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1. EXECUTIVE SUMMARY

This task is designed to provide a state of the art on situational factors and interactions with
personal factors that can influence driving beyond the driver, which is mandatory for a proper
development of the Driver Behavioural Model (DBM). This task must be differentiated from
T1.2 “Characterization of the spectrum of drivers” since the personal aspects studied in T1.3 are
focused on drivers' interactions with the identified situational factors, which influences driving
behaviour. First, a narrative literature review has been conducted, in which situational factors
and their interactions with some personal factors are detailed and organized according to the
DBM modules (i.e.,, visual perception; cognition, including situation awareness, risk
assessment and decision-making; affective aspects; motor control). A clear synthesis of
situational factors and interactions with personal factors that influence driving is provided
with a list of common factors to at least two modules and module-specific factors. Based on
these identified factors that can influence driving beyond the driver, we provide a list of
parameters to be integrated into the different modules of the DBM with detailed definitions
and means of acquisition.
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1.3. Project’'s summary

The main objective of BERTHA is to develop a scalable and probabilistic Driver Behavioural
Model (DBM) based mostly on Bayesian Belief Networks. The DBM will be implemented on
an open-source HUB (repository) to validate the technological and practical feasibility of the
solution with industry and provide a distinctive approach for the model's worldwide
scalability. The resulting DBM will be translated into a simulating platform, CARLA, using
various demonstrations which will allow the construction of new driving models in the
platform.

BERTHA will also include a methodology which, using the HUB, will allow to share the model
with the scientific community, in order to facilitate its growth.

The project includes a set of interrelated demonstrators to show that the DBM can be used as
a reference to design human-like, easily predictable and acceptable behaviours of automated
driving functions in mixed traffic scenarios.

BERTHA is expected to go from TRL 2 to TRL 4. The requested EU contribution is €7,981,801.
The consortium, formed by 14 entities from 6 countries, deems this Project as vitally relevant
to the CCAM industry due to its impact for safer and more human-like CAVs and its market
and societal adoption.
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2. INTRODUCTION AND OBJECTIVES

21. Introduction

This deliverable contributes to the development of the Driver Behavioural Model (DBM) by
providing a state of the art on situational factors and interactions with personal factors that
influence driving. Indeed, driving as any human behaviour is impacted by both situational
(e.g., daytime illumination, traffic density, situation complexity) factors (e.g., (Faria et al., 2020;
Xu et al, 2014) and personal (e.g., emotion, fatigue, stress) factors (e.g., (Eboli et al.,, 2017,
Maganfa et al., 2021), which can also be interacting, such as in the case of a risk of glare at night
for drivers with a cataract caused by bright lights (e.g., headlight, environment lighting)
(Brémond et al.,, 2018). These interactions are essential to the scope of the deliverable
dedicated to the identification of the influencing factors that determine driving beyond the
driver.

From the lenses of transport safety, a consistent number of literature reviews have already
been done on the description of situational or personal factors that influence driving (e.g.,
(Eboli et al,, 2017; Faria et al., 2020; Magafa et al., 2021; Xu et al., 2014). Conversely, the possible
interactions between situational and personal factors have been less studied and especially
how this conjunction could influence driving beyond the driver themself. This gap is highly
relevant to the different specific modules of the BERTHA DBM, as these interactions can have
distinct effects on each module. For example, the visual perception module might be
impacted by how situational factors, such as lighting conditions, interact with personal factors
like a driver's age or visual acuity. Similarly, the cognition module will need to account for how
both the environment and personal characteristics, such as driving experience, shape
decision-making processes. Understanding these interactions is essential to creating a more
comprehensive and human-like automated driving model.

The visual perception module for the BERTHA DBM is a neural network designed to process
input sensor data, such as RGB images and segmentation masks, and generate outputs such
as saliency maps with object-level information, closely mimicking human visual behaviour. To
fully develop this module, it is crucial to study the external factors that can influence drivers'
visual behaviour, even those beyond their direct control. Understanding these factors not only
enhances the model's accuracy but also makes it more explainable and predictable,
particularly in mixed human-machine interaction scenarios. For example, at a pedestrian
crossing, an autonomous vehicle that behaves in a predictably human-like manner will
respond differently depending on the pedestrian and surrounding cars. A human is likely to
focus more on pedestrians than on other cars when moving at lower speeds, but at higher
speeds, their attention shifts primarily to nearby vehicles (Pal et al.,, 2020). These differing
reactions reflect the variety of driver behaviours depending on the situation, making it
important to study how humans perceive their surroundings and how their visual patterns
shift in response to changes in the external environment. The following sections will delve into
the role of human vision in driving and how it extends its influence beyond the driver's actions.

For the cognition module, the goal will be to identify situational factors that are likely to
impact the cognitive processes of situation awareness, risk assessment, and decision-making.
The effect of these factors may, however, differ depending on the characteristics of the driver
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(e.g., age, gender, sex, driving experience) as well as their driving style (more or less aggressive
or cautious). Considering these factors in the cognition module of the DBM is crucial for
making the behaviour of an automated vehicle more human-like, and this has two main
advantages. For the passenger of the vehicle, it will be about making decisions and adopting
a driving style and behaviours, notably in terms of risk taking, that are well accepted by them.
For example, a very cautious driver might not accept an automated driving style they perceive
as too aggressive (e.g., too high speed or risky decisions). Conversely, a more aggressive driver
might not appreciate overly defensive behaviour from their vehicle (e.g., driving too slowly or
making overly cautious decisions). From the perspective of other road users, making decisions
that are closer to those made by real human drivers could allow the automated vehicle to
react more naturally and adopt a driving behaviour that is more intuitive, understandable and
predictable for the others, which could ultimately facilitate the acceptance of these new
vehicles by other road users.

The affective module aims to model how external stimuli, such as environmental conditions,
noise, and traffic, influence drivers' emotional and mental states based on their individual
profiles. These stimuli can trigger emotional and cognitive responses that vary among drivers
depending on their gender, age, driving experience, and driving style. For instance, adverse
conditions like bad weather or heavy traffic may increase stress or anxiety levels, affecting the
driver's ability to make decisions and react appropriately. By monitoring these stimuli and
their impact on emotional and mental states, the affective module will provide insights into
how external conditions shape driver behaviour, allowing for dynamic adjustments in vehicle
control.

The purpose of the motor control module is to replicate the sensorimotor skills involved in
driving, and to translate sensory inputs into motor commands to control the vehicle
effectively. Several situational factors that are relevant for this module, such as road conditions
and the surroundings, can influence the feedback drivers receive from their actions, which is
a crucial element in the cognitive and physical mechanisms of motor control. For instance, an
uneven or slippery road due to wet weather can compromise a driver's motor skills. Those
factors interact with other situational factors to shape the driver's behaviour. For example,
more experienced drivers may adapt more quickly to complex situations with reduced motor
feedback (e.g. loss of traction), while driving style can either amplify or mitigate the influence
of situational factors. This makes the driver's actions more or less dependent on the situation,
such as when risk-taking behaviours amplify the effects of the situational factors.

This deliverable support the catalogue of driver reaction patterns studied in TI1.2
“Characterization of the spectrum of drivers” and its associated deliverable D1.2 “Stratification
of population according to driving styles”, in which a typology of driver reaction patterns will
be elaborated in the form of brief profiles of the different types of drivers. This typology will be
based on the responses gathered from a balanced sample of over 3,600 drivers from five
countries via a survey. Respondents to the survey are presented with socio-demographic and
stated preference questions, as well as choice experiments which ask respondents how they
would react in a variety of driving situations (based on the five Use Cases defined in D1.1),
covering both urban and highway settings. In this deliverable, personal factors are considered
for their interactions with situation factors.
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In summary, the different modules of the BERTHA DBM each play an essential role in
understanding and replicating human driving behaviour. For this, these modules need to
integrate both situational and personal factors, in order to account for the external conditions
and individual differences, such as age, experience, and driving style, that influence driver
behaviour in complex ways. By studying and integrating the interactions between these
factors, this DBM framework aims to make driving behaviour more predictable, intuitive, and
contextually adaptive in real-world scenarios.

2.2. Objectives

Based on existing literature reviews and recent studies, this deliverable provides a state of the
art of situational factors and their interactions with personal factors that influence driving
beyond driver. These factors have been selected for their relevance to the DBM modules (i.e.,
visual perception; cognitive processes; affective aspects; motor control) (sections: 3.1, 3.2, 3.3,
3.4). From these identified situational factors and their interactions with personal factors, a list
of common factors to all modules and module specific factors is presented with their
influence on driving (section 3.5). The next section (section 4) details the parameters for
situational and interacting personal factors studied by each partner, aligned with the five Use
Cases defined in D1.1. These parameters will be used in the development of the DBM modules,
ensuring that all experiments meet the project's objectives. This foundational work will
support the understanding and integration of key factors for future experiments and
deliverable D2.3 “Updated methodology for basic simulation environment”.
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3. STATE OF THE ART OF THE INFLUENCING FACTORS THAT
DETERMINE DRIVING BEYOND THE DRIVER

The state of the art regarding the influencing factors that determine driving beyond the driver
has been organised according to a review of the different situational factors and their
interactions with personal factors that are known to have significant influences on each
module. Based on the identified factors, a list of common and module-specific factors is
provided.

31.  Visual perception

311  Theoretical basis

Human driving behaviour is significantly influenced by visual inputs, which play a crucial role
in guiding and controlling vehicle operation. The visual system provides the primary sensory
information needed for navigation, hazard detection, and decision-making on the road.
However, attention is the cognitive process that ensures that this visual information is
effectively utilised by prioritising what the driver focuses on in any given moment. When
considering visual attention in driving, it can be divided into selective and divided attention
(for a comprehensive literature regarding these concepts, Eysenck & Keane, 2020), with
selective attention referring to focusing on specific stimuli (e.g., a pedestrian crossing) while
ignoring distractions, and divided attention involving managing multiple tasks
simultaneously (e.g., navigating while listening to in-vehicle information). Crucially, the
allocation of attention is dynamic and influenced by several factors such as salience,
relevance, context, expectation, and the perceived value of different stimuli (Horrey et al.,
20006).

Key visual factors essential for safe driving include visual acuity, visual field, contrast
sensitivity, and visual processing speed (Owsley & McGwin, 2010; West et al., 2003)(Figure 1).

1. Visual acuity refers to the eye's ability to distinguish shapes and details of objects at a
specific distance (Marsden et al,, 2014), which directly impacts a driver’s ability to read
signs and avoid hazards.

2. The visual field encompasses the area in which objects are visible during steady
fixation in one direction (Spector, 1990).

3. Contrast sensitivity is the ability to detect differences between shades and patterns
(Katz & Bothwell, 2017). Reduced contrast sensitivity, especially at night, increases the
risk of road incidents by impairing a driver's ability to recognize road signs, obstacles,
and pedestrians more than visual acuity does.

4. Visual processing speed is the rate at which an individual processes and responds to
visual information. Drivers with slower visual processing speeds are at a higher risk of
road incidents because they are less capable of recognizing and reacting to
unexpected changes in their visual environment.
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Figure 1. lllustration of some visual factors for driving

Note: Picture from taken from Barrett, D., & Wishart, D. D. (2020). NRSPP Australia - NRSPP Q&A: Vision —
Driver's vision, and what influences it. https//www.nrspp.org.au/resources/nrspp-qa-vision-drivers-vision-
and-what-influences-it/

To explain how the above factors play a role in influencing driving we need to explain how
human visual perception works. It can be divided into two categories, Vision (anatomical)
and Visual Processing (cognitive):

e Vision refers to the anatomical/physiological part of visual perception, namely, the eye
(Stewart et al., 2020; Vater et al., 2022). Vision can be subdivided into two subcategories:

e Central Vision: Refers to the part of the visual field processed primarily by the
macula (part of the retina at the back of the eye), which includes the fovea (the area
with the highest visual acuity) and the surrounding regions (paracentral areas). This
region is critical for tasks requiring high-resolution visual information, such as
reading signs or identifying distant objects.

e Peripheral Vision: Encompasses the area of the visual field that lies outside the
macula. Although it has lower resolution, it has been shown that peripheral vision
acquires extensive information essential for driving (Wolfe, Dobres, Rosenholtz, &
Reimer, 2017) and perceptual load on the peripheral regions of the visual scene
affects the ability to detect critical events initiating from the roadsides (Marciano &
Yeshurun, 2015)

e Visual Processing (Srikantharajah & Ellard, 2022) refers to the cognitive process that
supports vision. It is also subdivided into two subcategories:

e Focal vision processing (related to Central Vision): is a cognitive process that
involves the conscious, detailed examination of specific objects or areas within the
central visual field. This process is heavily dependent on central vision and is used
for tasks such as reading road signs, observing traffic signals, and focusing on other
vehicles. Focal vision enables drivers to identify specific details and recognize
critical information that requires immediate consideration and focused attention.

e Ambient Vision processing (related to Peripheral Vision): Ambient vision refers to
the cognitive process that utilises the peripheral visual field to perceive the overall
spatial layout of the environment, detect motion, and maintain spatial orientation.
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This process allows drivers to monitor lane position, judge distances, and sense the
speed and direction of other vehicles without the need for focused attention.
Ambient vision is crucial for maintaining situational awareness while driving,
especially in complex or dynamic environments.

The following sections discuss the situational and interacting personal factors that can
influence visual perception during driving.

31.2. Situational Factors

Effect of lllumination:

Nighttime is one of the most dangerous times for driving (Wood, 2020). Driver reaction times
are significantly longer in low luminescence environments: nighttime, dusk, and dawn. This is
because visual processing, such as detailed vision and colour and motion perception, are
greatly diminished, and can be completely negated, under low light conditions along with
reduced visual acuity, contrast sensitivity, and velocity perception. Pupillary dilation under
such conditions reduces depth of focus (Boadi-Kusi et al., 2024), which affects vision and is
heightened by specificity of nighttime driving. Visual field of view is narrowed to the spread
of the car's headlights, degrading ambient visual processing and thus reducing spatial
orientation and hazard detection. While this specific effect has not been directly tested, it is a
reasonable hypothesis based on existing research on focal and ambient vision in low-light
driving conditions. Drivers at night also experience longer visual fixations (maintaining their
gaze on a single location) due to the increased time needed to cognitively process stimuli
(Konstantopoulos et al., 2010). This results in less overall visual information being processed,
which may contribute to the higher rate of road crashes that occur at night.

Driving Speed:

Research conducted in driving simulators have suggested that vehicle speed could impact
driver's useful visual field (Rogé et al., 2004), which could be responsible for reduced ability to
detect and respond to potential hazards such as other vehicles, road signs, and pedestrians.
At the highest legal speed, namely on the highway over 90 km/h, the driver's useful visual field
was reduced during monotonous driving leading to half of the stimuli detected at 130 km/h
in the peripheral vision. This could be explained as the temporal density (the quantity of
information to be processed per unit of time) of the peripheral vision increases with speed,
the useful field of view decreases similarly to what could be done in a laboratory experiment
(e.g., Ikeda & Takeuchi, 1975; Mack-worth, 1965, 1976). A study conducted on a small group of
drivers in a real road setting found that both the number and duration of eye fixations
decreased as speed increased (Qin et al,, 2018). This suggests that cognitive engagement with
specific areas diminishes at higher speeds, which may also be due to objects moving past the
driver more quickly, leaving less time for fixation.

Visual Crowding with increasing traffic complexity:

Visual Crowding is a phenomenon in which objects that can be recognized when viewed in
isolation are rendered unrecognisable in clutter. Whether it's reading text, scanning
supermarket shelves, or navigating through busy streets filled with cars and pedestrians, our
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visual system is constantly challenged by the overwhelming amount of visual information.
(Levi, 2008, 2011; Pelli & Tillman, 2008). Visual crowding particularly impacts our peripheral
vision (Malania et al., 2007; Manassi et al., 2012; Sayim et al., 2008; Toet & Levi, 1992) and poses
a significant challenge in object recognition within cluttered scenes (Levi, 2008; Manassi &
Whitney, 2018; Pelli & Tillman, 2008; Whitney & Levi, 2011). Peripheral target detection rates
were negatively affected by increases in onset eccentricity and task demand, regardless of
driver experience, as shown by Crundall et al. (1999). A recent study (Xia et al.,, 2020) indicates
that crowding can occur while driving, as objects, obstacles, and pedestrians frequently
appear in clutter in the visual periphery, making it difficult to recognize pedestrians or vehicles
and increasing the risk of hazardous encounters.

Weather

Lastly, we explore the impact of weather-related obstructions on driving. In general, crash risk
is higher in adverse weather conditions compared to good weather (e.g., Andrey, 2010, Xu et
al., 2018). These adverse conditions include rain, snow, hail, fog, strong winds, slippery surfaces,
low sun, and extreme temperatures. In addition to reduced vehicle control due to slipperiness
or strong winds, visibility is often compromised—not only by fog but also by splashing water,
fogged-up windows, or glare from the low sun (SWOV 2023).

Weather phenomena like fog impair visibility by reducing contrast, depth perception, and
visual acuity, which in turn diminishes the driver's ability to react promptly to changing
conditions. Pretto et al, 2012 has suggested that contrary to what was previously believed,
speed is overestimated in fog, because visibility is poorer in the central region than in the
peripheral region of the visual field. The researchers also show that the behavioural
conseqguence of this speed overestimation is a natural tendency to drive at a slower pace.

When driving in foggy conditions, drivers tend to reduce their speed and increase their eye
fixations. This increase reflects a higher cognitive load as drivers struggle to recognize and
interpret the information around them. This heightened cognitive demand makes it more
challenging for drivers to accurately judge the speed of vehicles ahead. Research indicates
that, as a result, drivers are less likely to decelerate and stop in time when the vehicles in front
of them slowdown in low-visibility environments (Deng et al., 2018).

313. Interacting personal factors

In this section we discuss the personal factors that can affect visual patterns during driving
with respect to the situation factors discussed above.

Experience: Several studies have examined how drivers' experience levels affect their driving
behaviour. Borowsky et al. (2010) found that experienced drivers tend to focus their gaze on
areas where potential hazards are more likely to appear, while less experienced drivers often
overlook subtle hazards and concentrate on what they perceive as the most dangerous
threats. Robbins and Chapman (2019) observed that novice drivers have a narrower horizontal
search pattern compared to experienced drivers, resulting in a smaller overall field of view
while driving. Similarly, Crundall et al. (1999) noted that experienced drivers not only have a
broader peripheral vision but also demonstrate significantly better reaction times in detecting
peripheral targets than their less experienced counterparts. This is also supported by
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Konstantopoulos et al, 2010, who also showed that even under decreased visibility (during
nighttime and adverse weather conditions) experienced drivers maintained a significantly
broader horizontal search pattern compared to novice drivers. Although both experience a
degradation in their overall visual search patterns.

Age: Age-related changes in behaviour that impact vision is particularly important. For
instance, older drivers often move their heads less frequently, which can narrow their field of
view (Wood, 2002) and reduce their ability to detect and respond to potential hazards from
the sides. However, according to a recent study (Malavita et al, 2017), ageing increases
surround suppression of contrast but not visual crowding. Moreover, ageing significantly
reduces the ability to see in low-light conditions and sharply increases sensitivity to glare,
independently of any specific eye diseases and without affecting the useful field of view
(Gruber et al,, 2013). Overall, ageing would potentially amplify the effect of low-light conditions,
poor contrast setting and increase the effects from driving speed.

3.2. Cognition module: Situation awareness, risk assessment and
decision-making

3.21. Theoretical basis

From the cognitive point of view, car driving involves three main cognitive processes. First,
drivers must build a mental representation of their driving environment (Bellet et al., 2009,
Salmon et al, 2012). Mental representations, as mental models of the traffic situation, are
dynamically formulated in working memory (Baddeley, 1990) through a matching process
between information perceived/extracted in the external road environment (Neisser, 1976;
Chapman and Underwood, 1998; Bornard et al, 2012) and driving knowledge stored in the
long-term memory (Bellet et al, 2009; Salmon et al; 2014). They correspond to drivers’
“Situation Awareness” (SA) according to Endsley (1995) definition of this concept, namely, “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”.

When driving, drivers must continuously update their SA as they dynamically progress on the
road. The content of their mental representations will however depend on the aims they
pursue (short-term intentions, like tactical goals, or long-term objectives related to strategic
goals, such as reaching their final destination within a given time [Van der Molen and
Botticher, 1988]), their driving experience (Evans and McDonalds, 2002 ; Sagberg and
Bjornskau, 2006), and the attentional resources they allocated to the driving task (Bornard et
al; 2012). At the tactical level (cf. Michon, 1985), SA provides an ego-centred and a goal-oriented
mental model of the driving situation that is used to detect hazards (Horswill and McKenna,
2004) and assess potential risk of accidents (McKenna et al; 2006 ; Bellet and Banet 2012). Risk
assessment is based on evaluating path conflict risks with other road users by considering
both their behaviours and one’s own intentions or actions. Through this anticipation process,
providing expectations about future situational states and respective risks associated with
alternative driving behaviours (Bornard et al, 2016), drivers will then make their decision,
according to their accepted level of risk (Wilde, 1982).
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Beyond this more cognitive description of decision-making, this process can also be impacted
by the driver's emotional states. These emotions may lead them to take fewer risks because
they feel fear or apprehension in the face of danger (Vaa, 2011), or conversely, to make riskier
decisions (including deliberate violations of safety rules) because they are angry (Shinar, 2017)
or seeking sensation (Zhang et al; 2019).

3.2.2. Situational factors

The main situational factors that are liable to impact these cognitive processes related to
situation awareness (SA), risk assessment and decision-making while driving are related to
the four following characteristics of the driving situation:

1. Complexity of the driving situation: The more complex the driving situation, due to
traffic density (i.e. humber of other roads users) and/or to road infrastructure
characteristics, the more the task demand is increasing (Teh et al; 2014) and the highest
the mental workload (De Waard, 1996; Hao et al, 2007) required from drivers will be to
both select appropriately the relevant pieces of information, to understand the
situation, to compute path conflicts with other road users and to make their decisions
(Bellet et al, 2007; Paxion, et al., 2015).

2. Predictability/Expectability: The expectable/familiar versus surprising/unfamiliar
nature of the traffic situation or events, whether it concerns the design of the road
infrastructure or the behaviours of other road users (more or less predictable vs.
unexpected), will also directly impact the decision-making process (Van der Molen et
al, 1988). In the context of a highly familiar/typical driving situation, cognitive
information processing to understand the situation and make decision will primarily
rely on “skills” or “rules” (cf. Rasmussen, 1983; 1986), drawing upon largely automated
competencies that do not require a lot of attentional resources to be performed.
Conversely, when the situation is unfamiliar and/or the behaviours of other road users
are atypical or unexpected, the driver needs to mobilise more generic knowledge (cf.
corresponding to the Rasmussen’s “knowledge-based” reasoning) and controlled
cognitive processes to analyse the situation, evaluate risks and then select an
appropriate driving behaviour to manage them in an efficient way (Bellet et al; 2009).

3. Time pressure: The available time to act/react/perform a driving behaviour is a key
situational factor from a cognitive standpoint. Indeed, the less time the drivers have to
analyse the situation and assess risks, the faster the decision-making must be, and the
more likely they are to neglect important pieces of information, potentially leading to
inappropriate decisions (due to an erroneous SA; cf. Bellet et al; 2009). Time pressure
may also have emotional effects, like stress or anger, that may negatively impact the
decision-making process and increase aggressive driving (O'Brien et al, 2004). Time
pressure can be an external situational factor, as it relates to events occurring in the
road environment (such as the behaviours of other users, for example, requiring
reacting in a very short time), and in this case, it is “imposed” to the driver who must
react to manage it. However, time pressure also directly depends on the drivers’ own
decisions, particularly regarding their driving speed: the faster they decide to drive, the
greater the time pressure will be, as they will have less time to react to events.

4. Situation Criticality (including Dangerousness of others’ behaviours): Situation
criticality is related to the risk of having an accident and the time available to avoid it
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(Westhofen et al; 2023; Bellet and Banet, 2012). When facing a critical traffic situation,
drivers must rapidly make decisions and select emergency reactions (such as
performing an emergency brake or swerving by abruptly steering to avoid a frontal
collision). The higher the accident risk and the lower the time to react, the more difficult
and stressful (Ni, Chen and Shao, 2024) the driving task and the decision-making
become. Moreover, in the case of critical hazard deliberately provoked by dangerous
violations of traffic rules by other road users (e.g., critical cut-ins, violations of priority
rules), this can also provoke fear or anger which can, in turn, lead to aggressive
decision-making and behaviours (Parker, 2007; Shinar, 2017).

3.23. |Interacting personal factors

These situational factors may particularly impact specific subgroups of car drivers. For
instance:

e Driving experience: Unlike experienced drivers, novice drivers do not possess many
automated driving skills. Consequently, many situations are new to them, requiring
them to mobilise a greater amount of cognitive resources to make decisions (Patten
et al., 2006; Paxion et al., 2015). This lack of experience is particularly impactful in hazard
detection and risk assessment processes, which are often much less efficient in novices
than in experienced drivers (De Craen et al,, 2008; Sagberg and Bjornskau, 2006). By
becoming aware of danger later, they can react more slowly and expose themselves
more to the risk of accidents compared to more experienced drivers (Evans and
McDonalds, 2002; Horswill and McKenna, 2004; Bellet and Banet; 2012).

e Age: Due to the decline in cognitive functions with age (more particularly regarding
reduced information processing speed and capacity, span of attention, attention
sharing and mental flexibility abilities; Anstey et al 2005), elderly drivers may have more
difficulty than youngest drivers in making decision in complex, unfamiliar, unexpected
or atypical driving situations, where they cannot rely on pre-existing knowledge or the
driving automatisms acquired through experience (McKnight & McKnight, 1999; de
Raedt et al, 2000; de Waard et al, 2009).

e Driving style: Driving style refers to the manner in which a person operates a vehicle,
encompassing their behaviours, attitudes towards risk and risk-taking, and decision-
making while driving. It includes various factors such as speed, acceleration, braking
habits, lane changes, adherence to traffic rules, and overall risk-taking behaviour
(Sagberg et al; 2015). Different driving styles can range from aggressive and risk-prone
to cautious and defensive. Even if driving style is primarily influenced by individuals’
factors (like age, sex/gender; cf. Ozkan & Lajunen, 2005; Cordellieri et al, 2016), it can also
be locally/temporarily impacted by situational factors and/or environmental
conditions. For instance, bad weather conditions can lead drivers to adopt a more
cautious driving, lighter traffic may encourage faster speeds, and heavy traffic can lead
to more defensive driving styles among a part of the drivers against more aggressive
decision-making and behaviours (Parker, 2007; Shinar, 2017).
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3.3. Affective module

3.31. Theoretical basis

The affective module focuses on how emotional and mental states influence decision-
making, responsiveness, and vehicle control. Both types of states have significant effects on
the driver's cognitive and perceptual processes, impacting them on both a conscious and
subconscious level.

Emotional states, such as anger, sadness, or happiness, play a key role in how drivers perceive
and react to their surroundings. Emotions alter risk perception, decision-making, and driver
attention. For instance, emotions like anger and frustration are linked to heightened
aggression and reduced attention capacity, which can escalate risky driving behaviours (Dula
& Geller, 2003; Mesken et al, 2007). On the contrary, positive emotions like happiness can
reduce the perception of risk, leading to a more relaxed but less cautious driving style (Zimasa
et al., 2017).

Theories in behavioural psychology and emotion regulation highlight that emotions are not
static; they evolve dynamically in response to both internal and external stimuli (Gross, 2002).
Appraisal theory further elaborates those emotional responses stem from personal
evaluations of a situation. In driving contexts, this implies that how a driver assesses or
appraises a particular situation can lead to different emotional states, directly affecting their
driving behaviour (Siemer et al,, 2007). For example, anxiety or frustration can distort appraisal,
heightening arousal levels and reducing the driver's ability to accurately anticipate and react
to environmental changes. This dynamic emotional flux, shaped by cognitive appraisals and
emotion regulation, stresses the need for emotional balance to maintain road safety (M. A.
Regan, 2016).

To capture these elements, the affective module will leverage emotional state tracking based
on arousal and valence, using facial expressions as primary indicators. Monitoring these
continuously will allow the model to predict how shifts in emotional states might impact
driving performance. Such real-time insights could aid in adjusting vehicle control and driver
assistance systems dynamically to maintain safety.

Mental states, such as mental workload and fatigue, as well as cognitive processes like
attention, are factors that significantly affect driver behaviour. Mental workload refers to the
cognitive demand imposed by the driving task, which can increase under complex or
unexpected conditions, reducing the driver's capacity to process additional information
(Paxion et al, 2014). Attention is a limited cognitive resource influenced by both emotional
and mental states. For example, an anxious driver may focus their attention on perceived
threats, while a fatigued driver may experience a general deficit in attention (Eysenck et al,,
2007). Fatigue, in turn, reduces alertness and concentration capacity, negatively affecting
vehicle control and increasing the risk of accidents (Philip et al., 2005).

The interaction between these emotional and mental states is crucial for understanding
driver behaviour. For instance, fatigue can increase susceptibility to negative states like stress
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or anxiety (Matthews, 2002), while a high mental workload can hinder effective emotional
regulation, increasing the likelihood of dangerous behaviours (Pizzo et al., 2024).

In the context of driving, several theoretical models have attempted to integrate the effects
of emotional and mental states:

1. Models of cognitive and affective resources: multiple resource theory states that
people have a limited set of cognitive resources used for different mental tasks
(Wickens' et al., 2008). This model has been widely applied in the driving context, where
it suggests that limited cognitive resources are shared between tasks such as vehicle
handling and emotional regulation. Wickens explains how cognitive overload can lead
to errors and accidents due to competition for these limited resources between
different demands.

2. Adaptive emotion regulation models: emotion regulation theories, such as those
proposed by Gross (2002), focus on how individuals adjust their emotional behaviour
in response to environmental demands. These theories are applied to driving to explain
how drivers regulate their emotions in stressful situations and how the ability to
regulate these emotions is reduced under high cognitive demand or fatigue,
negatively affecting road safety (Gross, 2002; Eysenck et al., 2007).

3. Anticipatory driving models: This approach considers anticipation as a crucial
element for safe driving. According to Saifuzzaman and Zheng (2014), a driver's ability
to foresee future events is influenced by both emotional states (such as anxiety) and
mental states (such as mental workload). These models highlight the importance of
adequate regulation of both states to maintain effective vehicle control.

3.3.2. Situational factors

Affective aspects, such as emotional and mental states, are primarily internal to the driver and
contribute significantly to their behaviour. These aspects often account for a portion of the
unexplained variability in the Driver Behavior Model (DBM) that is being developed in this
project. Although these inner aspects are critical, they are also influenced by external
situational factors that extend beyond the driver's immediate control. These external
influences can interact with or exacerbate the internal states outlined in the affective module.
For instance, challenging environmental conditions or unexpected traffic events can amplify
stress or anxiety, thereby impacting decision-making, reaction times, and overall vehicle
control. These situational factors can be categorised into environmental factors, traffic
conditions, and potential distractors.

1. Environmental Factors: environmental conditions such as illumination level and
weather can have profound effects on a driver's emotional and cognitive states. For
example, night driving or poor weather conditions (e.g., rain, fog, or snow) require
greater concentration and increase anxiety due to reduced visibility and higher
uncertainty, which can lead to higher cognitive load and slower reaction times (Klauer
et al., 2006). Conversely, optimal conditions like a clear, sunny day might reduce stress
levels, promoting more positive emotions and smoother driving behaviours (Roidl et

al,, 2013).
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2. Traffic Complexity: traffic conditions also play a crucial role in influencing affective
states. High traffic density, for example, has been linked to elevated levels of stress,
frustration, and aggressive driving behaviours. Drivers in congested traffic situations
may experience heightened emotional arousal and reduced cognitive resources,
leading to an increased risk of accidents (Li et al, 2019). Furthermore, unexpected
behaviours from other road users, such as sudden lane changes or erratic manoeuvres,
can trigger defensive or aggressive driving, negatively affecting the driver's emotional
state and overall safety (Mesken et al., 2007).

3. Distractors: distractors in the driving environment can further complicate the
interaction between situational and affective factors. Besides the complexity of the
traffic situation itself, excessive traffic signals or visual clutter, such as advertising
billboards, can divert the attention of drivers and overload their cognitive capacity,
particularly in complex or unfamiliar settings (Edquist et al., 2011; Young & Mahfoud,
2007). These distractions increase the cognitive workload, which can lead to poor
decision-making, delayed reaction times, and an increased risk of accidents. Activities
near the road, such as construction work or pedestrian crossings, also contribute to
higher cognitive demand and emotional stress, affecting the driver's ability to maintain
focus and control (Starkey & Charlton, 2020).

311 Interacting personal factors

Personal factors significantly influence how emotional and mental states impact driving
behaviour. These factors vary among individuals and can affect their responses to emotional
and mental challenges while driving. Understanding these personal differences is crucial for
a comprehensive approach to the affective module. Key personal factors include:

1. Gender. gender is the constructed role that society associates to women, men and
other identities generally associated with sex. Gender differences significantly
influence emotional and cognitive responses while driving, affecting both emotional
activation and cognitive processing. Research indicates that men and women drivers
exhibit distinct emotional responses to driving stimuli, which can impact their driving
behaviour and safety. Women tend to rate negative stimuli, such as traffic accidents,
as less pleasant and experience greater arousal compared to men (Balada et al,, 2024).
In contrast, men are more susceptible to cognitive triggers like traffic congestion, while
women react more strongly to emotional provocations such as aggressive driving
behaviours (Chai & Wu, 2015).

2. Age: age significantly influences how individuals manage stress and emotional
demands while driving, with distinct differences observed between younger and older
drivers. Research indicates that older drivers exhibit impaired executive control and
emotion regulation, leading to less cautious decision-making under stress compared
to middle-aged drivers (Chen et al, 2013). In contrast, younger drivers often struggle
with emotion regulation, resulting in maladaptive driving styles and increased risk-
taking behaviours when faced with stressful situations (Lee & Winston, 2016). Older
drivers tend to be more sensitive to environmental pressures, showing deviations in
driving behaviour under stress (Chen et al,, 2013) while younger drivers frequently
exhibit reckless driving styles and emotional dysregulation, which correlates with
unsafe driving behaviours in stressful conditions (Lee & Winston, 2016). Older drivers
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employ strategies that compensate for that loss of performance, such as abandoning
secondary, potentially distracting tasks, and concentrating on the main driving task,
but unfortunately that attempt is not entirely successful, and adds stress in distracting
conditions (Fofanova and Vollrath, 2011).

3. Driving experience: the level of driving experience significantly influences a driver's
ability to manage stress and emotional demands. Research indicates that experienced
drivers exhibit better physiological responses and emotional regulation under stress
compared to novice drivers. Experienced drivers show lower physiological fluctuations
during stress scenarios, indicating better stress management capabilities. In contrast,
less experienced drivers experience higher physiological loads, particularly in sudden
risk situations (Li et al, 2019) and show more behaviour patterns associated with
distracted driving (He et al., 2023).

4. Driving style: driving style, as measured by the Multidimensional Driving Style
Inventory (MDSI), significantly influences how drivers emotionally respond to various
situations. Research indicates that driving styles are closely linked to emotional
regulation and cultural factors, which can shape drivers' reactions to stressors on the
road. For example, emotion regulation difficulties influence the way personality traits,
such as forgivingness, impact driving behaviour. Drivers who struggle to manage their
emotions may react more intensely to challenges or mistakes by other drivers, while
those with better emotional regulation might maintain a more composed driving style,
regardless of their personality traits (Tére et al,, 2023). Drivers experiencing negative
emotions, such as anger or anxiety, demonstrate distinct biological responses that
correlate with their driving styles, indicating that emotional states can significantly
affect driving behaviour and distraction (Habibifar & Salmanzadeh, 2022, Jiménez et al,,
20M).

3.2. Motor control module

3.21. Theoretical basis

From the neurophysiological aspects of human movement (Wolpert 1997), there are two kinds
of motor control: one is devoted for repetitive movements and the other one for movements
towards an objective. For repetitive movements such as walking or running, an important part
of the movement control occurs at the spinal level in the so-called Central Pattern Generators
(Kelso et al. 1993). For movements towards an objective, the motor control of voluntary
movement primarily occurs at the brain level. In both cases, spinal and cerebellar pathways
play an important role in the control of these movements (Oguztéreli and Stein 1979; Oztop,
Wolpert, and Kawato 2005) (Figure 2). This (voluntary movement) is the control aspect most
likely to be related with driving.
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Figure 2. Structure of motor control for voluntary movements (Oztop, Wolpert, and Kawato 2005)

According to established principles of motor control, voluntary motions towards an objective
are affected by the stability of the task to be achieved (Burdet et al, 2006; Wolpert and
Flanagan, 2010; Scibilia, 2022). Subsequently, conditions of instability such as road conditions
and weather conditions should affect control motor dynamics. Besides, once the instability
condition is learned by the user, changes in the conditions will be affected by aftereffects of
the changing conditions (Wolpert and Ghahramani 2000), in the experiments of Wolpert and
Ghahramani (2000), participants learn through practice how to move across a force field that
interacts with the movement, however, if the force field is removed, the participant has to re-
learn the movements without the interaction. This implies that shifts in road conditions (and
weather conditions) will introduce changes in motor control aspects that can affect vehicle
control.

One of the aspects related to motor learning is the creation of an inner mechanical model to
perform tasks properly (MacAdam 2001). This inner model is required to ensure control
stability despite the (relatively) large delay time associated with the speed of conduction of
the neural signal. Regarding driving, this requires the creation of an internal model of the
dynamics of the vehicle. This internal model is explicitly included in some motor control
models of driving (MacAdam 2001). In this respect, and for the same reason (time to reaction),
anticipation is key for proper vehicle control. For this reason, many DBMs account for some
kind of anticipation (Saifuzzaman and Zheng 2014; Negash and Yang 2023). This anticipation
includes path prediction from observation and the lack of control to respond to sudden
changes (MacAdam 2001) (Figure 3).
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Figure 3. Inner model for motor control of voluntary movements according to Wolpert & Ghahramani
(2000), the inner model is the equivalent to the inverse model of the figure

3.2.2. Situational factors

The situational factors that have the strongest influence on the motor control of the driver are
related to the vehicle dynamics, like the speed of the vehicle and changes of direction due to
the road’s curvature. (Bosetti, Da Lio and Saroldi, 2014; Kang et al.,, 2019). Nevertheless, most
situational factors, such as traffic, weather, and road conditions, indirectly influence motor
control through other modules of the DBM. Those factors affect the driver's affective state, risk
appraisal, and decision-making processes, which in turn modify motor control (Lin, Li, and
Wang 2022). For example, driving in challenging conditions like heavy rain or icy roads can
increase stress or anxiety, leading to compromised motor skills, such as delayed reactions or
overcompensation in steering. In such cases, emotional states induced by situational stressors
degrade the driver's ability to maintain precise control over the vehicle.

In addition to influencing the driver's emotional and cognitive state, situational factors such
as road surface conditions and environmental elements (e.g, rain, snow, or ice) directly
affect the vehicle's dynamics and their driving behaviour (Hamdar, Qin and Talebpour, 2016).
Since the fit between the driver's internal model of vehicle dynamics and the actual dynamics
is very important for a proper vehicle control, any changes in these dynamics will impact
motor control. Also, sudden hazards, such as encountering a frozen puddl|e or a tire blowout,
are particularly significant, as they create sharp deviations between the driver's learned model
of the vehicle's behaviour and its actual response (Xiang et al., 2021), requiring rapid and
precise adjustments.
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3.23. |Interacting personal factors

Motor control in human drivers is influenced by a range of personal factors, including gender,
age, experience, and emotional states. Li et al. (2016) provide insights into how these factors
affect motor control. For instance, age and experience significantly shape motor control
capabilities, where younger drivers may demonstrate quicker reflexes but less refined control,
whereas older, more experienced drivers tend to have more stable but slower motor
responses. Gender differences have also been noted, with some studies indicating variances
in how men and women control vehicles, potentially due to distinct approaches to risk and
spatial awareness (Rhodes and Pivik 2011).

While motor control aspects are directly linked to how drivers physically handle vehicles,
driving style encompasses broader behavioural patterns that reflect these motor control
tendencies. The literature on driving styles often distinguishes between aggressive and
cautious driving behaviours (Han et al. 2019; Deng et al. 2020; Lin, Li, and Wang 2022). These
styles may correlate with how personal factors influence motor control. For instance, the
availability of different driving modes in automatic cars —Normal (D), Sport (S), and Low (L)—
might cater to these variations in driving styles, accommodating both more aggressive and
conservative driving patterns. Research by Chen et al. (2019) and Taubman-Ben-Ari and
Skvirsky (2016) suggests that gender differences exist in driving style, and that age and
experience also play roles in defining these styles, though Boyce and Geller (2002) cautions
that these distinctions are not always clear-cut. Additionally, personality traits such as
impulsivity or conscientiousness can shape a driver's style (Po6 and Ledesma 2013), impacting
motor control in scenarios that require rapid decision-making.

While studies on driving styles provide valuable insights, their direct influence on motor
control aspects remains an underexplored area that requires further research.

3.3. List of common and module-specific factors relevant for the
DBM

According to the literature review, we obtained five common factors to at least two factors: (i)
Traffic complexity (e.g., traffic density, complex environment), (ii) Driving speed, (iii)
[llumination level, (iv) Weather condition, (v) Predictability (e.g., odds of a traffic behaviour like
pedestrian crossing, changing lane). We also obtained three module-specific factors as
follows. For the decision module - situation awareness, risk assessment and decision-making,
one module-specific factor was identified: (i) Situation criticality (e.g., available time to react).
For the affective module, one module-specific factor was identified: (i) Distractors (e.g.,
excessive traffic signals or non-related driven items). For the motor control module, one
module-specific factor was identified: (i) Road surface and condition (e.g., bumps, road
irregularities, quality of adherence). These different identified factors are organized following
their association to the modules and presented in Table 1.
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Table 1. List of common and module-specific factors

Factors Modules
Visual Cognition  Affective Motor References
Situational factors
Common factors

Visual: Levi et al, 2008, 2011; Crundall et al., 1999;
Traffic complexity 4 4 V4 Xia et al,, 2020

Decision: De Waard, 1996; Hao et al, 2007; Bellet

et al, 2007; Teh et al; 2014; Paxion, et al., 2015

Affective: Li et al., 2019

Visual : Rogé et al., 2004; Qin et al., 2018
Driving speed N4 N4 v Decision: Bellet et al., 2009; O'Brien et al., 2004

Motor Control: Bosetti et al.,, 2014.

Visual: Wood, 2020; Boadi-Kusi et al., 2014;
[llumination level v v Konstantopoulos et al., 2010

Affective: Klauer et al., 2006; Roidl et al, 2013

Visual: Pretto et al, 2012 ; Deng et al., 2018
Weather condition v v v Affective: Klauer et al., 2006; Roidl et al, 2013.

Motor Control: Hamdar et al., 2018.

Decision: Van der Molen et al., 1988; Bellet et al,
Predictability J J N4 2009

Affective: Mesken et al.,, 2007

Motor Control: Xiang, 2021.

Module-specific factors

Decision: Westhofen et al., 2023; Bellet et al,
Situation Crit. 4 2012; Ni et al,, 2024; Parker et al., 2007; Shinar et

al,, 2017

Affective: Edquist et al.,, 2011; Young et al., 2007;
Distractors v Starkey et al., 2020

Motor Control: Hamdar et al., 2018.
Road surface and condition, v
sudden hazards
Interacting personal factors

Decision: McKnight et al,, 1999; de Raedt et al,
Traffic cpx. * Age 4 V4 2000; de Waard et al, 2009

Affective: Lee and Winston, 2016; Chen et al.,

2013.

Decision: Evans et al., 2002; Horswill et al., 2004;
Traffic cpx. * Driving exp. NG 4 Bellet et al., 2012

Lietal, 2019

Decision: Shinar, 2007
Traffic cpx. * Driving style V4 Affective: Habibifar and Salmanzadeh, 2022

Affective: Balada et al,, 2024; Chai et al,, 2015
Traffic complexity * Gender

Visual: Rogé et al,, 2004; Qin et al.,, 2018
Driving speed * Age v V4 v Decision: McKnight et al, 1999; de Raedt et al,

2000; de Waard et al, 2009

Motor Control: Li et al., 2016.

Decision: Evans et al., 2002; Horswill et al., 2004;
Driving speed * Driving exp. NG 4 Bellet et al., 2012

Motor Control: Summala et al., 1998.

Affective: Chen et al., 2013
Weather condition * Age 4

Decision: McKnight et al,, 1999; de Raedt et al,
Predictability * Age 2000; de Waard et al, 2009

Decision: Evans et al., 2002; Horswill et al., 2004;
Predictability * Driving exp. V4 Bellet et al., 2012.

Motor Control: Summala et al., 1998

Decision: Evans et al.,, 2002; Horswill et al., 2004;
Situation Crit. * Driving exp. NG Bellet et al., 2012.

[llumination level * Age
Visibility * driving exp.
Distractors * Age
Distractors * Driving exp.

Distractors * Driving style

Visual: Malavita et al.,, 2017 ; Gruber et al., 2013
Visual: Konstantopoulos et al., 2010

Affective: Fofanova and Vollrath, 2011
Affective: He et al.,, 2023

Affective: Jiménez et al, 2011

Note: Exp. = experience; Cpx. = complexity; Crit. = Criticality
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4. SELECTED PARAMETERS FOR THE FACTORS

This section provides the description of the selected parameters which is structured as
follows: (i) the parameters for situational factors and related interacting personal factors
studied by each partner necessary for the development of the different DBM modules, (ii) the
specific Use Cases (corresponding to the five use cases defined in D1.1) to be studied by each
module and/or partner and the situational factors that will be manipulated in each
experiment.

This approach will ensure that all experiments are aligned with the project’s objectives and
allow for a more comprehensive analysis of the interactions between situational and personal
factors in driving behaviour. This will provide key parameters with clear definitions for the
foundational work for WP2's later consensus in D2.3. Since WP2 will provide deepened details,
this initial identification phase provides the key aspects to ensure the effective use and
understanding of the factors in relation to future experiments.

41. Parameters for situational factors and related interacting
personal factor study to develop the different DBM modules

411. Parameters for the situational factors and related parameters
studied by DFKI to develop the Visual perception Module

The following selected situational factors are illumination, weather, speed and traffic
complexity. We will use the CARLA Weather presets along with our custom weather settings
to simulate different scenarios from section 3.1.2:

e Traffic complexity: according to the use cases, we will study the effect of increasing
traffic complexity. Complexity here refers to increasing the number of cars, cyclists and
pedestrians walking on the sidewalk or crossing the road.

e |llumination: lllumination from noon to night condition. Bright day to Mesopic
condition. lllumination conditions change vision and visual processing as mentioned
in section 3.1. This parameter will be randomly selected in Carla.

e Weather: Similarly, we will simulate different weather conditions for each scenario,
from near day to foggy and rainy nights. In Carla we can control the settings for
daylight, fog, rain etc. We will record the use cases with different randomly selected
weather scenarios.

e Speed: Effect of speed can change the visual patterns associated with driving. The use
cases will cover scenarios when the driver is driving at different recommended speeds.
However, this is also dependent on the traffic complexity whether it allows the ego
vehicle to drive at required speeds.

DFKI will only consider age and experience of the population of drivers as interacting
influencing personal parameters.
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412. Parameters for the situational factors and related parameters
studied by UGE to develop the Cognitive Module

For the various scenarios that will be studied using the driving simulator by UGE, three main
situational factors will be manipulated in the traffic scenarios studied in the simulator (i.e,
independent variables):

e Traffic Complexity: will be related to the number of vehicle(s)/other roads user(s)
impacting the ego car driver's decision and behaviour (depending on the scenario).

e Predictability: will be related to the behaviours (more or less predictable/expectable
versus surprising/unexpectable) performed by other vehicle(s)/other roads user(s)
interacting with the ego car in the scenario.

e Situation Criticality: will be related to the behavioural dangerousness and/or the level
of risk (e.g., assessed based on variables such as the Time to Collision or the Time to
lane Crossing, depending on the traffic scenario) of interaction with another road user,
to be managed by the ego car driver in the scenario.

In addition, time pressure will also be considered as a dependant variable in UGE's
experiment, i.e., regarding to the ego-car speed (or the time headway, for car following
situations) performed by the participant.

As influencing personal parameters, the considered characteristics of the population of
drivers by UGE are as follows:

e Sex/Gender: UGE's experiment will consider sex/gender differences regarding risk
assessment and decision-making. According to the literature (Ozkan & Lajunen, 2005;
Cordellieri et al, 2016), it is expected that men (especially young men) will exhibit riskier
decisions and more aggressive behaviours than women.

e Age: UGE's experiment will primarily involve middle-aged drivers (26-45 years old), but
also some young participants (18-25 years old) and elderly drivers (over 65 years old).

e Driving Style: Driving style of the participants (ranged from aggressive and risk-prone
to cautious and defensive behaviours) will also be considered, in accordance with the
result of the survey implemented in Task 1.2 (cf. D1.2).

413. Parameters for the situational factors and related parameters
studied by IBV to develop the Affective Module

The selected situational factors are traffic complexity, illumination, weather, and traffic
distractors. These factors will be simulated in the driving environment using controlled
settings to replicate real-world conditions.

e Traffic Complexity: The number of vehicles on the road per unit area. Traffic levels will
be categorised as high, moderate, or low traffic density.

e |llumination level: The measurable amount of light in the driving environment,
guantified in terms of luminous intensity (lux) from natural sources (e.g., sunlight) or
artificial sources (e.g., street lamps, vehicle headlights). This can be categorised into
different levels, such as "daylight," "dusk/dawn," or "nighttime," based on predefined
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lux thresholds (e.g., daylight > 10,000 lux, dusk/dawn between 100-500 lux, and
nighttime <100 lux).

e Weather: The atmospheric conditions affecting visibility and vehicle control, such as
rain, fog, or snow, which can influence the driver's emotional state and reaction time.
The weather conditions will be classified into categories (e.g., sunny, rainy, foggy,
snowy).

e Traffic distractors: Elements in the driving environment that may divert the driver's
attention away from the road, such as billboards, pedestrians, or construction sites. The
number of distractors present and their frequency or periodicity (e.g., how often they
appear during the driving task or over a certain distance/time frame).

As influencing personal parameters, the considered characteristics of the population of
drivers by IBV are:

e (Cender: A socio-cultural construct that categorises individuals based on their
identity and societal roles, typically classified as man, woman, or non-binary.

e Age: Biological age of the driver. The age can be considered as a number or a set of
categories such as: Young Drivers (18-24 years), Mid-Age Drivers (25-44 years),
Mature Drivers (45-64 years), Older Drivers (65 years and above).

e Driving experience: The cumulative exposure a driver must have had in operating
a vehicle in various conditions. Driver experience can be categorised into levels (e.g.,
novice, experienced, highly experienced) based on a combination of these factors,
typically determined by standardised questionnaires or driving logs, through
measurable factors such as:

o Years of Driving: The number of years a person has held a valid driver's
licence and actively driven a vehicle.

o Distance Driven: Total distance covered (in kilometres or miles), often
recorded through self-reporting or vehicle odometer data.

o Diversity of Driving Conditions: The range of environments the driver has
experienced, such as urban, rural, highways, and adverse weather conditions
(e.g., rain, snow).

o Frequency of Driving: How often the driver operates a vehicle, assessed
through daily, weekly, or monthly driving habits.

e Driving style: Driving style refers to the habitual patterns of behaviour and
emotional responses exhibited by drivers while operating a vehicle. These patterns
are shaped by individual personality traits and can influence how a driver reacts to
various driving conditions and situations. The Multidimensional Driving Style
Inventory (MDSI) questionnaire will be used and is a widely used tool for
categorising these behaviours into distinct dimensions, including:

o Angry driving: characterised by aggressive behaviours, such as yelling,
honking, or making hostile gestures towards other road users.

o Anxious driving: marked by feelings of nervousness or tension, especially in
challenging driving conditions, often leading to overly cautious or erratic
actions.

o Careful driving: defined by a defensive and cautious approach, where the
driver prioritises safety and follows road rules meticulously.

o Risky driving: associated with thrill-seeking or impulsive behaviours,
including speeding, tailgating, or overtaking in dangerous situations.
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414. Parameters for the situational factors and related parameters
studied by IBV to develop the Motor Control Module

The selected situational factors are: speed, weather, predictability of the situation, road surface
and condition, and sudden hazards. These factors will be simulated in the driving
environment using controlled settings to replicate real-world conditions.

e Speed: The speed of the vehicle influences the capacity of the driver to react to the
situation and perform the planned actions at the appropriate times, and also has an
impact on the inertial forces that the manoeuvres have to counteract. This parameter
is obtained directly from the vehicle state.

e Predictability: The possibility of anticipating sudden events or the actions of other
agents (vehicles, pedestrians, etc.), which affects the capacity of preparing the actions.
This can be measured by the presence or visibility of cues like brake and lane change
lights of other vehicles.

e Weather: Rain, fog, snow, etc. Their influence on the Motor Control module is indirect,
through changes in road condition and surface (slipperiness, bumps, etc) derived from
weather conditions.

The road surface and condition factor presents these different specificities:

e Road condition: The physical state of the road surface, assessed based on its
smoothness, cleanliness, and presence of irregularities. Can be measured through
subjective ratings or objective indicators such as:

o Smooth and clean: Roads free of debris, dust, or significant imperfections (e.g.,
cracks, potholes), offering optimal vehicle contact.

o Bumpy: Roads characterized by uneven surfaces, such as potholes or ridges,
which disrupt smooth driving.

o Dusty: Roads covered with loose particulate matter (e.g., dust or dirt), potentially
affecting traction and visibility.

e Road surface: The condition of the road's top layer, influenced by the presence of water,
ice, snow, or other substances, which affect tire grip and vehicle handling. Each
condition can be quantified using moisture sensors, surface temperature readings, or
visual inspection to classify the road surface state as follows:

o Dry: Road surface without any moisture, ice, or snow, offering optimal traction.

o Wet: Road surface covered with water (e.g., from rain or puddles), reducing tire
grip and increasing stopping distance.

o lced: Road surface with a layer of ice or frost, significantly lowering traction and
increasing the risk of skidding.

o Snowy: Road surface partially or fully covered with snow, affecting traction and
vehicle control depending on snow depth and compaction.

e Sudden hazards: Unexpected, temporary obstructions or changes on the road surface
that can impair vehicle control or pose immediate risks to the driver. These hazards can
be identified through visual inspection, road sensors, or driver feedback and
categorized based on size, location, and the severity of the impact on driving dynamics.
The hazards include:

o Potholes: Abrupt depressions or holes in the road that can cause damage to
vehicles or disrupt smooth driving.

** % Funded b Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not
* Tx Yy : ; . . .
* * . necessarily reflect those of the European Union or the European Climate, Infrastructure and Environment Executive
O the European Union Agency (CINEA). Neither the European Union nor the granting authority can be held responsible for them.
PAGE 33/53



Deliverable 13. Influencing the parameters

o lced puddles: Water puddles that have frozen, creating localized slippery
surfaces that reduce tire grip and increase skidding risk.

o Debris: Loose objects (e.g., rocks, branches) or materials (e.g., sand, gravel) on
the road that can obstruct driving or damage vehicles.

o Water puddles: Accumulations of water on the road surface, typically after
rainfall, which can reduce traction and increase the risk of hydroplaning.

o Temporary Obstacles: Any transient element such as fallen tree limbs,
construction materials, or other items unexpectedly present on the road.

As influencing personal parameters, the considered characteristics of the population of
drivers by IBV are:

e Gender: see IBV previous definition

e Age:see IBV previous definition

e Driving experience: In addition to IBV's previous definition, driver proficiency was
defined as the ability of a driver to operate a vehicle safely and effectively, evaluated
based on specific performance metrics. The proficiency levels (e.g., beginner,
intermediate, expert) can be determined by scoring performance on a standardized
driving assessment or simulator-based tasks.

4.2. Implementation of the situational parameters for each use
case according to each partner

4.21. Use case N°1 “Collision risk avoidance” on highway

Description: The ego-vehicle is following a leading vehicle on the right lane of a highway.
Suddenly, the leading vehicle performs an emergency braking, which significantly reduces its
speed. To avoid a front collision, the driver of the ego-vehicle must execute an emergency
manoeuvre. The driver can either perform an emergency braking or an evasive manoeuvre to
safely change to the left lane. We suppose that the cause behind the braking of the lead
vehicle only affects the right lane (see Figure 4).

Option 1: B

Option 2: C
A

Figure 4. “Collision risk avoidance” on highway
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DFKI experiment (Vision module)
Manipulated factors during the experiment (independent variable):

e Traffic Complexity: presence (or not), position and speed of car(s) in the left lane (i.e,
overtakers).

e |llumination conditions of the simulations: effect of illumination (day & night condition)
Weather: reduced visibility with rainy & foggy conditions while driving.

e Speed: Speed of leading vehicle affecting the speed of ego vehicle.

UGE experiment (Cognitive module)
Manipulated factors during the experiment (independent variable):

e Traffic Complexity: presence (or not), position and speed of car(s) on the left lane (i.e,
overtakers).

e Situation Criticality: abruptness of the lead car braking.

IBV experiment (Affective module)

Manipulated factors during the experiment (independent variable):

e Traffic complexity: high, moderate, or low traffic density levels on the left lane and
behind the current lane.

e lllumination level: daylight, dusk/dawn, or nighttime conditions that affect the
visibility of incoming vehicles on the left lane, behind, and the braking vehicle in front.

e Weather: varying atmospheric conditions, such as rain or fog, also affecting visibility
and stress levels.

e Traffic distractors: number and frequency of distractors like advertisements or
pedestrians.

IBV experiment (Motor Control module)
Manipulated factors during the experiment (independent variable):

e Speed: Speeds of ego vehicle, affecting the difficulty of braking or manoeuvring to
overtake.

e Weather: varying atmospheric conditions, such as rain or fog, and wind, that affect
manoeuvrability, road adherence and lateral control.

e Predictability: use (or not) of warning by the lead vehicle when braking, which affects
the reaction times of the following driver.

e Road surface: bumps or other road irregularities that might affect the manoeuvres.
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Use case N°1 summary table

Table 2. Use Case n°1 summary table

Modules and Partners

Parameters Vision Cognition Affective Motor
(DFKI) (UGE) (IBV) (IBV)
Traffic Complexity: presence, position and V4 V4 V4

speed of car(s) on the left lane

Situation Criticality: distance between cars v
(i.e., size of the insertion gap)

Predictability: use (or not) of warning by the v
lead vehicle when braking

Speed: speed of leading vehicle affecting V4 V4
the speed of ego vehicle

llumination: daylight, dusk/dawn, or v v
nighttime condition

Weather: varying atmospheric conditions, v v v
such as rain or fog, and wind

Distractors: surrounding items nonrelated v
to the target of the UC like advertisements,
other vehicles or pedestrians

Road surface: bumps, road irregularities v
and quality of adherence

4.2.2. Use case N°2 “Insertion on highway”

Description: The ego-vehicle needs to merge into a crowded left lane from an entry ramp on
a double lane highway. The ego-vehicle relies on a gap car (another vehicle creating a slightly
larger gap in traffic) to create an opportunity for insertion before the entry lane ends. The DBM
will have to simulate the ego-vehicle's decision-making process, including visual perception,
speed adjustment, and safe insertion into the left lane (see Figure 5).

Figure 5. Insertion on highway
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DFKI experiment (Vision module)
Manipulated factors during the experiment (independent variable):

e Traffic Complexity: number, positions and speeds of cars circulating on the highway

UGE experiment (Cognitive module)
Manipulated factors during the experiment (independent variables):

e Traffic Complexity: number, positions and speeds of vehicles circulating on the
highway at the insertion time
e Situation Criticality: distance between cars on the highway (i.e., size of the insertion

gap)

IBV experiment (Affective module)

Manipulated factors during the experiment (independent variable):

e Traffic complexity: high, moderate, or low traffic density levels on the highway.
[llumination level: daylight, dusk/dawn, or nighttime conditions that affect the
visibility of incoming vehicles on the highway and influence stress levels.

e Weather: varying atmospheric conditions, such as rain or fog, also affecting visibility
and stress.

e Traffic distractors: number and frequency of distractors like advertisements or traffic
signs.

IBV experiment (Motor Control module)
Manipulated factors during the experiment (independent variable):

e Speed: speeds of ego vehicle and vehicles circulating on the highway, affecting the
difficulty of matching.

e Weather: varying atmospheric conditions, such as rain or fog, and wind, that affect
manoeuvrability, road adherence and lateral control.

e Road surface: bumps or other road irregularities that might affect the manoeuvres.

Use case N°2 summary table

Table 3. Use Case n°2 summary table

Modules and Partners

Parameters Vision Cognition Affective Motor
(DFKI) (UGE) (IBV) (IBV)
Traffic Complexity: number, positions and v v v

speeds of cars

Situation Criticality: distance between cars v
(i.e., size of the insertion gap)

Speed: speed of leading vehicle affecting v
the speed of ego vehicle
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Modules and Partners

Parameters Vision Cognition  Affective Motor
(DEKI) (UGE) (IBV) (IBV)
lllumination: daylight, dusk/dawn, or v v

nighttime condition

Weather: varying atmospheric conditions, v v
such as rain or fog, and wind

Distractors: surrounding items nonrelated v
to the target of the UC like advertisements,
other vehicles or pedestrians

Road surface: bumps, road irregularities v
and quality of adherence

4.23. Use case N°3 “Pedestrian crossing” in urban area

Description: The ego-vehicle is driving on an urban road. Pedestrians are walking on the
sidewalks adjacent to the road. While most will follow the proper path and cross the road at
designated zebra crossings, some may attempt to cross the road at an inappropriate location.
This poses a danger to those pedestrians, who may risk getting run over by the ego-vehicle.
Therefore, the ego-vehicle's driver must be able to anticipate and respond promptly to this
unexpected pedestrian behaviour and avoid any potential accidents (see Figure 6).

Figure 6. Pedestrian Avoidance

DFKI experiment (Vision module)
Manipulated factors during the experiment (independent variable):

e Traffic Complexity: Masked (behind a parked car) versus visible pedestrian during the
approach, effect of crowded environment around the pedestrian.
e Speed: Speed of ego vehicle as it approaches the pedestrian

UGE experiment (Cognitive module)
Manipulated factors during the experiment (independent variables):

e Traffic Complexity: Masked (behind a parked car) versus visible pedestrian during the
approach

e Predictability: pedestrian’s decision to cross more or less expectable (e.g. distracted
versus attentive pedestrian)
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e Situation Criticality: distance between the ego-car and the pedestrian when s/he
decides to cross

IBV experiment (Affective module)

Manipulated factors during the experiment (independent variable):

e Traffic Complexity: Presence and visibility of pedestrians, including those masked by
parked cars or located in crowded environments, impacting the driver's emotional
state and level of alertness.

e lllumination level: Daylight, dusk/dawn, or nighttime conditions that may affect
visibility and influence stress levels related to anticipating pedestrian movements.

e Weather: Atmospheric conditions like rain or fog that may reduce visibility and
heighten anxiety regarding potential pedestrian interactions.

e Traffic distractors: The presence and frequency of distractors such as other vehicles,
advertisements, or construction sites, or interactions with passengers, which that
may divert the driver's attention away from pedestrians.

The affective module will assess how these external stimuli affect the driver's emotional and
mental states, including potential stress or frustration, as they navigate the urban
environment.

IBV experiment (Motor Control module)
Manipulated factors during the experiment (independent variable):

e Speed: speeds of ego vehicle and vehicles both incoming on the left and following
behind, which affect the difficulty of braking or avoiding the pedestrian safely.

e Predictability: possibility of anticipating the risk of the crossing pedestrian, which
affects the reaction times of the following driver.

e Weather: varying atmospheric conditions, such as rain or fog, and wind, that affect
manoeuvrability, road adherence and lateral control.

e Road surface: bumps or other road irregularities that might affect the manoeuvres.

Use case N°3 summary table

Table 4. Use Case n°3 summary table

Modules and Partners

Parameters Vision Cognition Affective Motor
(DFKI) (UGE) (IBV) (IBV)
Traffic Complexity: Masked (behind a V4 V4 V4

parked car) versus visible pedestrian

Predictability: pedestrian’s decision to v v
cross more or less expectable

Situation Criticality: distance between the v
ego-car and the pedestrian

Speed: speed of the ego car v v
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Modules and Partners

Parameters Vision Cognition  Affective Motor
(DEKI) (UGE) (IBV) (IBV)
lllumination: daylight, dusk/dawn, or v

nighttime condition

Weather: varying atmospheric conditions, v v
such as rain or fog, and wind

Distractors: surrounding items nonrelated v
to the target of the UC like advertisements,
other vehicles or pedestrians

Road surface: bumps, road irregularities v
and quality of adherence

4.24. Use case N°4 “Left Turn at Urban Intersection” (with traffic lights)

Description: This use case involves an ego-vehicle (the vehicle making the left turn)
approaching an urban intersection controlled by traffic lights. The ego-vehicle intends to turn
left across oncoming traffic, where the traffic lights can influence the decision to proceed or
wait. The DBM simulates the ego-vehicle's decision-making process based on visual
information, assessing the distance and velocity of oncoming traffic, as well as the status of
the traffic lights, to determine when it is safe to make the left turn or when it is preferable to
wait for the opposite car to cross the intersection before making the turn (see Figure 7).

Figure 7. Left Turn at Urban Intersection

DFKI experiment (Vision module)
Manipulated factors during the experiment (independent variable):

e Traffic Complexity: distances and velocities of oncoming drivers

UGE experiment (Cognitive module)
Manipulated factors during the experiment (independent variables):

e Traffic Complexity: distance and velocity of the oncoming driver
e Situation Criticality: available time/gap(s) to turn left before the oncoming driver
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IBV experiment (Affective module)

Manipulated factors during the experiment (independent variable):

e Traffic Complexity: distance and velocities of oncoming vehicles.

e lllumination level: daylight, dusk/dawn, or nighttime conditions that affect the
visibility of interacting traffic and influence stress levels.

e Weather: varying atmospheric conditions, such as rain or fog, also affecting visibility
and stress.

e Traffic distractors: The presence and frequency of distractors such as other vehicles,
pedestrians, advertisements, or construction sites, or interactions with passengers,
which may divert the driver's attention away from the manoeuvre and elevate the
level of stress.

IBV experiment (Motor Control module)

Manipulated factors during the experiment (independent variable):

e Weather: varying atmospheric conditions, such as rain or fog, and wind, that affect
manoeuvrability, road adherence and lateral control.
e Road surface: bumps or other road irregularities that might affect the manoeuvres.

Use case N°4 summary table

Table 5. Use Case n°4 summary table

Modules and Partners

Parameters Vision Cognition Affective Motor
(DFKI) (UGE) (IBV) (1BV)
Traffic Complexity: distances and velocities V4 V4 V4

of oncoming drivers

Situation Criticality: available time/gap(s) to v
turn left before the oncoming driver

lllumination: daylight, dusk/dawn, or J
nighttime condition

Weather: varying atmospheric conditions, v v
such as rain or fog, and wind

Distractors: surrounding items nonrelated v
to the target of the UC like advertisements,
other vehicles or pedestrians

Road surface: bumps, road irregularities v
and quality of adherence

425 Use case N°5 “Pull back in” on urban highway (including
dangerous Cut-In)

Description: In this traffic situation, an overtaking vehicle (overtaker) on the left lane of a
double lane road needs to pull back into the right lane in front of the lead vehicle after
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completing the overtaking manoeuvre. This type of situation frequently occurs on urban
highways when the overtaker decides at the last moment to take the next exit on the right
side of the road, and then make an abrupt lane change. In this use case, the DBM may be
used at two levels in BERTHA: to simulate a spectrum of behaviours of overtakers
implementing a safe merge versus a dangerous cut-in manoeuvre, or to simulate the lead
car's reaction (to be at last performed by the Human-like CCAM) to manage adequately the

lane change manoeuvre (including dangerous cut-in) performed by the overtaker (see Figure
8).

A

Figure 8. Pull back in / Cut in on Urban Highways

DFKI experiment (Vision module)

Manipulated factors during the experiment (independent variable):

e Traffic Complexity: number of vehicles around Ego when the overtaker pull back into
the right lane

e Speed: The speed at which the manoeuvre occurs
UGE experiment (Cognitive module)
Manipulated factors during the experiment (independent variables):

e Predictability: Use (or not) of indicator by the overtaker before the pull back/cut-in
e Situation Criticality: From safe pull back to highly dangerous cut-in of the overtaker

IBV experiment (Affective module)
Manipulated factors during the experiment (independent variable):

e Traffic complexity: number of vehicles around Ego when the overtaker pull back into
the right lane.

e lllumination level: daylight, dusk/dawn, or nighttime conditions that affect the
visibility of surrounding vehicles, and the level of stress experienced by the driver.

e Weather: varying atmospheric conditions, such as rain or fog, also affecting visibility
and stress.

e Traffic distractors: presence and frequency of distractors such advertisements, or
interactions with passengers, which may divert the driver's attention away from the
manoeuvre and elevate the level of stress.

IBV experiment (Motor Control module)

Manipulated factors during the experiment (independent variable):
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e Speed: speeds of ego vehicle and surrounding vehicles, affecting the difficulty of
adjusting speeds to avoid collision.

e Weather: varying atmospheric conditions, such as rain or fog, and wind, that affect
manoeuvrability, road adherence and lateral control.

e Predictability: use (or not) of indicator by the overtaker before the pull back/cut-in.

e Road surface: bumps or other road irregularities that might affect the manoeuvres.

Use case N°5 summary table

Table 6.Use Case n°5 summary table

Modules and Partners

Parameters Vision Cognition Affective Motor
(DFKI) (UGE) (IBV) (IBV)

Traffic Complexity: number of vehicles J J

around Ego

Speed: The speed at which the manoeuvre v v

occurs

Predictability: Use (or not) of indicator by v v

the overtaker

Situation Criticality: From safe pull back to V4
highly dangerous cut-in

lllumination: daylight, dusk/dawn, or v
nighttime condition

Weather: varying atmospheric conditions, v v
such as rain or fog, and wind

Distractors: surrounding items nonrelated v
to the target of the UC like advertisements,
other vehicles or pedestrians

Road surface: bumps, road irregularities v
and quality of adherence

5. CONCLUSIONS

In this deliverable, the relevant situational and interactional personal factors have been
identified and categorised according to the modules of the DBM, namely visual perception,
decision-making, affective aspects, and motor control. From these identified factors, a
comprehensive list of parameters has been developed for each of the five common use cases
of the project, according to the specific modules and contributions from each partner.

This deliverable offers a detailed overview of the factors and associated parameters that will
be included and manipulated in future experiments aimed at developing the DBM. More
specific applications and detailed specifications of these parameters will be further elaborated
in the upcoming deliverable D2.3 “Updated methodology for basic simulation environment”.
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