers reduce their headway to exert social pressure 
onto perceived slower leading vehicle. 

ID COM A1 Priority Essential 

Analysis design Between subject Data to be collected The change in time 
headway and speed 
after the slow lead 
vehicle appears  
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Stress can be 
measured by skin 
response 

Driver characteristics Stress 

Driving style 

Driving experience 

External factors Driving lane (fast vs other lanes) 

Time constraint 

1-lane rural road vs motorway 

Relevant scenarios  

  

Considerations DSE  

Considerations TTE The hypothesis will not be able to be tested at TTE. 

Contributions To understand how and under which external factors drivers pose social pressure 
onto lead vehicles (e.g., shorter headway). 

Hypothesis  (Aggressive) drivers use lateral movement (showing they intend to overtake) to 
exert social pressure onto the lead vehicle. 

ID COM A2 Priority Essential 

Analysis design Between subject Data to be collected Lateral deviation 
when the slow vehicle 
appears 

Driver characteristics Driving style 

Driving experience 

External factors Driving lane (fast vs other lanes) 

Time constraint 

Relevant scenarios  
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Considerations DSE  

Considerations TTE  

Contributions To understand how and under which external factors drivers pose social pressure 
onto lead vehicles (e.g., shorter headway). 

 

Research question What is the impact of social pressure from vehicles behind on the driving 
behaviour of the ego vehicle?  

 

Description: 

How do drivers react to vehicles that exert social pressure from behind and how 
this reaction is different in different lane scenarios: 

• ego vehicle driving on the fast lane 

• ego vehicle driving on the middle or slow lane 

• ego vehicle attempts to change lane and a vehicle on the target lane 
exerts social pressure from behind 

Will affect desire (indirectly)? 

 

Restriction: 

This research question will be investigated on 2-3 lane motorways. 
 

Hypothesis  Social pressure from vehicles behind forces leading drivers to increase speed. 

ID COM B1 Priority Essential 

Analysis design Within subject Data to be collected Change in driving 
speed 

Change in headways 

Driver characteristics Driving style 

Driving experience 

External factors Driving lane (fast vs other lanes) 

Relevant scenarios  

  

Considerations DSE  
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Considerations TTE Hypothesis not testable at TUM test track (more space is needed), possible at 
CTAG. 

Contributions Capture reactions and responses of individual drivers to external factors such as 
social pressure, understand how drivers adjust their driving behaviour according 
to surrounding vehicles 

Hypothesis  Social pressure from vehicles behind forces leading drivers to change (to a slower) 
lane if the road allows. 

ID COM B2 Priority Essential 

Analysis design Within subject Data to be collected Change in driving lane 

Driver characteristics Driving style 

Driving experience 

External factors Driving lane (fast vs other lanes) 

Relevant scenarios  

 

Considerations DSE  

Considerations TTE Hypothesis not testable at TUM test track (more space is needed),  

Contributions Capture reactions and responses of individual drivers to external factors such as 
social pressure, understand how drivers adjust their driving behaviour according 
to surrounding vehicles 

Hypothesis  Social pressure from vehicles behind force drivers on adjacent lanes to hold back 
from changing lane. 

ID COM B3 Priority Essential 

Analysis design Within subject Data to be collected Change in driving lane 

Driver characteristics Driving style 

Driving experience 

External factors Driving lane (fast vs other lanes) 
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Relevant scenarios  

  

Considerations DSE  

Considerations TTE Hypothesis not testable at TUM test track (more space is needed),  

Contributions Capture reactions and responses of individual drivers to external factors such as 
social pressure, understand how drivers adjust their driving behaviour according 
to surrounding vehicles 

 

3.2.2.4 General 

Research question Does driver behaviour become more aggressive in post-congestion situations 
compared to non-congested situations? 

 

Description: 

The objective is to investigate the potential impact of post-congestion situations 
on driver behaviour, focusing specifically on whether such situations lead to 
increased aggressiveness among drivers. The hypothesis suggests that after 
experiencing traffic congestion, drivers may exhibit more aggressive behaviour 
on the road and the study could provide information on the psychological and 
behavioural aspects of drivers after congestion.  

 

Understanding the relationship between congestion and aggressiveness can 
contribute to the model so that it is able to propose effective strategies for 
managing post-congestion situations, increasing road safety, and improving 
traffic flow, transport planning and infrastructure design to mitigate the 
negative consequences of congestion, and promoting driver education and 
awareness of the potential impact of congestion on driving behaviour. Other 
factors such as the promotion of driver education and awareness of the 
potential impact of congestion on driving behaviour may be outcomes to be 
considered even though they are independent of the model.  

 

Restriction: 

This research question will be investigated on 2-3 lane motorways. 
 

Hypothesis  Drivers make abrupt accelerations and decelerations after getting out of 
congestion situation. 
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ID GEN B1 Priority Nice to have 

Hypothesis  Drivers make harsh manoeuvre due to post- congestion situations. 

ID GEN B2 Priority Nice to have 

Hypothesis  Drivers increase speed over limits after getting out of a traffic jam. 

ID GEN B3 Priority Nice to have 

The Hypotheses can be studied in the same experiment. 

Analysis design Within subject Data to be collected Longitudinal 
accelerations. 

Longitudinal 
decelerations. 

Speed deviation. 

Post-congestion 
situation (yes/no). 

Stress level. 

Position in the lane. 

Yaw rate. 

Lateral acceleration. 

Speeding (speed over 
maximum road 
speed). 

Driver characteristics Stress 

Driving style 

Driving experience 

External factors  

Relevant scenarios  Road conditions (maximum speed allowed = 120 km/h; 2 lanes) 

 

Considerations DSE Hypotheses are testable. 

Considerations TTE Hypotheses are not testable. 
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Contributions Obtain data and responses of individual drivers in post-congestion situations. 

 

 

  



 D1.5 Causal relationships between human/external factors and human drivers behaviors: modelling requirements & framework of 
testable hypothesesbehaviours | October 2023 

  Page | 39  

3.3 Analysis of existing data 

3.3.1 Description of existing data 

The data was originally collected in the Fit2Drive1 project. The field study was conducted in the city of 
Gothenburg and on the highway outside of it. Here, we have only used the urban part. The 35 participants 
(15 females and 20 males) drove the 15-minute route twice, see Figure 4. Inclusion criteria were age range 24–
70 years, be healthy enough to participate in the study, and valid driving license. People who had driven less 
than 2500 km in total in the last twelve months were excluded because they did not have enough driving 
experience to participate in the trial. During the driving session participants were allowed to use cruise 
control. A test leader was sitting in the backseat during the whole time observing the participant, as well as 
monitoring measuring equipment.  

 

 

Figure 4: An outline of the city loop driven in the field study.  

Source: Google Maps:  https://maps.app.goo.gl/AxtUkwQ31sXSgxcG6 

The study was conducted in an instrumented vehicle, a Volkswagen Passat 2013 with automatic transmission. 
The vehicle was equipped with a 5-camera eye tracker (SmartEye Pro 10.1.3, Smart Eye AB, Gothenburg) 
capture the driver’s head pose and gaze direction, Figure 5. The vehicle was also equipped with a forward 
view video camera, a CAN data recording module, and a GPS unit for vehicle position estimation, all 
synchronised with the eye tracker. 

 

 
1 https://www.vinnova.se/en/p/fit2drive/ 
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Figure 5: The eye tracking world model and example showing pupil detections, gaze vectors and head pose.  

 

3.3.2 Analysis approach 

The dataset was enriched by adding information about surrounding traffic and by adding map data. 
Information about surrounding traffic was extracted from the forward view camera using an object detector 
(Ultralytics YOLOv82) and tracker model (Zhang et al., 2022). The object detector was trained on the COCO 
dataset but restricted to only find persons, bicyclists, cars, motorcycles and buses. An example of the output 
is provided in Figure 6. 

 

Figure 6: Example output from the object tracker.  

Map data enrichment was carried out with the Valhalla routing engine3. Map matching (which is also referred 
to as snap to map) was done based on a Hidden Markov Model (HMM) according to (Saki & Hagen, 2022), 
see Figure 7. Apart from map matching, meta data about the road itself such as road type, traffic type, and 
speed limit were also extracted, along with data on intersecting roads. OpenStreetMap4 was used as map 
provider. 

 
2 https://docs.ultralytics.com/ 
3 https://github.com/valhalla/valhalla 
4 https://www.openstreetmap.org/ 
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Figure 7: Example output from map matching of GPS data points.  

An exploratory analysis of the fused dataset with eye tracking data, map data, CAN data, and target tracking 
data has been conducted in MATLAB v9.9 (the Mathworks Inc., Natick, US). Glance data were analysed within 
the Minimum Required Attention framework (Kircher & Ahlström, 2017), using required target areas that 
need to be sampled visually (based on traffic rules and infrastructure layout), and the associated physical 
zones within which the sampling would need to take place (based on sight distance). In other words, the 
“zone” is the road segment within which the driver should collect visual information from the “target area”, 
Figure 8. In a yield-controlled intersection, for example, the required “target areas” would be to the left and 
to the right of the intersection on the main road, where cross traffic can be expected, and the “zone” would 
be the stretch of road beginning where potential traffic on the main road can be seen and ending before the 
intersection is entered. The zone combinations in Figure 8 are “forward”, “forward + zebra”, “forward + 
right” and “forward + left + right”. Note that the forward target area and zone are always active. 

 

Figure 8: Illustration of the relevant target areas (oval shapes) and the associated zone combinations   

3.3.3 Results 

Figure 9 – Figure 11 below show the glance distribution across all participants in different intersection types 
with different priority rules, when the driver is going straight, turning left, and turning right, respectively. The 
plots should be read as the percentage of cases where a driver looked at a certain region of interest (left, 
right, left mirror, right mirror, rear view mirror, forward, interior, and other) as a function of distance from 
the intersection.  

When going straight, the participants look in the mirrors for about 10 % of the time regardless of the situation. 
The share of glances inside the car is low and rather constant while driving through the intersections. In the 
four-way intersection with yield, the drivers check left and right before and in the intersection. When going 
straight in a four-way intersection controlled by traffic lights, these glances to the left and right are mostly 
gone. The most interesting finding is perhaps that glances to the right are very rare in the four-way 
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intersections and in the intersections with a road from the right, even though the right rule applies in these 
situations. This could be a Swedish idiosyncrasy, where this rule is known to be widely disregarded. 

 

Figure 9: Glance proportion when going straight in different intersection types.  

When turning left, many of the glances before and after entering the intersection are devoted to looking in 
the left direction (i.e., the direction of travel). In the intersections controlled by traffic lights, the early glances 
to the left are practically gone, showing that the traffic lights have a large impact on glance behaviour, which 
comes natural given that the traffic lights stop traffic streams from the sides. Before and while turning, it is 
common to check for traffic from behind in the left mirror. 
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Figure 10: Glance proportion when turning left in different intersection types.  

When turning right, glance behaviour is more varied, with especially a large proportion of glances towards 
the rearview mirror. These mirror glances are likely devoted to checking for cyclists and pedestrians that may 
go straight on the inside and that will, thus, be on an intersecting path when the driver turns right. Similar to 
the many glances to the left when turning left, there are many glances to the right when turning right.  

 

Figure 11: Glance proportion when turning right in different intersection types.  

It is evident from the results above that glance behaviour can only be understood given enough information 
about the context in which the glances were made. Changing the analysis base from glance directions 
(forward, left, right) and regions of interest in the vehicle cockpit (interior, mirrors, other) towards more 
purpose related target areas (as in Figure 8), the contextual information is embedded in the target areas. 
This makes it easier to interpret if/when a driver has looked at all areas that are relevant at a certain time. The 
glance distribution figures above show how drivers sample visual information on average when manoeuvring 
through these different types of intersections. However, they do not show whether each driver has checked 
the target areas that are necessary to check. As this is vital to determine the degree of attentiveness in the 
different situations, this is analysed below. 

Figure 12 shows cumulative probability density functions (CDF) of the first and last glance towards target 
areas to the left, to the right and behind the vehicle. The latter is operationalized via mirror glances, but not 
via over the shoulder glances, due to the limited coverage of the eye tracker. Most drivers start to look at the 
relevant target areas 5–15 meters before the intersection, while the last glance typically occurs after entering 
the intersection. The histograms show that more glances are used to monitor target areas to the left than to 
the right. This could be due to the usually higher complexity on the left side when driving in right-hand traffic. 
More glances may be required to extract the relevant information. 

The drivers check their mirrors more continuously than they check target areas to the sides, which shows in 
the near linear increase in the CDF of the first glance in the behind direction. For the same reason, the CDF of 
the last glance shows a steep increase in the close vicinity of the intersection. This is also indicated in the 
histogram showing the number of glances to the mirrors which is skewed to the right (indicating many 
glances, representing more continuous scanning of this area).  

Note that the zone associated with the target areas are here active from 30 meters before the intersection 
until 10 meters after the intersection. This was done to facilitate an analysis of glances as a function of 
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distance to the intersection. Ideally, each target area should be associated with a tailored zone that is 
determined based on stopping distance and line of sight.  

 

Figure 12: Cumulative probability density functions of the first and last glance to different target areas. The histograms 
show the number of glances to the target areas.  

4 Conclusion 

This deliverable describes our work in Task 1.3: "HF: Model Requirements and Framework of Testable 
Hypotheses." Our team comprises experts from diverse fields, each contributing crucial knowledge and 
insights that have been instrumental in defining model requirements and shaping the landscape of our 
testable hypotheses. 

 

Collectively, we gathered a total of 21 model requirements. To ensure a consensus among the experts, we 
employed the Delphi study research method, ultimately achieving unanimous agreement on 14 model 
requirements. Among these, nine were deemed of paramount importance, necessitating their incorporation 
into our models. These vital model requirements served as the foundation for the formulation of our testable 
hypotheses. 

Through multiple rounds of online workshops and internal priority assessments, we addressed 14 research 
questions, delving into the examination of 24 hypotheses. Furthermore, we undertook initial preparations 
for experimental design, conducting a comprehensive investigation into these 24 testable hypotheses. 

The synergy among our interdisciplinary team members, each contributing unique expertise, has been 
instrumental in shaping our project's trajectory. As we move forward, our focus remains on enhancing our 
understanding of diverse driving behaviours and improving road safety. This deliverable represents a 
significant milestone on our journey, marking the beginning of the experimental phases where we will put 
our carefully crafted hypotheses to the test. We are well-prepared and eager to advance our research, 
building upon this strong foundation. 

From the analysis of existing data, the main lesson to be learnt is that glance behaviour can only be 
understood if enough information about the context in which the glances were made is available. This 
contextual information should represent the drivers’ intentions, infrastructure layout, traffic/priority rules, 
and physical constraints such as line of sight limitations. There is also a temporal aspect, where certain 
information can only be considered in certain time windows, and once considered, that information is only 
valid for a certain amount of time. All these contextual aspects must be accounted for in a traffic simulation 
environment that strives to model human information sampling. 

  

            

            

 

  

  

  

  

   

 
  
 
 
  
  
 
  
  
 
  
  
  
  
 
 

                                 

                          

                           

     

                 

              

            

            

 

  

  

  

  

   

 
  
 
 
  
  
 
  
  
 
  
  
  
  
 
 

                                  

                          

                           

     

                 

              

            

            

 

  

  

  

  

   

 
  
 
 
  
  
 
  
  
 
  
  
  
  
 
 

                            

                          

                           

     

                 

              

            

            

 

  

  

  

  

   

 
  
 
 
  
  
 
  
  
 
  
  
  
  
 
 

                              

                          

                           

     

                 

              

            

            

 

  

  

  

  

   

 
  
 
 
  
  
 
  
  
 
  
  
  
  
 
 

                               

                          

                           

     

                 

              

            

            

 

  

  

  

  

   

 
  
 
 
  
  
 
  
  
 
  
  
  
  
 
 

                         

                          

                           

     

                 

              



 D1.5 Causal relationships between human/external factors and human drivers behaviors: modelling requirements & framework of 
testable hypothesesbehaviours | October 2023 

  Page | 45  

5 References 

Von Der Gracht, H. A. (2012). Consensus measurement in Delphi studies: review and implications for future 
quality assurance. Technological forecasting and social change, 79(8), 1525-1536. 

Raskin, M. S. (1994). The Delphi study in field instruction revisited: Expert consensus on issues and research 
priorities. Journal of Social Work Education, 30(1), 75-89. 

Kircher, K., & Ahlstrom, C. (2017). Minimum required attention: A human-centred approach to driver 
inattention. Human factors, 59(3), 471-484. 

Saki, S., & Hagen, T. (2022). A practical guide to an open-source map-matching approach for big GPS data. SN 
Computer Science, 3(5), 415. 

Zhang, Y., Sun, P., Jiang, Y., Yu, D., Weng, F., Yuan, Z., ... & Wang, X. (2022, October). Bytetrack: Multi-object 
tracking by associating every detection box. In European Conference on Computer Vision (pp. 1-21). Cham: 
Springer Nature Switzerland. 

 


