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Executive Summary 

This deliverable describes the design of the planned driving simulator experiments for collecting data for the 
verification of the added cognitive layer in the i4Driving human driver model and the calibration of the new 
and old parameters of the model, taking the heterogeneity of driver behaviour into account. Since several 
driving simulator sites are used for the data collection and some scenarios need to be studied in multiple 
simulators, there is a need to use a common scenario description. Therefore, this deliverable also presents 
an overview of current available standards for driving simulator scenarios, how these are applied at the 
different i4Driving simulator sites, and recommendations on how the standards can be further developed to 
facilitate reproducing the same experiment (or parts of it) at different simulator sites.  
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1 Introduction 

The i4Driving project aims to extend current state-of-the-art microscopic traffic simulation tools to enable 
assessment of traffic safety. The applications foreseen for such an extended traffic simulation model include 
both: 

• Assessment of safety of human driven vehicles in specific situations to construct a baseline for 
assessment of the traffic safety of automated vehicles in specific situations by comparison to the 
human traffic safety performance described by the model. 

• Assessment of traffic safety for traffic streams with different mixes of human driven and automated 
vehicles, ranging from only human driven vehicles to only automated vehicles and considering a 
range of possible mixes of human and different types of automated vehicles with different 
automation functionalities. 

To enable safety assessment the “safe-by-design traffic engineering based” microscopic traffic simulation 
needs to be further developed. In i4Driving this is done in Work Package (WP) 2 by further developing the 
previously suggested concept (van Lint and Calvert, 2018, Calvert et al., 2020) of adding a cognitive layer on 
top of the traditional car-following, lane-changing, gap-acceptance, and speed adaptation behavioural 
models. The focus in the development of the cognitive layer has so far been largely based on the motorway 
context. The added cognitive layer tries to add mechanisms based on human factor theories (updated based 
on input from WP1) related to e.g. situational awareness; what influences the situational awareness and how 
does the situational awareness influence the driving behaviour. The added cognitive layer includes several 
new mechanisms, functional relationships and parameters (see Deliverable 2.1 (Nadi, 2023), Deliverable 2.4 
(Nadi et al., 2023), van Lint and Calvert (2018) and Calvert et al. (2020) for details) that require calibration. 
This e.g. includes: fundamental diagram of task demand; task capability; how perception time, distance and 
speed error magnitudes are influence by situational awareness; etc. Furthermore, since the added cognitive 
layer and the added mechanisms are mainly based on human factor theories, the implementation of these 
theories in a microscopic traffic simulation context need to be empirically verified. That is, the extended 
model is a draft model, and there is a need of data collection to give input to if the model needs to be 
extended in some additional way or indicate that some component of the draft model is not describing 
observed behaviours.  

The cognitive layer itself is not enough to enable traffic safety assessment using microscopic traffic 
simulation. Another important piece is that the model needs to capture the heterogeneity in driving 
behaviour, especially in factors that affects risk for or severity of accidents (where the latter is probably even 
more difficult to assess using traffic simulation and is not addressed in this project). Hence, there is both a 
need to collect data to calibrate new (and old) parameters as well as to verify if it is necessary to adjust the 
mechanisms and functional relationships in the added cognitive layer. 

The necessary data collection for the verification of the implementation of the human factor theories and 
calibration of the complete model with respect to both new and old parameters can be done by e.g. real 
world naturalistic experiments, test track experiments, driving simulator experiments, etc. These different 
data collection approaches have different pros and cons. In i4Driving we utilise several approaches including 
mining data from already conducted experiments (naturalistic, test track, driving simulator) in WP1 as well as 
conducting test track (WP5) and the driving simulator experiments (WP3) described in this deliverable. An 
important input for the design of the driving simulator and test track experiments have been a set of 
hypotheses regarding the cognitive layer of the model that was formulated in WP1 of the project. Another 
important input from WP1 have been the identification of important scenarios to which the model should be 
applicable. 

This deliverable describes the design of the planned driving simulator experiments for collecting data for the 
verification of the added cognitive layer and calibration of the new and old parameters taking the 
heterogeneity of driver behaviour into account. Since several driving simulator sites are used for the data 
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collection and some scenarios should be studied in multiple simulators there is a need to use a common 
scenario description. Therefore, this deliverable also presents an overview of current available standards for 
driving simulator scenarios, how these are applied at the different i4Driving simulator sites, and 
recommendations on how the standards can be further developed to facilitate reproducing the same 
experiment (or parts of it) at different simulator sites.  

1.1 Relation to other deliverables 

This deliverable is one in a series of deliverables connected to the driving simulator experiments in the 
i4Driving project. The results from the driving simulator experiments are going to be used in succeeding work 
packages, hence the deliverable is also related to deliverables in the other work packages.  

The work described in this deliverable is using inputs from previous work in work packages 1, 3 and 5, more 
precisely: 

• D1.5: Modelling requirements and framework of testable hypotheses, which presents the research 
questions and hypotheses that have guided the experimental design for the driving simulator 
experiments. 

• D1.6: Methodology and Results: Relevant Use Cases and Safety-Critical Scenarios, which presents both 
scenario standards and a set of scenarios identified as important for the final application of the 
i4Driving 4D human driver model.  

• D3.1: Validated ethics assessment plans and approval from ethics committee: Presents the ethical and 
GDPR policy to be considered in the experiment design. 

This deliverable also has a sibling deliverable for the experimental design of the test track experiments, 
namely D5.2 Evaluation criteria and detailed description of field experiments.  

The results and analysis of the driving simulator experiments will be documented in D3.4: Map of the 
heterogeneity of human/external factors into driving behaviour performance (forthcoming) and the findings 
will be used to refine and calibrate the cognitive layer in the traffic simulation model. Hence, the findings are 
input both to WP2 and the deliverables D2.4: Integrated LC with social interactions and HF models – theory and 
principles and D2.5: Integrated LC with social interactions and HF models – verification and calibration, as well 
as to WP4 and deliverables D4.2: Estimation methodology to encode drivers’ heterogeneity into models and 
D4.3: Robust methodology to validate probabilistic human driver behavioural models, at traffic and safety 
scales. 

1.2 Structure of the report  

The deliverable is structured as follows. Chapter 2 gives an overview of the i4Driving driving simulator 
facilities at VTI, TUM, UNINA and CTAG. Chapter 3 presents an overview of available and used driving 
simulator scenario standards and identification of missing aspects in currently available standards and 
suggestions for extensions. Chapter 4 describes the overall driving simulator experiment setup, starting with 
the overall setup followed by descriptions of the driving simulator experiment designs for the motorway and 
the urban city road context. Chapter 5 ends the report with concluding remarks and future research needs 
and next steps. 
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2 Overview of i4Driving driving simulator facilities 

Driving simulators provide a versatile and powerful tool for research. For example, driving simulators can be 
used to study vehicle dynamics, active safety systems, automated driving, HMI solutions, driver performance 
(e.g., sleepy, or intoxicated drivers), and cooperative ITS solutions among other things. When designing a 
driving simulator there are usually specific research areas of interest that combined with budget and other 
needs drives the simulator design, resulting in different simulators at different simulator sites. Driving 
simulator’s designs range from single computer solutions with keyboard controls to large moving base 
simulators controlled by several computers and, in general, there is no driving simulator that is the best 
solution for every type of simulator study. One important aspect of this project is to run at least one simulator 
study in more than one simulator. With simulators being different, this ambition puts requirements on the 
study design and how the simulator hardware and software are used to present the driving environment. We 
start to present the simulators to give a picture of the different simulators beginning with the hardware 
setup. Among the i4Driving partners, there are several driving simulator facilities. Below the driving 
simulators present at VTI, CTAG, UNINA, and TUM are introduced. 

2.1 VTI 

The Swedish National Road and Transport Research Institute (VTI) has a rich history of using and maintaining 
driving simulators, both large moving base driving simulators as well as smaller driving simulators. Currently, 
there are two moving base driving simulators at VTI with one (SimIII) located in the Linköping office and one 
(SimIV) at the Gothenburg office. SimIII and SimIV are shown in Figure 1 and we present SimIV in more detail. 

  

Figure 1. Moving base driving simulators at VTI with SimIII to the left and SimIV to the right. 

The moving base driving simulator SimIV is built using an XY-table with a hexapod mounted on it. This allows 
for large linear motions as well as rotations of the top construction. Performance statistics of the simulator 
is presented in Table 1. Inside the dome, different cabins, including a car and truck cabin, can be mounted. 
The environment is presented on the arched screen providing more than 180 degrees field of view. For the 
rear-view mirrors, smaller screens are used. The used cabins are from production vehicles that have been 
adjusted to be used in the simulator. These adjustments consist of a screen for the driver interface so that 
different configurations can be used, a Sensodrive motor providing steering feedback, and a sound system 
for positional sounds. The cabins have also been equipped with cameras for monitoring the driver status, 
eye-tracking cameras (Smarteye) and connectors for physiological measurements (ECG/EOG). 
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Table 1. Dynamics performance of moving base driving simulator SimIV at VTI. 

Motion system 

 

Pitch (degrees) ± 16.5 

Roll (degrees) ± 16.5 

Amplitude (m) ± 2.5 / ± 0.31 (surge) 

± 2.3 / ± 0.32 (sway) 

Velocity (m/s) ± 2.0 / ± 0.8 (surge) 

± 3.0 / ± 0.8 (sway) 

Acceleration (m/s²) ± 5.0 / ± 6.5 

As a complement to the moving base driving simulators, VTI has also designed and constructed smaller and 
more mobile simulators, called Minisim. Naturally, one big difference is that these smaller simulators lack a 
moving base to present vehicle dynamics to the driver. On the other hand, these simulators are mounted on 
wheels and can be transported to where they are needed. Another benefit of these smaller simulator is that 
it is possible to have several of them in the same room making it possible to have two test participants 
simultaneously with only one test leader. A picture of a Minisim is shown in Figure 2. 

 

Figure 2. One of the portable driving simulators at VTI, called Minisim. 

In a Minisim the driving environment is presented by three large screens with the rear-view mirrors inserted 
as picture-in-picture. One more screen is used for the dashboard to the driver and at the right side of the 
simulator, like a centre console, there is a mount where a tablet can be attached. Such a tablet can be used 
to present secondary tasks to the driver or to collect driver input during a study. For example, the drivers can 
assess their fatigue by answering questions about their sleepiness according to the Karolinska Sleepiness 
Scale (KSS) regularly. If needed a Minisim can be equipped with eye-tracking equipment. To keep similarity 
with driving a car a normal steering wheel and seat is used (parts are taken from a real Volvo car). The steering 
wheel feedback to the driver is produced using the same Sensodrive motor as in the moving base simulators. 
The simulator has an automatic gearbox where pedals from Sensodrive are used for acceleration and braking. 
Sound is presented to the driver using a 2.1 speaker system with an additional tactile transducer providing 
vibrations in the seat for road irregularities and other vibrations. 
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As an alternative to presenting the driving environment on three screens, a VR/XR headset (Varjo XR-3) can 
be used, which provides the driver with a greater freedom when looking around. The headset is shown in 
Figure 3. 

 

Figure 3. The Varjo XR-3 headset that can be used in a Minisim. 

Each simulator uses several networked computers in different configurations. In general, there is one main 
computer and one or more graphics computers. Additionally, there can be computers for handling sound 
feedback, moving base systems, external physiological measurement equipment, vehicle models, and so on. 
All these computers are connected on a separate network that can be closed when running studies. 

 

2.2 CTAG 

The simulator available at the CTAG facility currently includes several integral subsystems, each fulfilling a 
specific function to facilitate immersive, high-fidelity training experiences, see Figure 4. Performance 
statistics of the simulator is presented in Table 2. 

    

Figure 4. Moving base driving simulator currently at CTAG. 

The CTAG’s simulator is composed of the following subsystems: 

• Motion Platform: This component provides a solid base to accurately simulate dynamic movements. 
It has six degrees of freedom (6 DOF) and supports a significant payload of up to 4000 kilograms. 
This substantial capability ensures realistic responses to a variety of driving scenarios, making it an 
ideal choice for comprehensive training simulations. 

• Visual system: The simulator is equipped with a highly sensitive visual system designed to provide an 
immersive field of view. It features a 180-degree cylindrical screen, which wraps around the 
operator's field of view, and three rear-view screens. This visual arrangement enhances situational 
awareness, allowing users to react effectively to a variety of driving conditions. 
Data acquisition and control systems: The simulator's data acquisition and control systems are 
powered by SCANeR Studio 2023 software. This software package is responsible for creating a 
realistic virtual environment that closely mirrors real-world conditions. SCANeR also provides the 
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capability of recording the complete set of data during a simulation, including simulation data, driver 
inputs, video and audio. It also allows to replay a recorded scenario. 

 

Table 2. SCANeR dynamics performance. 

Motion system EMotion-4000-6DOF-700-MK2 

Pitch (degrees) -18 to 18 

Roll (degrees) -18 to 18 

Amplitude (m) 0.45 

Velocity (m/s) +/- 30 deg/s 

Acceleration (m/s²) 25 m/s2 

 

Inside the simulator cockpit, a customized mock-up equipped and designed with all the elements of a 
commercial vehicle is available. Specific modifications have been applied to the mock-up to adapt it to the 
test purposes of the simulator, ensuring the adaptability and versatility of the simulator for different training 
needs. This capability allows for a wide range of training scenarios and facilitates the development of 
proficiency in various vehicle types. Key adaptations to the simulator include: 

• Active Steering Wheel System: The conventional steering wheel is replaced by an Active Steering 
Wheel System. This replacement allows dynamic control over the vehicle's steering, enabling 
accurate feedback and simulation of real-world driving dynamics. 

• Replacement of pedals, gear lever and ignition system: The simulator replaces the traditional pedal 
set, gear lever and ignition system with components optimized for training and simulation. These 
adaptations allow for realistic interaction and response during training scenarios. 

• Replacement of interior mirrors with 7-inch displays: Instead of traditional interior mirrors, the 
simulator incorporates 7-inch displays. These screens function as digital mirrors, providing an 
enhanced and adaptive view of the vehicle's environment. This adaptation enhances situational 
awareness and helps the trainees to effectively navigate in the simulated environment. 

Below there is a summary of the systems with which the simulator is equipped and their main technical 
features. 
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MOVEMENT PLATFORM: 

 

Figure 5. CTAG's movement platform. 

• Full instrumented vehicle mockup 

• Rear View three 7” LCD Monitors 

• Infotainment Screen 

• IC Screen 

• 4 HD cameras to record the driver in 
synchronization with the simulation 

• Easy integration of additional systems 
(displays, new devices for testing, etc.) 

• Interchangeable car 

 

MOVEMENT PLATFORM: MOTION SYSTEM 

 

Figure 6. CTAG's motion system. 

• Rexroth Motion Platform 

• 4000 Kg payload 

• 6 DOF 

 

VISUAL SYSTEM: 

 

Figure 7. Visual system. 

• 180º Cylindrical screen (front view) 

• WUXGA Projectors 

• Image Processors WB-1920 

• Warping and blending SW 

• Double lamp 

 

  



D3.2 Experimental setup for the driving simulator experiments 

  Page | 16  

CONTROL SYSTEM 

 

Figure 8. SCANeR Studio. 

• SCANeR Studio 

• 3D environment creation and edition 

• Driving scenario configuration 

• Vehicle characteristics edition 

• Supervision of the simulation 

• Data acquisition and analysis 

 

2.2.1 Smarteye 

CTAG has additionally equipped the simulator with a Remote eye-tracking system, specifically Smart-eye. This 
state-of-the-art technology has been calibrated to capture and analyse eye movements in various real-world 
conditions. This system has several advanced features and capabilities that make it an invaluable tool for 
research, human-computer interaction and usability studies. 

The eye-tracking system is designed to operate reliably in all lighting conditions. Whether in brightly lit or 
dimly lit environments. The system is calibrated to track and analyse eye movements with consistent 
accuracy. It is capable of adapting to ensure reliable performance in a variety of scenarios, enhancing its 
usefulness in a wide range of applications useful for the experiments you will want to conduct as part of 
i4Driving. 

One of the most outstanding features of this system is its ability to provide real-time analysis of eye 
movements. It provides immediate feedback on gaze patterns, allowing the behaviour of eye movements to 
be observed and interpreted as they develop. This real-time information will be synchronised with the other 
equipment in the simulator, which is essential for dynamic applications where timely reaction and adequate 
data collection from each experiment is critical. 

The system is able to accurately identify and track the iris and pupil movements of each eye. This detailed 
tracking extends to subtle changes and adjustments, providing a granular understanding of gaze behaviour. 
It ensures tracking of not only eye movement but also head orientation, providing a comprehensive 
understanding of the user's visual attention and head posture. This dual tracking capability is especially 
valuable for applications that require precise analysis of the user's interaction with visual stimuli. In addition, 
it offers a wide field of view that allows the tracking of eye movements over a large area. This wide coverage 
allows a wide range of visual stimuli to be examined, making it suitable for applications involving large 
displays such as those integrated into the CTAG simulator. At the same time, it is designed and calibrated to 
accommodate wearers of both normal glasses and non-IR sunglasses. This eliminates the need for users to 
remove or change their glasses during eye-tracking sessions, improving comfort and convenience. 

The system is designed to take advantage of Artificial Intelligence (AI) capabilities in its software and 
algorithms. Enabling improvements in eye tracking accuracy and efficiency by continuously adapting to user 
behaviour and environmental conditions, optimizing the tracking process and making it highly robust and 
capable of handling complex and dynamic scenarios. 
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In summary, the remote eye tracking system is a versatile real-time eye tracking solution that combines 
artificial intelligence-based software with state-of-the-art hardware to provide robust tracking capabilities in 
a variety of lighting conditions. Its ability to track head and eye movements, its compatibility with eyeglasses 
and sunglasses, and its detailed iris and pupil analysis make it an important tool for running experiments and 
obtaining relevant data to ensure model calibration. 

2.2.2 Control Center  

The Control Room stands as the dedicated workstation responsible for overseeing and engineering all facets 
of the simulations. It is here that the technicians, owners of every simulation aspect, convene. Their dominion 
stretches from the preliminary scenario crafting to the extraction of simulation-derived datasets. 

To achieve this, the technicians embark on an analysis of the causality and proposed simulation. Depending 
on necessity, scenarios are conceived, traffic simulations orchestrated, and simulation parameters 
configured. All of this is deftly executed through the varied suite of tools bestowed by SCANeR. Thus 
empowered, the CTAG team wields SCANeR™ to sculpt scenarios and synthetic environs. 

Once simulation parameters are codified and participants commence trials, the team assumes a real-time 
sentinel role. Their vigil is maintained through an array of screens and computers, mirroring participant 
experiences as rendered within the simulator. Simultaneously, the watchful gaze of cameras trained upon 
the participant transmits real-time emotional and decisional data. 

Upon trial culmination, the control center deftly gathers the requisite data, hoards it within its digital vaults, 
and begets assorted data interpretations, each tailored to the exigencies of the project. 

 

 

 

Figure 9. Control Center for driving simulators and Scenario Creator in CTAG. 

In summary, the capabilities of the control center are:  

• Ten Screens to control remote machines and simulation supervision 

• Workstation dedicated to scenario design. 

• Remote capture of vehicle screens. 

• Remote capture of CAN bus. 

• Real time communication with driving simulator cabin: video and audio 

• Real view of the simulator. 
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2.3 UNINA 

The VERA (Virtual Environment for Road Safety) driving simulator of UNINA is one of the most advanced 
dynamic driving simulators available in Italy. It’s currently hosted at Institute for Research on the Engines of 
the National Research Council, located in Naples (Italy). 

The simulator cockpit is one half of a real Citröen C2, equipped with dashboard, standard driver controls 
(speedometer, fuel level, indicators, actual gear, etc.), two adjustable seats and side and central mirrors 
(Figure 10). The gearbox can be sequential or automatic. All control interfaces provide a realistic response: 
the pedals are provided with a dynamic force feedback and the torque at the wheel is reproduced with high 
accuracy by a servo-motor (Sensodrive) directly connected to the steering column. The cab is mounted on a 
hexapod with six electric actuators able to guarantee six degrees of freedom (translation in X, Y and Z, yaw, 
pitch and roll, Table 3). 

Three-dimensional images are projected onto three flat screens (4x3 meters), fixed to the ground, 
surrounding the simulator cockpit. The video system provides a forward field of view of 180°x45° and a 
resolution for single front screen of 1400x1050 pixels, at 60 Hz. The mirrors have been replaced by three 6.5" 
LCD monitors. A surrounding sound system (4 speakers and a subwoofer) generates the sounds that can 
normally be heard while driving. 

 

 

Figure 10. VERA driving simulator at UNINA 
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Table 3. Vera motion platform performance 

Motion system Pos Vel 

Surge (mm, mm/s) -491/+432 718 

Sway (mm, mm/s) -425/+425 712 

Heave (mm, mm/s) -247/+248 484 

Roll (°, °/s) -25/+25 50 

Pitch (°, °/s) -24/+25 48 

Yaw (°, °/s) -43/+43 82 

 

In the fall of 2023, it is planned to transfer the VERA driving simulator and its significant software and 
hardware upgrade (Figure 11). The simulator will be moved from the actual location to the Road Safety 
Laboratory at the Department of Civil, Building and Environmental Engineering of the University of Naples 
Federico II, Naples (Italy). The hardware upgrade consists of a) a new cylindrical visual system (240° forward 
fow), b) three new projectors (Barco F50, WQXGA at max 120 hz) and c) new graphics, simulation, cabin and 
vh dynamics workstations. The last version of SCANeR software will complete the upgrade. 

 

 

Figure 11. VERA configuration after upgrade 
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2.4 TUM 

 

 

Figure 12. TUM Dynamic Driving Simulator 

The TUM driving simulator is combination of a commercial and an open system. The commercial part is 
delivered by CRUDEN (https://www.cruden.com/). This includes the motion system, the visual system and 
audio system as well as software for integrating hardware and their drivers into one software environment 
called ‘Panthera’. Panthera makes use of the Unity game engine for editing 3D environments and rendering. 
Panthera connects with different traffic simulators. For the TUM driving simulator it is connected to SUMO, 
an open-source traffic simulation software developed by the German Aerospace Center. The combination of 
commercial and open elements makes it possible to use well established industry standards combined the 
flexibility required for efficient research activities. The TUM Driving Simulator is a system which is constantly 
developed further with new software interfaces and measurement systems. Some important specifications 
are listed in the Table 4. 

https://www.cruden.com/
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Table 4. Specifications: TUM Dynamic Driving Simulator 

Visual System 

Screen Dimensions 6 x 3 meter 

Horizontal field of view 200° 

Projectors 3 DLP Projectors (4000 ANSI lumen) 

Screen resolution / Framerate 4K / 60Hz or Full HD / 120Hz 

Comments Side and rear mirror emulation on the screen 

Motion System 

Degree of Freedom (DOF) 6 

Actuator Stroke size 24-inch/610mm 

Cycle time >1kHz 

Measurement Systems (excluding trajectory measurement) 

Eye Tracking PupilCore1  

Heartrate (and other physiological 
measurements) 

under development 

 

 

Figure 13. Example of Low-Fidelity Driving Simulator at TUM 

Besides the dynamic driving simulator described above, simple low-fidelity setups can be used for driving 
simulation. Those setups usually include 3 Monitors and a gaming steering wheel and pedals. As can be seen 
in the image also solution with a tablet as input device can be used. VR-headset can be used to replace the 
screens, if necessary. The software is a self-developed solution consisting of Unity as main component which 
can be coupled with SUMO as traffic simulation software. TUM has also experience with coupling multiple 
low fidelity driving simulators (car, bicycle or pedestrian) for a multi-user simulator study (Lindner et al., 
2022).  

 
1 https://pupil-labs.com/products/core/ 

https://pupil-labs.com/products/core/
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3 Driving simulator scenarios standards 

A simulator study generally encompasses several test participants that arrive at the simulator facility. Upon 
arriving they are often prepared for the driving task they are about to do, then proceed to drive in the 
simulator, and lastly are debriefed after driving. If a simulator study should be conducted in more than one 
simulator, it is important to give the test participants as equal experience as possible, otherwise it will be 
problematic to compare collected data from the simulators. An important part of providing equal simulator 
experiences in different simulators are standards. In this work our vision is to be able to select different 
standardized simulator scenarios of interest from a database with plenty of scenarios, and then be able to 
use these scenarios in one or more simulators of choice. This workflow is visualized in Figure 14 which also 
shows the need for comparable results and how standards are used. The vision is to enable comparable 
results, but it is of course important to note that driving simulators can be substantially different in terms of 
functionality and design and the results might still not be comparable, even if this workflow is strictly 
followed. 

 

Figure 14. Envisioned simulator study design flow for selecting scenarios and simulators and then run the study. 

In this section an overview of scenario standards for driving simulators that might be considered to use is 
presented. After that we present the simulator scenario approaches used at the i4Driving simulator sites and 
which tools are currently used to create scenarios. After this we discuss pros and cons with the standards 
and select a combination of standards to use as the way forward that we expect to fulfil our requirements. 
We also discuss current shortcomings of the standards chosen. This is all done with the status of the different 
simulator sites in mind, as some software cannot easily be modified, for example to use a different standard.  

3.1 Overview of existing (driving simulator) scenario standards 

The project partners have various experience of using different standards. This section gives a short 
introduction to these different standards for driving simulator scenarios. 

3.1.1 OpenDRIVE 

The OpenDRIVE format, developed by the ASAM (Association for Standardization of Automation and 
Measuring Systems), is a widely supported standard for the description of road networks. It is based on the 
XML (Extensible Markup Language) format and includes road and lane geometry as well as objects along the 
road. The geometry of the road network can be based on scanned real-world data, converted from map data, 
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or created manually using text or graphical editors. Additional objects can be located on the road, such as 
road marks, besides the road, such as side posts or traffic signs and signals, or purely graphical, such as 
buildings.  

Roads in OpenDRIVE are defined based on a reference line, which is usually the centre of the road. In 
accordance with road construction regulations, its geometry is usually defined as a sequence of straight lines, 
spirals, and arcs. If the road geometry has been scanned in the real world, where these basic geometric items 
cannot be inferred, it is described as a sequence of cubic curves instead. The individual lanes and usually also 
the objects along the road are then placed in a coordinate system which is defined by the reference line of 
the road. 

A road network in OpenDRIVE consists of several roads which are linked together. In simple cases, which 
means that the road essentially continues onwards, a predecessor and successor is defined for each road. 
More complex cases such as intersections are handled by junctions, which allows for roads with more than 
two neighbours and overlapping lanes.  

The OpenDRIVE standard is widely used within both research and industry to describe road networks for 
usage in different kinds of simulators. Besides the driving simulators as used in this project (with the 
possibility for a human driver and research questions such as evaluation of HMI solutions and driver 
performance), the standard is also used in software-in-the-loop solutions designed for early validation of new 
assistance and autonomous driving systems, as well has hardware-in-the-loop solutions, which are often 
employed during later stages of product development. 

3.1.2 CommonRoad 

The CommonRoad (Composable Benchmarks for Motion Planning on Roads) framework aims to provide a 
unified and unambiguous open format for representing traffic scenarios, enabling the benchmarking of 
automated motion planners. As such, CommonRoad uses a generic format for a scenario description 
standard, including the road network, and it is suited for the representation of harmonised data from 
different datasets. It offers a concrete description of traffic scenarios in XML-format, where numeric values 
are defined for all necessary parameters. Each CommonRoad scenario consists of the four elements: meta 
information, a formal representation of the road network, static, and dynamic obstacles, and the planning 
problems for the ego vehicles. Meta information include values such as the unique benchmark ID of a 
scenario, the data source name, or the discretisation time-step size. Additional meta information such as 
scenario tags, environment details etc. can also be stored. 

The backbone of the formal representation of the road network are lanelets, which are defined by polylines 
representing their left and right boundaries. For both boundaries, the corresponding line marking type can 
be stored. Additionally, information is stored, for example preceding, succeeding, and neighbouring lanelets, 
as well as traffic signs and traffic lights. The CommonRoad format includes static obstacles, such as parked 
vehicles, and dynamic obstacles, for example cars and trucks. Besides their type, static obstacles are defined 
by their geometric shape as well as their initial state. Like static obstacles, dynamic obstacles contain 
information about their shape and initial state. Their behaviour over time can be given either as a trajectory, 
an occupancy set, or a probability distribution.  

Furthermore, the CommonRoad framework also provides a converter for a number of scenario datasets, 
described in more detail in Deliverable 1.1 (Finkeldei, 2023), as well as a scenario designer to design new 
scenarios or alter existing ones. Figure 15 gives an overview over the CommonRoad framework. 
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Figure 15. Overview of tools and functionalities of the CommonRoad ecosystem. 

3.1.3 OpenSCENARIO 1.x 

The ASAM OpenSCENARIO 1.x, in conjunction with an OpenDRIVE file, has established itself as a widely 
adopted and favoured file pairing for the execution of simulation scenarios within various simulators. This 
format's origins trace back to 2014 when it was initiated as a collaborative effort by a consortium of German 
tool providers and OEMs. In November 2018, the project was formally transferred to ASAM, and it is currently 
undergoing the standardization process. The crux of traffic simulation hinges on the road network, with 
OpenSCENARIO relying on OpenDRIVE for this crucial component, encompassing road geometry, lanes, 
junctions, road markings, road signs, and other static road-related information. OpenDRIVE effectively 
represents the static dimension of a scenario, serving as the stage upon which the action unfolds. 
Additionally, OpenDRIVE can optionally incorporate OpenCRG data, providing a more detailed description of 
the road surface. 

OpenSCENARIO augments this framework by introducing dynamic objects and events, thereby defining the 
actions of all elements, akin to a storyboard. Both OpenDRIVE and OpenSCENARIO adhere to XML-based 
formats, which offer the advantage of human readability in plain text viewers and editors. XML enjoys 
widespread support across most toolkits and libraries, simplifying parsing tasks in programming languages 
like Python, C++, or C#. XML is structured hierarchically, with the specific elements and attributes of the 
formats formally defined in schema files. These schema files not only serve as low-level format specifications 
for machine validation but also act as reference documentation for users to understand the format. 

One drawback of XML's text-based nature is its larger file sizes compared to binary formats. However, this 
can often be mitigated through file compression during storage. Another inherent limitation, not unique to 
OpenSCENARIO, is the element structure's potential to introduce overhead, leading to the verbosity of the 
format. For instance, describing a simple cut-in scenario in OpenSCENARIO may require over 100 lines, 
whereas user expectations might align with a more concise representation. 
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XML formats are typically not designed for direct user editing. Instead, XML files are typically created or 
edited using applications, for example RoadRunner, that provide a user-friendly interface for manipulating 
the information. Nonetheless, it is possible to open and make minor modifications to XML files in a text 
editor. Manually writing XML files from scratch is also feasible, although the effort required may vary 
depending on the extent and complexity of the content. This method can serve as a valuable means of 
becoming acquainted with a specific XML format. 

The top-level elements within OpenSCENARIO encompass: 

• Road network: This element essentially references a separate OpenDRIVE file. 

• Entities: A list of scenario participants, which can include various types, such as cars, trucks, trams, 
and pedestrians. 

• Storyboard: The repository of actual events, actions, and triggering conditions. 

Events within the scenario consist of one or more actions, each of which is either specific to a particular object 
(e.g., speed or lane change) or global (e.g., weather conditions or traffic light signal states). Positions can be 
specified in different ways, either in "world" coordinates (cartesian x, y, z, head, pitch, roll) or road lane 
coordinates (distance along the road, lane, and lateral offset within the lane). Positions can be either absolute 
or relative to other objects. 

Actions are initiated and, in some cases, terminated based on condition fulfillment, categorized into three 
types: 

• ByEntity: Conditions reliant on entity parameters, such as position, time headway, etc. 

• ByState: Conditions referring to non-player states, such as the termination of another action. 

• ByValue: Conditions related to specific values, such as simulation time. 

Conditions can be combined at hierarchical levels and grouped for logical AND/OR evaluations. 

3.1.4 SDL 

The WMG V&V team has previously established a scenario description format using a two-level abstraction 
approach. This format has been formally developed, published, and consistently maintained. As illustrated in 
Figure 16, the significance of scenarios is evident across the entire system development and testing lifecycle. 
Consequently, the formulation of the language concept takes into account a broad array of end users and 
their often competing requirements for this format. The end users encompass a diverse group, including 
Autonomous Driving System (ADS) developers, test engineers, regulatory bodies, and the general public. 
These stakeholders occupy various positions within the V model, reflecting their distinct roles and interests. 

 

Figure 16. Scenario abstraction levels mapped to the V model 

In previous instances, various types of end users across the V development cycle have been identified, each 
presenting distinct requirements for scenarios at different levels of abstraction. While some of these 
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requirements exhibit synergies, others can be conflicting, such as the trade-off between executability and 
high-level abstraction. Consequently, this led to the formulation of a two-level abstraction approach for the 
Scenario Description Language (SDL). At SDL level 1, scenarios are represented in an abstract form with 
reduced information content, employing a syntax closely resembling spoken natural language within a 
structured grammar. On the other hand, SDL level 2 operates at the logical and concrete scenario levels, 
utilizing a formal machine-readable format. Notably, SDL level 1 has undergone further development, 
resulting in the BSI Flex 1889 standard for natural language-based scenario descriptions. Through a process 
of detailing, SDL level 1 can be converted into level 2, and conversely, abstraction can be applied to transition 
from level 2 to level 1. Moreover, the WMG V&V team has developed a conversion toolchain to facilitate the 
conversion between SDL level 2 and the ASAM OpenX formats, specifically OpenSCENARIO 1.x and 
OpenDRIVE, to enhance tool compatibility, as depicted in Figure 17. While OpenSCENARIO 1.x and OpenDRIVE 
are low-level XML-based formats suitable for execution in a variety of simulators, they have certain 
limitations. Notably, they lack human readability, making them unsuitable for meeting certain user 
requirements. Additionally, OpenSCENARIO 1.x covers dynamic and environmental aspects, while 
OpenDRIVE is focused on the road network, leaving certain elements of the Operational Design Domain 
(ODD) unaddressed by either standard, such as trees or buildings. Although users can append these 
additional ODD elements within the object description in OpenDRIVE, there's room for further development 
and alignment with ODD requirements from a linguistic perspective. By enabling conversion between the 
WMG SDL and OpenX formats, a gap in current scenario description formats is bridged, as highlighted in the 
'Simulation Scenarios' study. This gap arises from the lack of a connection between high-level languages and 
low-level formats, specifically OpenSCENARIO 1.x and OpenDRIVE. 

 

 

Figure 17. Two level scenario description language mapped to the scenario abstraction level 

The SDL's domain model encompasses scenery, environmental conditions, and the behaviours of non-ego 
agents. Here, 'ego' pertains to the System Under Test (SUT). Given the pivotal role of Operational Design 
Domain (ODD) in ensuring safety and the secure deployment of Autonomous Driving Systems (ADSs), the 
domain elements pertaining to scenery and environmental conditions reference both the BSI PAS 1883 and 
the ISO 34503 ODD taxonomy. This interlinkage between ODDs and scenarios fosters a unified, coherent, and 
efficient testing and development process. In terms of the behavioural elements within the SDL, they are 
categorized into manoeuvres and agent types. Maneuvers are further divided into relative manoeuvres, 
which involve more than one entity, such as 'Cut-In,' requiring the actions of two entities. On the other hand, 
absolute manoeuvres can be executed by a single entity, for instance, 'Drive,' which doesn't involve 
interactions with others. Agent types, at a higher level of abstraction, encompass vehicles, pedestrians, and 
animals. Regarding the scenic aspects, the SDL treats scenery settings as a network of roads and junctions. 
Each road or junction is individually described, taking into account their types and associated ODD attributes. 
Moreover, for each junction, details like connecting roads, lanes, and connecting angles are required. These 
components are then cross-referenced with individual road descriptions, allowing for the composition of the 
entire scenery. Figure 18 offers a visual representation of the SDL's scenic constructs. 
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Figure 18. A simple illustration of the SDL scenery composition 

In describing behaviour, the overarching structure consists of two main components: an initialization phase 
and manoeuvre phases. During the initialization phase, the initial road and lane positions for each dynamic 
entity are established, and it is also possible to define the relative heading angle and relative positions 
between them. In the manoeuvre phases, a behaviour tree-style format is employed. Each dynamic entity 
encompasses multiple activity phases in a sequential arrangement. When two dynamic entities engage in 
activities concurrently, their activity phases are in a parallel relationship. Each activity phase comprises the 
specific manoeuvre activity itself and a trigger condition. Figure 19 illustrates the logic behind an SDL 
behaviour description, featuring three dynamic entities. The first two dynamic entities each have two activity 
phases, and they are engaged in synchronized actions. The third dynamic entity commences its activities after 
the first two have concluded, continuing until the exit conditions are met. Regarding environmental 
conditions, the SDL allows for the specification of all ODD-related environmental parameters within the 
description. 

 

Figure 19. A simple illustration of the SDL dynamic composition 

 

3.1.5 SCANeR™ 

SCANeR™ Studio by AV Simulation is the software integrated into the CTAG simulator will allow the project 
to use a set of versatile tools that will enable the creation of realistic driving scenarios according to the 
defined experiments. These elements encompass the terrain, the ego vehicle, the scenario, the simulation 
environment and the subsequent data analysis to fulfil the necessary data to evaluate the human driving 
behaviour (see Figure 21). As a solution, SCANeR™ Studio simplifies the entire spectrum of simulation 
components, streamlining the research process. 



D3.2 Experimental setup for the driving simulator experiments 

  Page | 28  

A project-relevant feature of SCANeR™ Studio is its remarkable ability to seamlessly design and tailor 
scenarios for experimentation. In this way it is possible to meticulously configure dynamic and intricate 
scenarios by defining parameters such as traffic patterns, pedestrian behaviours, and environmental 
conditions. This level of precision creates a virtual ecosystem that facilitates a series of simulations that 
faithfully reproduce genuine driving experiences, providing valuable insights into human driving behaviour 
for the project and, in particular, model calibration. 

 

Figure 20. Different SCANeR™ features. 

With this Sw SCANeR™ Studio it is also possible to monitor and control in real time the simulations, modifying 
the necessary parameters at any time and introducing dynamic elements to emulate different conditions. 
This interactive approach (see illustration in Figure 21) ensures that simulations remain flexible, adaptable, 
and conducive to diverse testing scenarios. 

 

Figure 21. Overview of SCANeR™ interface. 
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Figure 22. SCANeR™ simulations examples. 

In summary, SCANeR™ Studio represents a software suite dedicated and adapted to the field of automotive 
simulation, and specifically within the framework of i4Driving, with a specific focus on human driving 
behaviour experiments in different scenarios. It allows to create realistic road environments, simulate vehicle 
dynamics, model traffic scenarios, replicate sensor functionalities, introduce real or virtual drivers, mimic 
headlight behaviour and vary weather conditions, all with the possibility to create use cases that fit the 
project objectives and scenarios defined for the scenarios. 

It seamlessly integrates scenario creation, real-time manipulation, and comprehensive post-analysis within a 
singular, intuitive interface. This streamlines the simulation lifecycle, empowering users to iteratively 
enhance their designs, experiment with various parameters, and extract invaluable insights. 

The process to be followed in the work foreseen in the simulator for the correct execution of the different 
experiments is based on FESTA (FESTA, 2021) see Figure 23 for an illustration of the FESTA framework. 

 

Figure 23. Illustration of the FESTA framework (FESTA, 2021). 
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A first review and analysis of requirements, derived from the hypotheses selected as essential (Deliverable 
1.5 (Tang et al., 2023)) will be performed in order to thoroughly understand the specific objectives and 
requirements of the experiment and to define the scope of the experiment, including the type of driving 
scenarios, the data collection parameters, and the expected results according to the specific characteristics 
of SCANeR. Based on the requirements of the experiment and described capabilities of the software, the 
design of the simulation system using SCANeR will proceed. This involves the creation of a new virtual 
environment, fully adapted to the project and experiment requirements, that reproduces real-world driving 
conditions, including road layout, traffic scenarios, weather conditions and vehicle dynamics. 

During development, consideration will be given to the specified components and parameters to be used in 
the simulation, including vehicle type, sensors and driving scenarios, to ensure at all times that the software 
settings within SCANeR are configured to accurately model the chosen components. Once the scenario, logic 
and algorithms have been defined and developed, all selected components will be integrated into the 
simulation environment. To ensure the robustness and correct functioning of the entire system, prior to 
testing with participants and execution of the experiment, various tests will be performed to verify the 
compatibility and functionality of each component to ensure that they work together smoothly. Unit testing 
of individual components within SCANeR is also planned. 

 

3.2 Scenario description approaches at the i4Driving simulator facilities 

Besides the different hardware designs in the used driving simulators, there are also different approaches to 
the simulation software. Some partners design their own software and others buy a complete system 
including software. Within i4Driving both these solutions are present. Using different software solutions 
doesn’t automatically imply that different standards are used, and a summary of the different used software 
and when standards are used within the partners are shown in Table 5. In this table we have selected the 
areas of interest to be the road environment, the scenarios, and the traffic simulation. The road environment 
is both the logical and visual representati0n of the environment. The scenario is a logical description of what 
should happen during the simulation and when. The scenario includes everything that will happen in the 
traffic environment with the positions of all the other cars, but also communication with external systems 
that are relevant for the studied situations. The traffic simulation defines how surrounding traffic in the 
simulation is generated and how vehicles are controlled during the scenario. 
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Table 5. Summary of software standards used at different partners. 

 VTI TUM UNINA (SCANeR) CTAG (SCANeR) 

Road 
environment 

 

OpenDrive 

(OpenCRG) 

Unreal Engine 

OpenDrive 

Unity 

 

OpenDrive 

RoadXML 

UXD Unreal Engine 

SCANeR2 

RoadXML 

OpenDrive 

 

Scenario 

 

C++ scenario 

(OpenScenario) 

Proprietary 
scenario 
creation 

OpenScenario 
interface for 
SUMO  

SCANeR Scenario 

Python script 

OpenScenario 1.23 

 

SCANeR 

OpenScenario 1.24 

 

Traffic 
simulation 

C++ traffic 

(SUMO) 

 

SUMO 

 

SCANeR Traffic 
(Aimsun5 and 
SCANeR)6 

SCANeR 

As can be seen in Table 5, the simulators at VTI and TUM use in-house software while the simulators at UNINA 
and CTAG use software provided from SCANeR™. Also, the tools used differ quite a lot with maybe only 
OpenDRIVE7 and OpenSCENARIO8 being the most common standard used. Further details on the different 
software solutions are given in the following subsections. 

3.2.1 VTI 

To accommodate scenario development with the diverse driving simulators at VTI, a modular and in-house 
built software platform is used. An important aspect of the software is to collect as much core functionality 
as possible into a shared part. This enables simulator studies to be moved between simulators with only 
minor additions or modifications to a specific simulator. A simplified view of the software structure is shown 
in Figure 24 where we also illustrate connections to used standards. Here, vtisim is the main software that 
controls the simulation with interfaces/modules for different simulators and tools. Siren controls the sound. 

 
2 The latest version of SCANeR (2023.2) supports importation of OpenSCENARIO and OpenDRIVE files. 
3 Not been used at UNINA so far but it is now supported in the last release of SCANeR (2023.2). 
Supported in the last release of SCANeR (2023.2). 
5 UNINA have never used Aimsun coupled with SCANeR but this integration have been done elsewhere and seems to 
work satisfactory. 
6 There have also been attempts to couple sumo with SCANeR via Matlab/Simulink in the past by the company AVSimulation 

but the result was not satisfactory at that time. Unina has never used sumo as traffic simulation software in its simulator. In any 

case for the current version of SCANeR, one would need a simulator developer for this type of integration. 
7 https://www.asam.net/standards/detail/opendrive/  
8 https://www.asam.net/standards/detail/openscenario/  

https://www.asam.net/standards/detail/opendrive/
https://www.asam.net/standards/detail/openscenario/
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Figure 24. Principal software layout at VTI also visualizing connections to used standards. 

The road environment in all driving simulators at VTI use OpenDRIVE to describe the road network. In vtisim 
the logical description of the road is used, for example for positioning vehicles, and for Unreal Engine the 
OpenDRIVE file is used to generate the road and surrounding environment. (The used OpenDRIVE format has 
been extended to provide a richer surrounding environment.) Graphical objects are mostly stored in the 3DS 
and FBX interchange formats and when imported to Unreal Engine become assets. OpenCRG can be used 
along with OpenDRIVE to provide a more detailed description of the road surface, which leads to a more 
realistic behaviour of the car and improves the experience for the driver. 

Scenarios for the driving simulators are generally created directly in vtisim. As such, the scenarios are written 
in the same programming language (C++) using classes for events, triggers, state machines, and so on. In this 
way, the scenario controls surrounding traffic participants, use of secondary tasks, and contains additional 
logic. Examples of additional logic are: change of data logging frequency; displaying on screen questions to 
the driver; and start/stop of car radio messages. Additionally, the balanced order of test participants is often 
provided as a file which is parsed. Apart from creating scenarios in vtisim, VTI implemented a reader for an 
early version of OpenSCENARIO. This early implementation was for test purposes and recently, vtisim has 
been changed to use ESMini for reading OpenSCENARIO instead. 

Traffic simulation is implemented similar to the scenario control, thus also implemented inside vtisim and 
written in C++. As an alternative to this integrated traffic logics, it is also possible to connect vtisim to SUMO 
using the Traffic Control Interface (TraCI). In this way data is sent to SUMO including when to perform a 
timestep. After a timestep, SUMO sends data back to vtisim. With this information exchange, including 
runtime commands, vtisim controls SUMO. An important part of controlling the traffic is the road layout 
which needs to be synchronized with vtisim so that vehicles can drive on the same roads. Here, SUMO has 
partial support for OpenDRIVE although the road network needs to be manually adapted for full 
functionality. 

3.2.2 CTAG 

The input data to SCANeR may vary depending on the specific use case, and this will be carefully analysed 
and evaluated during test preparation, always keeping the focus on meeting the objectives and requirements 
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of each of the experiments that have been defined as necessary to calibrate the model. Following, some of 
the basic inputs and data illustrated at a high level are described and detailed in Figure 24 and outlined below: 

• Terrain data: To create the most realistic driving virtual environment possible, data about the designed 
terrain on which to perform the experiments, such as road layout, elevation information and geographic 
data, are necessary. This data can come from many sources such as GIS (Geographic Information 
Systems), but in i4Driving it will be generated directly in SCANeR. 

• Vehicle models and traffic scenarios: The data of the vehicles that are intended to be simulated will be 
added. This includes the dynamic parameters of each vehicle and more specifically the Ego, such as mass, 
dimensions, engine characteristics and tire properties, as well as the different dynamic variables. SCANeR 
has a library of predefined vehicle models, which will be customized to match specific vehicles needed in 
each experiment. For the driving behaviour experiments, traffic scenarios will be defined including the 
number and types of vehicles on the road, their behaviours, speeds, trajectory and routes. 

• Sensors and data acquisition: Depending on the requirements specified by WP2 on the input data for 
model calibration, the information and data from the sensors of the Ego and simulated vehicles, such as 
cameras, LiDAR, radar, will be considered to a significant or secondary extent. 

• Environmental conditions: Parameters will be specified for the required environmental conditions, such 
as weather (rain, snow, fog, etc.), and lighting conditions and time of day. 

• Human driver models: The most appropriate behaviour of the virtual drivers will be defined according to 
each experiment to be studied. Factors such as type of manoeuvres, speed, decision making and driving 
style will be considered. All configurable aspects in SCANeR. 

• Control inputs: Control data from the different physical input devices, such as steering wheel and pedals, 
will be added. 

• Data Parameters: The parameters of the scenario and the experiment will be defined (such as the 
duration of the simulation and the metrics to be recorded) and the data analysis parameters and the 
format for reporting the results. 

In summary, all the defined parameters and characteristics of the environment and of the virtual vehicles and 
users will be designed, developed and integrated according to the logic described and required for each 
experiment. This is not a trivial task, but an ambitious objective, which will allow CTAG to work on new 
functionalities of the SCANeR tool and a new updated SW, testing the available options of this tool to try to 
achieve the best results useful for the model. 

 

  

 

 

 

 

 

 

 

 

Figure 25. Basic inputs for SCANeR™ 
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Figure 26. SCANeR™ studio modules concept (Font: SCANeR™) 

 

Below is a brief summary of the basic technical aspects of the SCANeR tool with which you want to work: 

Technical issues: 

• SCANeR™ Studio release 2023 

• UXD engine improvements to support VR applications 

• Sample traffic vehicles models (passenger car, truck, pedestrian) 

• C++ API development kit. 

• Support Python modules. 

• A physical model for vehicle dynamics. 

 

SCANeR™ STUDIO of AVSimulation: SCANeR™ Studio release 2023 

• including motorway, highway, country, and city scenarios 

• scenario editor with integrated UXD engine 

• UXD engine improvements to support VR applications 

• Sample traffic vehicles models (passenger car, truck, pedestrian) 

• C++ API development kit 

• Support Python modules 

• A physical model for vehicle dynamics 

 

CTAG is able to: 

• Develop an interface between dynamic model and car or truck cab 

• Customise, improve or rebuild vehicle’s physical model 

• Create new 3D models such as vehicles or pedestrians 

• Create Scenarios according to project demands 

• Create new modules such as navigation system, driving control system for autonomous driving, etc 
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Regarding the use of OpenScenario Sw, SCANeR Studio does indeed support the import of OpenScenario 
scenarios, but for now only in version 1.2. In version 2.0 it has not yet been possible to make it support 
OpenScenario. What has been verified is that it is not possible to modify any of the imported scenarios in 
terms of behaviour, as it is done internally. 

3.2.3 UNINA 

The driving simulation software used in VERA is a partially open software platform (SCANeR Studio from 
AVSimulation company) with versatile architecture and accurate embedded models, providing a flexible and 
effective simulation with the possibility to couple an advanced microsimulation software (Aimsun).  

The platform allows to simultaneously handle a traffic of thousand autonomous road users of different 
classes (cars, light-duty vehicles, trucks, buses, emergency vehicles, motorcycles, bicycles and pedestrians). 
To increase the realism of the driving environment, autonomous vehicles reproduce the dynamic of vehicle 
body by means of the roll (in the curve) or pitching (when accelerating or braking) and, also, can manage and 
visualize in virtual environment the vehicle lights (position lights, emergency brake lights, indicators, fog 
lights, etc.). To simulate scenarios with high density of traffic, a "swarm" of autonomous vehicles around the 
interactive one can be created. 

Moreover, it’s possible to connect the software to external applications (Labview, Matlab/Simulink, etc.) 
including devices in the simulation loop or to develop personalized modules in C or C++.  Moreover, specific 
modules provide several models and tools for simulation of various sensors (Radar, Camera, Lidar, GPS, 
Ultrasonic or Road sensors, etc.) within simulation environment, allowing to test and validate ADAS systems 
and, connected and autonomous vehicles (CAVs). 

SCANeR Studio is structured in 5 working modes: 

• Terrain: RoadXML editor - manual road network edition using Terrain interface or automatic edition 
via the import of different types of road databases (GPX, XODR, OSM, SHP, etc.). 

• 3D Terrain format: OSG, 3DS, DAE, FBX, Unreal UXD Engine. 

• Vehicle: Tool for debugging and analyses the behaviour of vehicles. It has a proprietary non-linear 
dynamic model (CALLAS), but external models can also be plugged both commercial (CarSim and VI-
Grade CarRealTime) than custom (developed in C++ or in Matlab/Simulink). 

• Scenario: DS scenario editor that has its own functions allowing the definition of complex simulation 
scenarios. Moreover, it’s possible to import scenarios developed under python and, also, import and 
simulate a scenario made with the OpenScenario standard (only version 1.2). 

• Simulation: Simulation and simulator supervision tool, coupled with Matlab/Simulink for co-
simulation between the two environments. SCANeR and the traffic simulator Aimsun can work 
together. 

• Analysis: Tool to analyse recorded data (re-play simulations from various viewpoints, graphs, 
spreadsheets and videos). 
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3.2.4 TUM 

 

Figure 27. High-Level Software Framework of the TUM Driving Simulator 

To describe the scenario description approach, the high-level software framework of the driving simulator 
must be introduced. The software framework has three core parts: SUMO, Unity and Panthera. SUMO is a 
traffic simulation software that is responsible for the movement of the road vehicles and traffic control (in 
2D). The information about the vehicle and control states are sent to Panthera. Panthera is commercial 
software delivered with the Cruden driving simulator that handles the interface between simulator hardware 
and software. For example, the virtual vehicle model is simulated within Panthera that acts according to road 
surface, objects and steering and pedal input of the test subject. Using this vehicle model commands are sent 
to the actuators of the motion system to perform the action on the simulator. The Unity component is closely 
related to Panthera, because Panthera has a plugin for the Unity Game Engine. The game engine provides 
many tools the import and modify 3D environment and responsible for rendering the current scene.  

The TUM Driving Simulators (DS) supports different possibilities to define scenarios. One must distinguish 
between the static and dynamic/moveable objects in the simulation. According to the PEGASUS (Mazzega et 
al., 2019) scenario abstraction approach, the description of road geometry, traffic infrastructure and 
temporal modifications are included in what we call static objects. Just like in the PEGASUS approach, 
dynamic/moveable object are road users or interacting objects. Other layers such as environmental 
conditions and communication are not considered in this description: 

• Static Objects: The road environment is typically designed using Mathworks’ RoadRunner Software. 
One benefit of this piece of software is that the import option of ASAM OpenDrive is sophisticated 
compared to other solutions. Therefore, the TUM-way to design road environment for driving 
simulator studies is (1) Import of OpenDrive to RoadRunner, (2) Manual Modifactions using 
RoadRunner if necessary, (3) Export to the Unity Editor, (4) Road Space definition using the Panthera 
Plugin to achieve realistic vehicle-road-interaction. Note that step (1) and (2) can be combined if the 
environment is self-designed from scratch that only manual editor functions of RoadRunner are used. 
Besides this standard solution, custom solutions have been used with the TUM-DS. For working with 
the CityGML standard and Geo-Data, the ESRI CityEngine is a sophisticated tool, to import and edit 
3D objects coming from different sources. For further editing single 3D-objects the modelling 
software Blender is used. What is similar for all solutions is the endpoint, which is (3-4) the export to 
the Unity Editor via 3D-geometry file formats and preparation for the simulation using Panthera. Also 
important is synchronisation between the 2D traffic simulation in SUMO and the 3D simulation 
environment to avoid unwanted visual effects because the not matching maps. 

• Dynamic Objects: Dynamic or Moveable objects are other road users interacting with the ego-vehicle, 
in the simplest case. In this driving simulator solution, the open-source traffic simulation software 
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SUMO is used to simulate the surrounding traffic. Depending on the type of study and the study goals 
there exist two different approaches for defining and simulation surrounding traffic: 

− Naturalistic Driving Study: For are naturalistic driving study vehicle flows are defined which 
can interact with the ego vehicle. So far, no clear standard definition exists for scenarios with 
just vehicle flows. This is why we use the ‘SUMO approach’. In this approach we make use of 
the so called ‘route’ files in SUMO. These files contain the information which vehicle types 
move with a certain distribution on predefined routes in the road network.  

− Deterministic Driving Study: For the deterministic driving study, the transform of each vehicle 
in the simulation is predefined depending on the ego vehicles’ movement. In scenario testing 
of autonomous driving, for example in the CommonRoad software, deterministic scenario 
description languages exist. One of the most prominent one is the ASAM OpenSCENARIO 
standard. TUM developed a method to use this standard in their driving simulator by making 
a custom import option for SUMO. Not just replaying an OpenSCENARIO scenario but also 
interacting with the vehicles of the non-interactive scenario description is possible within this 
integration solution. Therefore, the original software structure remains. If not using this 
standard, custom vehicle behaviour can be implemented as well using SUMO’s TraCI API. 
With that approach the movement of every vehicle can be modified by script. 

3.3 Aspects to consider when connecting driving and traffic simulators 

In this report the main focus is on scenario design for driving simulator studies looking at driver 
characteristics which implies that surrounding traffic will be controlled in detail. However, in future stages in 
this project driving simulator experiment using the developed i4Driver behaviour models will be conducted 
at the simulators at VTI, TUM and UNINA, the so-called Turing tests. This will require that the developed 
i4Driver model is coupled to the driving simulators which put requirements on consistent representation of 
the scenario including road and traffic environments. It was decided to already now consider how to 
include/connect these models to the driving simulator environments and the developed scenarios. This is not 
the first time such efforts are made and previous experience of connecting traffic simulators to driving 
simulators include Aimsun Next connected to SCANeR™, connecting OTS to driving simulators, and SUMO 
connected to vtisim. These three examples were presented and shortly discussed within the project partners, 
and here we present the opinions/thoughts/experiences expressed. 

One identified challenge from the project internal discussions regards the way traffic is controlled during 
simulations. During a simulator study, everything in the scenario is commonly controlled in detail including 
all the surrounding vehicles. On the other hand, for traffic simulation the vehicles are controlling themselves 
independently of each other and as such, cannot be guaranteed to get into certain positions/situations. These 
are two opposite ways of handling traffic within simulations and as such, it is challenging to find software 
and standards with support for both controlled and independent traffic within the same framework. 

Another identified challenge is how the traffic controller is updated. One way is to let the driving simulator 
software control it and another way is that the traffic simulation has its own runtime loop and then 
communicates with the driving simulator. In the first way the traffic simulation software needs to support 
another software to control it. For example, let the driving simulator advance time steps and update vehicles 
within the traffic simulation. In the second way the stepping of time is done by the traffic simulation software 
itself and then it needs to communicate e.g., new vehicle states to the driving simulator. Both these options 
are supported by OTS and can be further investigated in the future. For the simulator facilities within the 
project using SCANeR™ they will use the traffic simulation from Aimsun who will have to incorporate the OTS 
driver model into their system which is well connected to SCANeR™. 

Regardless of how these challenges are tackled there are also common aspects that needs to be agreed 
upon. One such is the benefits a common road description provides. As such OpenDRIVE was discussed 
aiming for that the traffic simulators will use the same road description as the driving simulator. If OpenDRIVE 
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(or another standard) cannot be used by everyone the road network description needs to be synced between 
different tools. Here, as few manual changes/steps as possible are preferred so that if for example the 
OpenDRIVE road network is modified there are few steps required to update other road descriptions. 
OpenDRIVE support is quite extensive, for example, Carla supports OpenDRIVE and OpenSCENARIO and 
there is also ongoing work to implement OpenDRIVE support for CommonRoad. SCANeR™ can import 
OpenSCENARIO and OpenDRIVE files in the latest version (2023.2).  

3.4 Identified needs and suggestions for extension after testing existing standards 

With a goal to run the same or as similar as possible scenarios at different simulator sites, early tests of using 
the standards OpenDRIVE and OpenSCENARIO was performed to gain insights into how well these standards 
handle different experimental aspects for driving simulator studies. These standards do not completely 
comply with every toolchain at each simulator site in i4Driving but gives a starting point for each site. 

Early tests were based on the developed scenario test-cases from the SafetyPool database and the use cases 
of interest identified within workpackage 1 (see Deliverable 1.6 (Irvine et al., 2023)). Tests were conducted 
for several of the suggested scenarios presented in D1.6. As OpenSCENARIO files are cumbersome to handle 
without a tool, a more high-level description was noted as beneficial. The tool used for creation and 
modification of OpenSCENARIO files was RoadRunner9 and for testing the generated scenarios the tool 
Esmini10 was used. From these early tests two areas in need of improvements was identified, namely the 
graphical environment and object description and connecting several scenarios and balancing the order of 
the connected scenarios. 

3.4.1 Graphical environments and objects 

One important part which is missing in the currently tested standards is the graphical environment. This is 
not included in the OpenDRIVE standard which describes the road layout and its nearest surrounding, but do 
not include any descriptions of objects like trees, buildings, etc. As an example, when testing environments 
in Esmimi the surroundings are stored using a non-standard binary file format which cannot be moved to 
another simulator system. In Figure 28 an example is shown of how the road differs in Esmini with and 
without its graphical surroundings. Here, the right picture illustrates how the road visually will be represented 
by only using an OpenDRIVE description. 

 

Figure 28. A road visualized in Esmini with (left) and without (right) its surrounding environment. 

When looking at an early version of a generated road from a scenario from the SafetyPool database the 
expected lack of surrounding environment could be observed. A visualization using the VTI software of this 
road is shown in Figure 29. The figure clearly shows that there is a need of more environmental objects for 
this to be a realistic driving situation. Adding further details to the road would improve the visualization but 
if only the OpenDRIVE standard is used the road will never have a realistic graphical representation of the 
road surroundings. 

 
9 https://se.mathworks.com/products/roadrunner.html 
10 https://github.com/esmini/esmini 
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Figure 29. Graphical representation in ESMini of one of the test scenarios. 

Another need of improvement in OpenDRIVE and OpenSCENARIO relates to the description of the graphical 
objects, for example surrounding vehicles, that will be represented within the environment. Objects are in 
OpenSCENARIO often described using a name and type, for example name: “car_white” and vehicleCategory 
= “car”. If the graphical representation of the objects is important, e.g. using a specific vehicle model, these 
models need to be shared as well. This includes much more than just vehicle type and could include specific 
buildings or vulnerable road users with specific animations. As a first step though it would probably be good 
to extend the vehicle categories. Using categories as car, van, and truck lacks type information such as: SUV 
or convertible which have very different visibility occlusion effects. For this project where the visual field of 
the driver is important it might be needed to be more specific when describing the surrounding traffic so that 
a big car doesn’t unintentionally hide a small car. 

A further discussed consideration is that the simulator sites span over different countries where the road 
layout is different with for example different signs and different lane markings. Here, the OpenDRIVE 
standard describes the static layout of the road network and as such doesn’t support many changes to the 
road network depending on the country. Depending on the experimental design this might need to be 
considered although countries have many similarities. Hence, there is a need to polish the graphical 
representation of a certain situation for a certain simulator site. 

3.4.2 Connecting many scenarios in a balanced order 

One important consideration for experimental designs of driving simulator studies is to be able to use a 
balanced order of the scenarios for the test participants. As a long-term vision, a library of different road 
sections or here called chunks is desired where these chunks can be connected as needed depending on the 
study. These chunks would also include a large set of different scenarios developed for them. For example, 
assume that we have two chunks A and B which both have three different scenarios developed for them. The 
desired functionality is then to easily be able to create a large scenario by combining these smaller scenarios 
like A1-B2-A1-A3. Scenarios described using the OpenSCENARIO standard seems to commonly be short but 
are still hard to read and modify for humans. If a short scenario consists of a large and difficult to read file, a 
large scenario that spans multiple smaller scenarios over several minutes will be infeasible to manage without 
support from a suitable tool. Here we further describe how we have tested and modified scenarios to better 
suite driving simulator experiment design workflows. 

One issue with the OpenSCENARIO format is the tight connection to an OpenDRIVE road network which is 
illustrated in the following code snippet from an example scenario: 

<RoadNetwork> 
 <LogicFile filepath="i4driving.xodr" /> 
</RoadNetwork> 

The current set up makes is problematic to move a scenario from one road to another road. For example, a 
scenario that uses positions with road ids will need to have the same IDs for the new road it is moved to, or 
the dynamic behaviour will differ during the scenario. On the other hand, if world coordinates are used every 
such coordinate needs to be translated and possibly rotated to new positions when changing the road where 
the scenario should be launched. During the performed tests, tools used didn’t seem to consider these use-
cases with a need to move the scenario to different roads and instead this was manually added to the 
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scenario by using the ParameterDeclarations tag. As such it is possible to add input to the scenario for how 
it should be configured before running. As an example, consider the following parameters: 

<ParameterDeclarations> 
 <ParameterDeclaration name="Road1" parameterType="double" value="1" /> 
 <ParameterDeclaration name="Road2" parameterType="double" value="2" /> 
 <ParameterDeclaration name="Road3" parameterType="double" value="3" /> 
 <ParameterDeclaration name="Rotation" parameterType="double" value="0" /> 
</ParameterDeclarations> 

By using such parameters, it is possible to move the constructed scenario to any other road if the rotation 
and the new road ids match the same road layout. When using the road position, it must be referenced as for 
example roadId="$Road1" and this is the case for every position within in the scenario. Here the tool 
RoadRunner was tested and the support for these modifications within the tool are currently not available 
and thus, the generated scenario file must be manually modified. 

Another issue is the size of the scenarios. If we once again consider a scenario which is a combination of 
smaller scenarios like A1-B2-A1-A3. In this combination of scenarios, the A1 is repeated twice and as such 
would for example need to have different values for the road ids. This means that if smaller scenario will be 
collected sequentially into one OpenSCENARIO file it will result in a large humanly unreadable file where the 
different smaller scenarios will need to be manually adjusted. This will be infeasible and for a simulator study 
with many test participants and the likelihood for mistakes is so huge that loss of data is expected due to 
malfunctioning scenarios. Also, if a smaller scenario needs to be modified it will be a huge task to further 
update all the different versions. Further, with scenarios that are based on several sequential actions it is 
possible that one mistake in one action may stop the progression of scenarios and thus resulting in a halt of 
all the following scenarios. For example, assume we have the following starting condition: start scenario A1 
when the simulator vehicle reaches position P1. If the simulator vehicle would miss this position for some 
reason the scenario will be stuck in a waiting state if there aren’t any fallback. This would most likely lead to 
complete loss of data from that participant. Thus, having smaller scenarios that are started and stopped from 
the simulator software on the different positions on the road are more robust than having only one large 
scenario file for each participant. In this way it would be good if the OpenSCENARIO standard would support 
a combination of several OpenSCENARIO scenarios and a way to start and stop them. A further extension of 
this would be to have groups or ODDs for different scenarios that could be stored in a database or similar. 
For example, have a large selection of different 4-way crossing scenarios that could be used on any 4-way 
crossing on the road as long as some ODD requirements are met. 

One tool for aiding in the creation of roads and scenarios that has been tested here is RoadRunner. This tool 
was used to import current scenarios and then adjust and enrich them. Generated roads have also been 
tested by generating an OpenDRIVE file and a Datasmith file for Unreal Engine. It has been valuable to work 
with this tool with these standards although the above-mentioned shortcomings. One more aspect that 
would give further value would be if RoadRunner could export flowcharts or some other graphical 
representation of the scenarios that would be easy for a human to interpret. It is also unclear how some 
models which are not part of OpenSCENARIO would be handled. Further testing should also consider 
connecting SUMO directly to OpenSCENARIO. 
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4 Experimental design 

The work on deriving the model requirements, research questions and hypotheses (documented in 
Deliverable 1.5 (Tang et al., 2023)) shows that there are many factors related to driver traits, traffic, 
infrastructure, non-driving related tasks (NDRT), weather conditions, lightning conditions, other external 
factors, etc. that ideally should be considered in the experimental design by varying them in a systematic 
way. The number of combinations of factors increase fast with every additional factor to consider but the 
project budget and time do not allow to vary all combinations of all the factors. Hence, there is a need to 
choose wisely and find an approach in which the combinations thought to be most relevant for the research 
questions and hypotheses related to the model development and calibration can be varied in a systematic 
way and still achieve enough observations for useful statistical analysis of the results. This both relates to the 
driver traits as well as the non-driver trait related factors (i.e. traffic, weather, etc.). An experiment with 40 
participants and three driver traits with two categories each (for example two age groups, two driver 
experience groups and two familiarity with the context groups) gives only five participants in each unique 
combination (3 driver traits with two categories each gives 8 possible combinations). The same issue applies 
to the other factors, varying more than two to three factors together in one experiment gives too many 
combinations and will lead to too long experiments with low statistical power. 

The approach taken in i4Drving is to design the experiments by variations around a set of base scenarios. In 
this way two to three factors can be varied systematically at the same time in one DSE and another 
combination of two to three factors in another DSE. Two different setups were considered: 

1. Run a limited set of motorway and urban base scenarios at all four driving simulator sites. 
2. Run a limited set of motorway base scenarios at two driving simulator sites and a limited set of urban 

base scenarios at the other two sites. 

The advantage of the first approach is that each base scenario is driven by all participants at all sites, which 
imply capturing a larger heterogeneity. The disadvantage is that the number of non-driver trait related 
factors that can be varied for each environment (motorway, urban) are fewer since only half of the duration 
of each experiment can be assigned to each environment. The advantage of the second approach is that it 
allows for more variations of non-driver trait related factors in each environment. It also allows for 
considering different driver traits for the urban and motorway environments, which can be important since 
the important driver traits related to safety might vary between the two contexts. The disadvantage is of 
course that the total number of participants are divided into two groups. In i4Driving we have adopted the 
second approach, but adding some common familiarisation, warm-up car-following task and final critical 
situation to be ran in each DSE. Each DSE of course also start with a DS site specific training phase to let the 
participant get used to drive the simulator. The five different parts of each DSE is illustrated in Figure 30.  
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Figure 30. Illustration of overall setup with the five different parts (training, familiarization, warm-up, variants of the 
urban or motorway base scenarios, and the final critical scenario) of each DSE. 

Slightly different approaches are used for the design of the motorway and urban experiments. The reason 
behind this is that the cognitive layer extended traffic simulation model is more mature for the motorway 
context while it is less mature for urban areas and intersections. Hence, for the motorway context the 
functions and parameters to be calibrated are more established than for the urban context, while in the urban 
context there is a larger need to not only collect data for calibration, but also for the model development.  

The reminder of this chapter is divided into sections describing the familiarisation scenario (Section 4.1), the 
warm-up car-following scenario (Section 4.2), the urban base scenarios and variations (Section 4.3), the 
motorway base scenarios and variations (Section 4.4) and the final common critical scenario (Section 4.5). 

4.1 Familiarisation - Distance perception 

For familiarisation with the driving simulator, we give study participants various tasks. On the one hand these 
tasks should be a familiarization with the simulator control, on the other hand they give the study participants 
an estimate on the discrepancy between perceived distances and speeds and measured (simulated) 
distances and speeds. The reason for this procedure is to calibrate the participant to the simulator and 
thereby produce more valid results. The tasks used for this purpose are inspired by driving simulator 
validation research (Himmels et al., 2023), and include: 

(1) Egocentric Distance Perception Task (Passive Distance Perception): Participants are asked to 
estimate their distance to a person placed next to a cone at a distance of 50 m, 70 m, or 120 m, with 
each distance presented twice in a randomized order. A cone at a distance of 20 m is always given as 
a reference. The distance estimates are indicators of passive distance perception. The study director 
gives the correct distances so that the participants get an idea of whether distance is over- or 
underestimated. The process will be stopped after a fixed number of repetitions or sufficient 
estimation results. 
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Figure 31. Illustration of Egocentric Distance Perception Task in DSE. 

 

(2) Target Braking Task (Active Distance Perception): Participants are asked to come to a complete stop 
at a designated position marked by cones and an adjacent vehicle after accelerating to and holding a 
constant speed defined in different levels (30 km/h, 50km/h, 80km/h). The distance to the stopping 
line is interpreted as an indicator of active distance perception. The study director tells the participant 
the error, meaning the distance from the front bumper to the stop line. The participants then get an 
idea of whether the distance is over- or underestimated. The process will be stopped after a fixed 
number of repetitions or sufficient results. This task combines both vehicle control and distance 
perception familiarization. 

 

Figure 32. Illustration of Target Braking Task in DSE. 

4.2 Car-following at different speed levels 

Motivation: The scenario, common to urban and motorway experiments, is designed to investigate one of 
the main processes in all human driver behavioural models, the car-following. In particular, the aim is to study 
the steady-state speed-spacing function, the reaction times at acceleration and at braking of a population of 
drivers. 

Design: The scenarios start with a short “start-up” period (about 45-60 seconds) to let the driver accelerate 
up to speed after the distance perception scenario and after the breaks planned in some of the experiments. 
A car-following task at different speed levels follows seamlessly. This task takes place on a two-lane road 
(one per direction) and it’s designed in two variations: 1) local speed limits are posted, and the leader vehicle 
adapts immediately its speeds to them and 2) no local speed limit is posted, and the leader vehicle freely sets 
its speed (following a pre-defined set of values). The aim of these two variations is to investigate car-
following both in the presence and absence of a motivated leader speed and relative frustration of the 
participant. 

In the motorway experiment, the scenario uses a 2x2 full factorial design (Table 6) with factors for light 
condition (Day / Night) and presence of local speed limits (Yes / No). The light conditions factor is not 
investigated in the urban experiment. The presence of local speed limits is investigated in a within-participant 
design in the motorway experiment and in a between-participant design in the urban experiment. This since 
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the scenario is only run once per participants in the urban driving simulator experiments and 4 times in the 
motorway driving simulator experiments. 

Timing of controlled traffic: The scenario starts with the ego vehicle accelerating from standstill, e.g. by 
entering the road from a parking area in the urban experiment and in a lay-by in the motorway experiment. 
When the participant has completed the start-up section (45-60 seconds of driving) and reached his/her 
desired speed for the given road layout and speed limit. The successive car-following situation starts when 
the headway between ego vehicle and a leader vehicle is equal to 6 seconds. The car-following task consists 
of 6 steady-speed driving periods of 30 seconds each, interspersed by acceleration/deceleration period in 
which the leader vehicle reaches the following designed speed. Steady period speed varies from 40 to 100 
km/h with a step of 20 km/h (e.g., 40-80-60-100-80-100) in the motorway experiment and from 30 to 50 km/h 
with a step of 10 km/h (e.g., 30-40-30-50-40-50) in the urban experiment. The acceleration and deceleration 
of the leader vehicle are constant and equal to 1.5 m/s2 and 2.0 m/s2, respectively.  

Other Traffic: To deter ego vehicle from overtaking and improve the realism of driving situation, low/medium 
density traffic in the opposite lane is simulated.  

Infrastructure: The road infrastructure consists of an urban undivided two-lane road in the urban experiment 
and a rural undivided two-lane road in the motorway experiment. The road is designed to avoid speed 
adaptation to the road alignment (e.g., gentle curves, no intersections, good visibility, etc.). No-overtaking 
signs are posted along the rural undivided two lane road, eventually in combination with the local speed 
limits where present.   

Table 6. Combinations of experimental factors in the car-following at different speed levels scenario. 

Permutation Lighting conditions Presence of local speed limits 

W1 Day Yes 

W2 Day No 

W3* Night Yes 

W4* Night No 

*Not tested in urban experiment. 

 

4.3 Urban road experiment design 

Two urban DSEs will be performed within the i4Driving project, one using the driving simulator at VTI (see 
section 2.1) and one using the driving simulator at TUM (see section 2.4). Of the hypotheses selected in the 
project (see Deliverable 1.5 (Tang et al., 2023)), the following hypotheses are targeted in both urban driving 
simulator experiment: 

• ATT B3: Scenarios that include more target areas are more likely to lead to insufficient scanning 
and longer perception times. 

• ATT A2: When turning right at an urban intersection such that conflicts with bicyclists are 
possible, drivers are less likely to scan all target areas. 

• ATT A3: Drivers use speed adaptation to enable timely scanning of necessary target areas. 

In addition to these, the VTI DSE also investigates a fourth hypothesis: 

• TD C3: Increased task demand reduces situational awareness. 
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Both experiments are designed around chunks, each consisting of two to five building blocks combined in 
different ways to suit the various scenarios and to provide a varied driving experience for the participants. 
The chunk-based approach also facilitates repeated study of very similar situations, and the construction of 
the scenario in the simulators.  

There is one common building block for both experiments; a 4-way intersection with bicycle paths along the 
street at which the ego vehicle enters the intersection. This intersection is in both experiments used to study 
the attentiveness of drivers to bicyclists approaching from behind at intersections, but the experiments differ 
in the variations of the scenario: the VTI experiment varies the manoeuvre of the participant and the presence 
of a NDRT (Non Driving Related Task), while the TUM experiment varies the priority control of the 
intersection and line of sight to the bicyclist, see Table 7.  

Table 7. Comparison between the primary scenarios in the two urban DSEs and the related TTE. ✅ represent with and 

❌ without. 

 

Both experiments include in addition to this primary scenario also secondary scenarios that utilise the 
stretches between the repetitions of the main scenario that are needed anyhow to provide the necessary 
variation to hide the repetitions of the main scenario. These secondary scenarios differ between the two 
experiments. 

In Table 6 we also contrast the urban driving simulator experiments to the urban test track experiment, 
organized by TUM. The TTE does not include any interactions with cyclists or other road users due to safety 
concerns.  

4.3.1 Urban DSE variation 1 – VTI 

The driving simulator experiment at VTI is designed around chunks consisting of 1 – 5 building blocks. The 
building blocks are combined in different ways to suit the scenarios. Block 1 consists of two four-way 
intersections (used in a car following scenario), block 2 is a link with a zebra crossing (used in a pedestrian 
scenario), block 3 is a T-junction (used to clear traffic), block 4 is a four-way intersection (used in a bicyclist 
scenario), and block five is a four-way intersection (used to clear traffic). The clearing blocks are needed to 
remove traffic before entering a certain scenario. The five blocks are combined into four different chunks, 
see Figure 33.   

The different chunks will be repeated 32 times in the experiment since one of the scenarios of interest, the 
bicyclist scenario in Section 4.3.1.2, has a total of 32 different variations of various factors. For implementation 
reasons, the chunks are grouped into sequences of 8 chunks with identical infrastructure layout, which will 
consequently be repeated 4 times.  

To make the experiment city like, the sidewalks will be littered with advertisements, pedestrians, trashcans, 
trees, flowerpots, park benches, bike racks, bus stops, and other decorative elements. 

URBAN Priority Control NDRT 
Presence of 
Cyclist 

Maneuver Traffic Line of Sight 

DSE (VTI) Yield                          4 levels      

DSE (TUM) Yield | Main                  3 levels         

TTE (TUM) Yield | Main                          1 level      
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Figure 33. The four chunk types with different infrastructure building blocks that are used the VTI driving simulator 
scenarios. The different chunk types are tailored to fit different combinations of scenarios, to facilitate smooth 

transfer of traffic from one scenario to the next. Chunk type B, C and D is available in two versions depending on 
whether there is a right turn (as in the figure) or a left turn (same as in the figure except that the last intersection is 

placed to the left instead of to the right of the predecessor). 

4.3.1.1 Expected input to calibration 

In addition to the initial car-following scenario common for all DSE in the project, we expect that this DSE 
variation will produce data to support the calibration of the following sub-models in an urban context: 

• Car-following: following distance function, acceleration and deceleration and reaction time to 
changes in leader speed. 

• Reaction to traffic signals: Approaching speed function to red signal, reaction time for red-green 
transition during approach, acceleration after red-green transition. 

• Reaction to zebra crossing: speed adaptation when approaching a zebra crossing with and 
without approaching pedestrians, giving way compliance (pedestrians have priority at zebra 
crossings in Sweden). 

• Approach to intersection: Speed adaptation when approaching intersection with main road and 
give way priority rules, when the field of view of the intersecting road is limited by surrounding 
buildings. 

In addition to these, gaze patterns and physiological measurements in all the above situations will be 
available, which are expected to provide data for calibration of the attention and task demand modelling. 

4.3.1.2 Scenario design 

Several scenarios are embedded in the VTI driving simulator experiment. These include a cyclist scenario, a 
pedestrian scenario, and a car following scenario. The cyclist scenario investigates if drivers pay attention to 
bicyclists from behind in turning manoeuvres, the pedestrian scenario investigates the role of peripheral 
vision when checking for pedestrians at zebra crossings, the car following scenario investigates differences 
in desired headway, reactions to speed changes of the leader, and acceleration behaviour. 
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All variations of the three scenarios will be driven both when engaging in a NDRT and when driving without 
the NDRT. The NDRT will be active for 8 chunks at a time, so half of the participants will engage in the NDRT 
in repetition 1 and 3, and the other half in repetitions 2 and 4. 

Cyclist scenario: 

Motivation: Trucks turning right into a bicyclist’s path is the most frequently occurring fatal truck-bicycle 
accident type in urban areas (Pokorny et al., 2017), and 33% of all bicyclist-motorist crashes in general occurs 
when motorists turn right in urban intersections (Kaplan and Prato, 2013). The cause is likely to be that 
motorists neglect to check their blind spots, which has been shown both in controlled field studies (Kaya et 
al., 2021) as well as in naturalistic driving studies (Jansen and Varotto, 2022). The purpose of the cyclist 
scenario is to learn more about the reasons and in which situations drivers are more likely to neglect checking 
for bicyclists in urban intersections.  

Design: The cyclist scenario has the highest number of experimental factors in addition to the NDRT factor. It 
uses a 2×2×4 design with factors for ego turning (Left/Right), bicyclist present from behind (Yes/No), and 
vehicles from the sides (Left/Right/Both/None). A list of all possible combinations is listed in Table 8. Since 
this scenario has the highest number of variations it dimensions the experiment as a whole. Each participant 
must drive through the same intersection 16 times, or 32 times taking the NDRT factor into account, which 
makes it clear that the additional blocks are needed to make the cyclist intersection less conspicuous. The 
presentation order of bicyclist presence and vehicles from the sides should be randomised. 

Infrastructure: The intersection is designed such that the ego vehicle must slow down and almost come to a 
full stop before entering the intersection. This is achieved by combining a yield priority rule with a very 
restricted line of sight, see Figure 36. At the intersection, the ego vehicle will either turn left or right.   

Timing of controlled traffic: Traffic from the sides can either come from the left, from the right, from both 
directions or be missing. Traffic from the sides is timed so that the ego vehicle must wait until the vehicles 
has passed. To make the scenarios less conspicuous, the number of vehicles form the sides will vary from 1–
3, but they will drive so closely together that the ego vehicle must wait for the last vehicle. When turning left, 
the ego driver must take traffic from both sides into consideration, while when turning right, only traffic from 
the left is of importance. 

The bicyclist will enter the bicycle lane from an exit or sideroad after the ego vehicle has passed. It will thus 
emerge from behind so that the ego driver must check for it over the shoulder or in the mirror before 
proceeding with the turning manoeuvre. When the ego driver turns right, the bicyclist continues straight 
across the intersection, and is timed to cross the street just after the last vehicle from the side has passed. In 
cases where the ego driver enters the intersection without noticing the bicyclist, the bicyclist will stop to 
avoid a crash. 

Other traffic: Non-obstructive oncoming traffic is present in the scenarios where the ego driver turns right. 
In the scenarios where the ego driver turns left, oncoming traffic is present but so far away that the ego 
driver does not need to consider it. There will be no vehicles from behind.  
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Figure 34. Illustration/example of the four-way yield intersection used in the cyclist scenario in the VTI driving 
simulator experiment. The screenshot shows the intended infrastructure and the limited line of sight in the 

intersection. 

 

Table 8. Combinations of experimental factors in the cyclist scenario in the VTI driving simulator experiment. 

Test case # Turning manoeuvre Bicylist present Traffic from the sides 

C1 Right Yes - 

C2 Right No - 
C3 Right Yes Left 
C4 Right No Left 
C5 Right Yes Right 
C6 Right No Right 
C7 Right Yes Both 
C8 Right No Both 
C9 Left Yes - 
C10 Left No - 
C11 Left Yes Left 
C12 Left No Left 
C13 Left Yes Right 
C14 Left No Right 
C15 Left Yes Both 
C16 Left No Both 

 

Pedestrian scenario: 

Motivation: Peripheral vision plays an important role in visual information acquisition (Wolfe et al., 2020). It 
may be more efficient to employ peripheral vision, and in situations where several targets must be monitored 
simultaneously, it may even be necessary to use peripheral vision. An example is when approaching a zebra 
crossing, where it is necessary to assess whether any pedestrians want to cross. Likely, the absence of 
pedestrians can be confirmed by peripheral vision only, but if pedestrians are present, a foveal glance to 
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estimate their future trajectory will be required, especially if they are or might soon start moving (Ahlström 
et al., 2022). The primary goal of the pedestrian scenario is to learn more about visual information acquisition 
via peripheral vision, which is needed to be able to account for visual information in a human behaviour 
model. 

Design: The pedestrian scenario has a design where pedestrians can be present on both sides of a zebra 
crossing (Left/Right/Both) and where the pedestrians can either stay put or move around (stay put/walking 
towards zebra crossing/walking away from zebra crossing). The combinations that are included in the 
experiment are listed in Table 9. The participants are exposed to the condition with no pedestrians several 
times to get more data on the situation when peripheral vision alone is sufficient. 

Infrastructure: The pedestrian scenario will take place on a small square, i.e., an open area with sufficient line 
of sight such that the pedestrians can be seen early on.  

Timing of controlled traffic: The pedestrians should always come at least in pairs, making it more natural that 
they are standing still and talking to each other in the “stay put” condition. In all conditions, the pedestrians 
should start from the same position and then either stay put, more towards, or move away from the zebra 
crossing. The distance from the road and the timing is such that the ego driver can pass without stopping, 
but a polite driver will stop and let the pedestrians cross the street. The purpose is studying whether and 
how often the ego driver looks at the pedestrians, not the braking behaviour. 

Other traffic: There will be occasional oncoming traffic both before and after the zebra crossing, but not at 
the actual crossing. There will also be occasional traffic from behind, where the following vehicle is staged in 
the car following scenarios (see below). Oncoming traffic is randomised to the extent possible.  

 

 

Figure 35. Illustration/example of the zebra crossing used in the pedestrian scenario in the VTI driving simulator 
experiment. 
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Table 9. Combinations of experimental factors in the pedestrian scenario in the VTI driving simulator experiment. 

Test case # Pedestrian to the Left Pedestrian to the Right 

P1 - - 

P2 Stay put Stay put 
P3 Move towards Stay put 
P4 Move away Stay put 
P5 Stay put Move towards 
P6 Stay put Move away 
P7 Move towards Move away 
P8 Move away Move towards 
P9 Move towards Move towards 

P10 Move away Move away 

Car following scenario: 

Motivation: The motivation of this scenario is twofold. The first motivation is to create natural variability in 
the everyday life driving, including some interaction with surrounding traffic, between the other scenarios. 
The second motivation is to collect data on deceleration and acceleration reactions to changes of traffic 
signal status, directly or indirectly via leading vehicle responses to the change in traffic signal status. The data 
will be used to calibrate reaction time, acceleration and deceleration rate related parameters. 

Design: The car following scenario will not have a complete design, see Table 10. There can be (0/1/2) lead 
vehicles and (0/1) follower that are staged in the first of the two intersections of the scenario. The 
intersections priority rules are varied: first (main road/signalised), and second (yield/signalised). 

Infrastructure: The car following scenario uses two intersections 200 meters apart. The first intersection is 
used to stage surrounding vehicles and the second intersections is used to clear out traffic in preparation for 
the upcoming pedestrian scenario. 

Timing of controlled traffic: Vehicles (0/1/2) will enter from the left, well in advance of the arrival of the ego 
vehicle to the intersection, driving rather slowly through the intersection and then accelerating smoothly 
until they reach a speed slightly below the speed limit, to ensure that the ego vehicle ends up in a following 
situation. After the ego vehicle has passed the intersection, in half of the cases, a vehicle will turn in from the 
right, following the ego vehicle keeping a 3-second time headway to not bother the ego driver.  

The priority in the first intersection is either a traffic signal initially in red state turning green as the ego vehicle 
approaches, in which case there is no lead vehicle, or the ego vehicle have the priority (main road), in which 
case there are one or two leading vehicles. In the second intersection the ego vehicle is subject to a yield sign 
if the first intersection was signal controlled, and it is signal controlled if the first was not. If the second 
intersection is signalized, the signal is initially red and turns green after the first lead vehicle has started to 
slow down, to force a reaction of the ego vehicle. The vehicle directly in front of the ego vehicle will slow 
down and turn left, while its leader, if present, will accelerate significantly and continue straight, and later 
turn away in the T-junction before the bicycle scenario intersection.  

Other traffic: Oncoming traffic is present throughout this scenario. There are also one or two bicyclists on the 
side roads. Oncoming traffic and bicyclists should be non-interfering and randomised. 
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Figure 36. Illustration/example of the two four-way intersections used in the car following and priority rule scenarios in 
the VTI driving simulator experiment. 

 

Table 10. Combinations of experimental factors in the car-following scenario in the VTI driving simulator experiment. 

Test 
case # 
 

Priority rule 
intersection 1 

Lead 
vehicles # 

Follower Priority rule 
intersection 2 

Clear traffic 

CF1 Main 1 1 Red>Green Lead 1 left, Follower straight 

CF2 Red>Green 0 0 Yield - 

CF3 Red>Green 0 1 Yield Follower left 

CF4 Main 2 1 Red>Green Lead 1 straight, lead 2 and 
follower left 

CF5 Main 1 0 Red>Green Lead 1 turns left 

CF6 Main 2 0 Red>Green Lead 1 straight, lead 2 left 

 

How the scenarios are connected 

The 16 cyclist scenario variations, the 10 pedestrian scenario variations and the 6 car following scenario 
variations need to be combined taking the following constraints into account. The constraints come from a 
need to stage or remove traffic before and after each scenario. Some traffic will follow along to the next 
block, but only in certain scenarios: 

• The blocks should always be in the order as presented in Figure 33 (car following intersections 1 
and 2, zebra crossing, T-junction, bicycle intersection, and clearing intersection).  

• The infrastructure from lap 1 to 8 should be identical to the infrastructure on lap 9-16. 

• No lead vehicles from the car following scenario (CF4, CF6) should proceed into a pedestrian 
scenario with pedestrians moving towards the zebra crossing (P3, P5, P7, P8, P9). 

• Lead vehicles or followers that go straight in car following intersection 2 (CF1, CF4, CF5, CF6) 
should be removed in the T-junction.  

• If there is traffic leaving the intersection in the same direction as the ego vehicle in the bicyclist 
scenario, then the last four-way intersection should be present (all except C1, C2, C6, C9, C10, C11). 

Subject to the constraints above, the following objectives should be fulfilled to the extent possible, with the 
first having precedence over the second: 

• Minimise the number of blocks. 
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• Maximise the variation in infrastructure and traffic between consecutive chunks. 

 

One possible combination of blocks into chunks and order of chunks fulfilling these constraints, and at least 
approximating the objectives, is presented in Table 11, but the criteria leave room for additional variation by 
permuting some of the rows of the table. 

 

Table 11. Listing of how different scenario variations will be combined into chunks, and which blocks (grey cells) that 
can be removed in the resulting chunks. 

Lap #  CF inters. 1  CF inters. 2  Pedestrian   T-junction 
(clear traffic)  

Bicycle  Four-way 
(clear traffic)  

1a  CF4  P1  Clear traffic  C14  Clear traffic  

2a      P8    C2    

3a  CF2  P4    C15  Clear traffic  

4a      P1    C4  Clear traffic  

5a      P3    C3  Clear traffic  

6a      P1    C11    

7a  CF5  P6  Clear traffic  C8  Clear traffic  

8a      P2    C9    

1b  CF1  P1  Clear traffic  C7  Clear traffic  

2b      P10    C10    

3b  CF3  P1    C5  Clear traffic  

4b      P9    C13  Clear traffic  

5b      P7    C16  Clear traffic  

6b      P1    C6    

7b  CF6  P1  Clear traffic  C12  Clear traffic  

8b      P5    C1    

 

The proposed design might by adjusted during the implementation and fine tuning of the scenarios. The 
experiment duration is one such factor that might lead to refinements in the design, if it turns out that the 
envisioned experiment is too taxing for the participants. The 4 repetitions of lap 1–8 above, with identical 
infrastructure, gives the opportunity for one or three breaks, one halfway through the experiment or one in 
between each repetition. Such breaks will probably be needed to reduce task-related fatigue, task 
disengagement, and motion sickness. The number of breaks will be decided during pilot testing and fine 
tuning of the design. 

4.3.1.3 Non-driving related task 

The participants will perform a NDRT consisting of finding an arrow pointing upwards in an array of 5x5 
arrows pointing left, right, upwards, and downwards (Östlund et al., 2004), see Figure 37. A single upwards-
pointing arrow will be present in half of the cases, and in the other half there is no upwards pointing arrow, 
in which case the participant should indicate this by pressing a ‘No’ button. The task will be presented on a 
touchscreen mounted close to the centre console to the right of the steering wheel. The task is self-paced in 
that a new task appears when the participant has completed the previous one. However, an auditive 
reminder will be triggered after 8 seconds, and a new task will be presented after 10 seconds. The participant 
answers by touching the upwards-pointing arrow (if present) or selecting a ‘No’-button (if an upward-
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pointing arrow is not present). The idea is to assess the ability to integrate an NDRT with driving why the task 
will be active continuously throughout a sequence of eight chunks. The instruction is to engage frequently in 
the task, to the extent that feels reasonable in the present traffic situation. All drivers will be rewarded for 
participating in the study, and the top three performers on the NDRT task will also receive a bonus.  

The purpose of the self-paced arrows task is to explore in which situations drivers have spare visual capacity. 
High workload from the environment is reflected in non-activity or less frequent NDRT responses.  

  

Figure 37. Screen shot showing the NDRT Arrows task that will be used in the VTI driving simulator experiment. 

4.3.1.4 Recorded data 

The data types recorded during the simulation are described in Table 19. 
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Table 12. Description of data to be recorded in the VTI driving simulator experiment 

Data Type Description 

Ego Vehicle Data Time series data on the ego vehicle’s position, rotation, speed, steering 
angle and force, brake force, turn signals, brake lights, etc. 

Surrounding Traffic • Vehicles: Position, Rotation, Speed, Vehicle Type, 3D model, turn 
signals, brake lights, etc. 

• Traffic Control: traffic signal state 

Eye-Tracking Data Eye tracking data such as gaze direction and stability, pupil size (from the 
Varjo XR system (Lohani et al., 2019)) 

Physiological Data Workload indicators such as heart rate variability (various metrics such as 
D2, RMSSD and SD2 (Delliaux et al., 2019, Lohani et al., 2019)) 

Questionnaire • Pre/recruitment-Experiment Questionnaire: Heterogeneity Factors 
(to be defined), e.g., Age, Gender, Driving Experience, etc. 

• Intermediate Questionnaire: subjective single question rating of 
workload (ARWES (Ames and George, 1993), see appendix 7.1) 

• Post-Experiment Questionnaire: Experience and presence, 
questions related to scanning routines. 

 

4.3.2 Urban DSE variation 2 - TUM 

Like the driving simulator experiment (DSE) at VTI, the TUM DSE is also divided into chunks. The chunks make 
the experiments more believable and realistic because there is a variation of road users, infrastructure and 
manoeuvres in each chunk. The common denominator across all chunks – of TUM and VTI experiments – is a 
4-way intersection, described in previous section in Figure 32. The reason for using the same intersection 
design is better comparability of results across experiments, chunks and simulators. A practical benefit of 
using chunks in the experiments is possibility in taking brakes between two chunks, because experiments 
might get lengthy. Note that in Figure 38 the chunks are only examples. During the experiment we avoid 
having as few turning manoeuvres as possible to avoid simulator sickness and dropout of participants. For 
example, a chunk can also consist also of 4 modules, excluding the left turn module. 
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Figure 38. Illustration of the two chunks used in the TUM DSE. 

The 8 individual modules are described in the table below. The modules M3, M4 and M8 have dedicated 
sections in this report. 

Table 13. illustrations of the different scenario blocks used in the TUM DSE. 

 Scenario Sketch Description 

M1 

 

Road 
Infrastructure 

Straight Road, Walkway 

Traffic 
Infrastructure 

- 

Other Traffic Mixed Traffic on the road, 
pedestrians on walkway 

M2 

 

Road 
Infrastructure 

Straight Road, Bicycle Path, 
Walkway 

Traffic 
Infrastructure 

- 

Other Traffic Motorized traffic on the road, 
cyclists on bicycle path, pedestrians 
on walkway 
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M3 

 

Section: Static Bottleneck Scenario 

M4 

 

Section: Static Bottleneck Scenario 

 

M5 

 

Road 
Infrastructure 

 

4-way intersection, one lane per 
driving direction, bicycle path, 
walkway 

Traffic 
Infrastructure 

Traffic Light Control 

Other Traffic Motorized Traffic on the road, 
cyclist on bicycle path, pedestrians 
on walkway. Road user flows in 
every travel direction and turning 
relation possible. 

M6 

 

See M5 

M7 

 

See M5 
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M8 

 

Section: Right Turn Scenario 

 

 

4.3.2.1 Expected input to calibration 

In addition to the initial car-following scenario common for all DSE in the project, we expect that this DSE 
variation will produce data to support the calibration of the following sub-models in an urban context: 

• Reaction to traffic signals: Approaching speed function to red signal, reaction time for red-green 
transition during approach, acceleration after red-green transition. 

• Approach to intersection: Speed adaptation when approaching intersection with main road and 
give way priority rules, when the field of view of the intersecting road is limited by surrounding 
buildings. 

In addition to these, gaze patterns and physiological measurements in all of the above situations will be 
available, which are expected to provide data for calibration of the attention and task demand modelling. 

4.3.2.2 Scenario design 

Right Turn Scenario 

Motivation: Especially at urban intersections, information demand peaks for drivers to ensure safe 
encounters between different modes of transport (Denk et al., 2022). Increased driver's task demand at 
urban intersections may be one reason explaining increased collision rates at intersections (Green, 2017). Any 
valid modelling approach is best guided by a thorough understanding of the underlying processes that cause 
the failure. In the chosen right-turn scenario planned for this driving simulator experiment, evidence suggests 
(Kolrep-Rometsch et al., 2013) that failure to actively scan the relevant target areas is a primary risk factor. 
That is why the study goal in this experiment is analysing the driver's gaze behaviour and its relation to 
tactical and operational driving behaviour in the right-turn scenario. 

Design: The study design of the right turn scenario is a 2x2x2x2 full factorial within subject design. We vary 
the dependent variables Priority Control (Yield, Priority), Line of Sight (Free, Blocked), Presence Cyclist (yes, 
no) and Traffic Condition (T1, T2). In the scenario the ego vehicle’s driver will perform a right turn. The cyclist 
on the bike lane moving in the same direction of travel goes straight and has priority in this scenario. We are 
mainly interested in the gaze behaviour of the human driver (Hypothesis: ATT B3, A2 and B2) in combination 
with occlusion effects. The factorial design is documented in Table 14 and the road infrastructure is described 
in Table 15. 
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Table 14. Combinations of experimental factors in the cyclist scenario in the TUM driving simulator experiment. 

Permutation Priority Control Line of Sight Presence Cyclist Traffic Conditions 

1 Yield Free yes T1 

2 Yield Free no T1 

3 Yield Free yes T2 

4 Yield Free no T2 

5 Yield Blocked yes T1 

6 Yield Blocked no T1 

7 Yield Blocked yes T2 

8 Yield Blocked no T2 

9 Priority Free yes T1 

10 Priority Free no T1 

11 Priority Free yes T2 

12 Priority Free no T2 

13 Priority Blocked yes T1 

14 Priority Blocked no T1 

15 Priority Blocked yes T2 

16 Priority Blocked no T2 
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Table 15. Description of the infrastructure used in the TUM driving simulator experiment. 

Road 
Infrastructure 

The road infrastructure consists of a 4-way intersection, including walkways in all 
directions and bicycle paths in the (opposite) lane of the ego vehicle. The roads have 
one lane per driving direction. The bicycle lane does not have a highlighted road surface 
in colour (in some cases bicycle tracks in German cities are coloured red). 

Traffic 
Infrastructure 

Priority control varies depending on the scenario permutation. No traffic signals control 
the intersection, only traffic signs (yield, priority). 

Speed Limit 50 km/h 

Temporal 
Modifications 

One variable in the scenario is the line of sight. To implement a varying line of sight one 
or several vehicles are placed in a way to occlude the bicycle path to force the driver of 
the ego vehicle to check the relevant target area just before turning. As indicated in 
Figure 39 the distance dI from the parked vehicle to the intersection is 8 m, which is the 
minimum distance allowed in Germany to park near an intersection if a bicycle path is 
built next to the road. 

Other Traffic During the simulation, traffic can have predefined traffic states. These states are 
classified due to whether it is a traffic stream that is necessary or useful to check for the 
ego vehicle’s driver to perform the upcoming manoeuvre safely. 

Necessary to check traffic streams are those that could lead to an accident, because the 
ego vehicle’s trajectory and the trajectories of the vehicles from that traffic stream are 
intersecting. Also, the ego vehicle must give priority to vehicles in the respective traffic 
stream. 

Useful to check traffic stream vehicle’s trajectories also intersect with the ego vehicle 
trajectory, but, in contrast to the necessary to check streams, the ego vehicle has 
priority. So, it is useful to check to avoid an accident if another driver disobeys the rules, 
but not necessary to abide by the priority rules. Non-conflicting traffic streams are those 
that do not have an intersection point with the ego vehicle’s trajectory. 

The definitions are described below and refer to the indexing of the traffic streams in 
Figure 39. 

• T0: Road vehicles in non-conflicting traffic streams 4, 5, 6, 8, 9, B3, B4 

• T1: Road vehicles in non-conflicting and useful to check traffic streams (yield: 7; 
priority: 10, 11 ,12) 

• T2: Road vehicles in non-conflicting, useful to check and necessary to check 
traffic streams (yield: 10, 11, 12, B1, B2; priority: B1, B2)  

Note that in this experiment the T0 case is not tested in experiments due to limiting the 
number of permutations to get an experiment with feasible length for study 
participants. 

Environmental 
Conditions 

Environmental conditions are not varied in this scenario. For all permutation we use 
sunny weather with unaffected visual and road conditions.  
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Figure 39. Illustration of the intersection layout of the cyclist scenario intersection in the TUM driving simulator 
experiment. 

 

Static Bottleneck Scenario 

Motivation: Public transport (PT) is an essential role of urban transportation. Although public transport is 
associated as a safe mode of transportation, PT vehicles can have direct and indirect influence on accident 
numbers. Literature indicates that indirect factors such as sight obstruction and influence on pedestrian 
behaviour (hurriedly crossing the street to catch the bus) are not to be neglected (Brenac and Clabaux, 2005). 
Also, in the light of the development in road vehicle automation and design, one can expect an increased 
probability of occurrence because automated buses tend to have reduced passenger capacity but more 
frequent or individual time schedules (Chng et al., 2022). To validly model the induced effects of autonomous 
shuttle bus operation in PT on urban traffic scenarios, assessing static bottleneck scenarios regarding traffic 
safety (and efficiency) is of high relevance. In this driving simulator experiment we study the driver's gaze 
behaviour and its relation to tactical and operational driving behaviour in static bottleneck scenarios. 

Design: The static bottleneck scenario experiment does have a 3x3 full factorial within subject design. The 
variable lane-blocking object positioning can take the values no object, same lane and opposite lane. The 
variable pedestrian crossing can take the values no, left and right (see Table 16). We are mainly interested in 
the gaze behaviour of the human driver (Hypothesis: ATT B3, B2) in combination with occlusion effects. The 
pedestrians, if present in the scenario, only intend to cross the road, but do not actually cross the road, to 
avoid the risk of a crash with a pedestrian in the simulator. The scenario is illustrated in Figure 40. 

The factorial design is documented in the Table 16 below, followed by a description of the possible order and 
variation of the permutations in Table 17. Note that we do the bicycle scenario and the static bottleneck 
scenario in the same experiment. Since we have 16 permutations in the right turn scenario with the cyclist, 
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but only 9 in the static bottleneck scenario, the default cases without a lane-blocking object (marked with 
grey background) will be used more often. 

Table 16. Combinations of experimental factors in the bus stop scenario in the TUM driving simulator experiment. 

Permutation Lane-Blocking Object Positioning Pedestrian Crossing 

1 no no 

2 no left 

3 no right 

4 same no 

5 same left 

6 same right 

7 opposite no 

8 opposite left 

9 opposite right 

 

Table 17. Possible order and variation of permutations considering the whole driving simulator experiment at TUM 

Chunk 1 2 3 4  5 6 7 8 9 10 11 12 13 14 15 16 

Possible 
Permuta

tions 

4 
5 
6 

1 
2 
3 

1 
2 
3 

7 
8 
9 

1 
2 
3 

1 
2 
3 

4 
5 
6 

1 
2 
3 

1 
2 
3 

7 
8 
9 

1 
2 
3 

1 
2 
3 

4 
5 
6 

1 
2 
3 

1 
2 
3 

7 
8 
9 

Example 4 2 1 8 1 3 5 1 1 9 2 1 6 1 3 7 
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Logical Scenario Description 

Table 18. Description of the infrastructure and the environmental conditions in the TUM driving simulator experiment. 

Road Infrastructure The road infrastructure consists of a straight urban road with one lane per 
direction. Next to the road only walkways, but no cycling lanes, are present. 

Traffic Infrastructure There is no traffic infrastructure (traffic signal or traffic sign), because the 
scenario is on a connecting road. 

Temporal 
Modifications 

In one lane, a static bottleneck is placed. In one case on the ego vehicle’s lane, in 
the other on the opposite lane. The static bottleneck in the scenario is a bus 
during the boarding phase, to raise awareness of crossing pedestrians.  

Speed Limit 50 km/h 

Other Traffic In this scenario, we have a set of predefined traffic states. Using the indexing of 
Figure 40 the traffic states are outlined as follows: 

• T0: No other traffic 

• T1: Traffic in the opposite lane, traffic stream 2 

• T2: Traffic and the same and opposite lane, traffic streams 1 and 2. 

Note that the pedestrians P1 and P2 are not considered in the description of 
‘other traffic’, because they are conflicting road users. 

Environmental 
Conditions 

Environmental conditions are not varied in this scenario. For all permutation we 
use sunny weather with unaffected visual and road conditions. 

 

 

Figure 40. Illustration of the bus stop scenario in the TUM driving simulator experiment. 
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4.3.2.3 Recorded Data 

The data types recorded during the simulation are described in Table 19. 

Table 19. Description of data to be recorded in the TUM driving simulator experiment 

Data Type Description 

Ego Vehicle Data Time series data about the ego vehicle’s position, rotation, speed, steering 
angle and force, brake force, signals 

Surrounding Traffic • Vehicles: Position, Rotation, Speed, Vehicle Type, 3D model, signals 

• Traffic Control: Traffic light phase 

Eye-Tracking Data Data recorded from PupilCore eye tracking system. Raw data will be 
aggregated to gaze distributions and patterns. Also, Pupil and Iris Diameter 
are recorded. 

Physiological Data Heartrate Measurement 

Questionnaire • Pre-Experiment Questionnaire: Heterogeneity Factors (to be 
defined), e.g., Age, Gender, Driving Experience 

• Intermediate Questionnaire: Subjective Single Question Rating of 
Workload (ARWES (Ames and George, 1993)) 

• Post-Experiment Questionnaire: Presence Questionnaire, Simulator 
Sickness Questionnaire 

 

4.4 Motorway experiment design 

One motorway DSE is designed within the i4Driving project, and it will be performed using the driving 
simulator at CTAG (see section 2.2) and at UNINA (see section 2.3). 

The general purpose of the DSE is to map the heterogeneity of a population of drivers (e.g., age, gender, 
driving style, driving experience, etc.) into the heterogeneity of driving performances in motorway traffic 
(e.g., speed-spacing function, reaction times, etc.) to inform the development, calibration, and validation of 
human driver behavioural models. Moreover, among the hypotheses selected in the project (Deliverable 1.5 
(Tang et al., 2023)), the following ones are explicitly targeted in the motorway DSE: 

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

• TD A3 - TD increases with shorter headways. 

The motorway DSE consist of 4 experimental sessions with breaks in between. The design choice of multiple 
short sessions instead of single long session helps to reduce simulator sickness among participants (Kennedy 
et al., 2000). Each session refers to one level of two experimental factors (Table 20): light conditions (Day / 
Night) and traffic density (Low to high density / High to low density). The sessions will be randomized and 
counterbalanced across participants to minimize order and learning effects. 
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Table 20. Combinations of experimental factors in sessions of motorway DSE. 

Session Lighting conditions  Traffic Density 

1  Day Low to high density 

2 Night Low to high density 

3 Day High to low density 

4 Night High to low density 

4.4.1 Scenario design 

Each session is a combination of 10 permutations of seven basic scenarios (three basic scenarios are repeated 
twice). Two basic scenarios, the first one (Section 4.2) and the last one (Section 4.5) in each combination, are 
common to both urban and motorway experiments while the remaining five basic scenarios are specifically 
designed for motorway DSE. The motorway DSE-specific scenarios consist of:  

1. merging from on ramp,  
2. driving in uncongested traffic,  
3. driving in merging area,  
4. driving in real-world recorded traffic, and  
5. driving in congested traffic.  

Scenarios 1-3 listed above are repeated twice in each session. In particular, scenarios 2 and 3 are driven both 
with and without a NDRT engagement in each session. A description of the NDRT is reported in Section 4.4.3. 
To minimize order and learning effects, the permutations related to the NRDT factor of the five basic 
scenarios in each session will be randomized and counterbalanced across participants.  

 
1. Merging from on ramp in a two-lane motorway 
 

Motivation: The scenario is designed to study the minimum accepted gap when merging from an on-ramp to 
a motorway. 
 
Design: A within-participant full factorial design with 3 factors and 2 levels, which produces 8 different test 
cases of the scenario (Table 21), is applied. The investigated factors are light conditions (Day / Night), traffic 
density (Low / Medium) and presence of a leader vehicle in the acceleration lane (Yes / No). 

Timing of controlled traffic: The ego vehicle, coming from the curve section of the ramp, approaches the 
acceleration lane and come up beside the vehicle A in the adjacent lane (right lane) at the beginning of the 
merging area (just after the chevron marking). Behind vehicle A there will be 9 other passenger cars 
(including crossover and SUV) at increasing steady gaps: 2-3-4-5-6-7-8-9-10 sec. The gaps set are deliberately 
larger than those generally observable at a speed of 100km/h, to see whether the ego decelerates to fit a 
larger gap. Vehicle speeds in the target lane (right lane) are constant and equal to 100 km/h. Leader vehicle, 
if present on the ramp, drive at 100 km/h. 

Infrastructure: The ramp curve will have a high radius so as not to limit the speed of the ego vehicle when it 
enters the acceleration lane. The acceleration lane is 250 m long. The road is a divided two-lane (per direction) 
motorway with a posted speed limit of 120 km/h. The acceleration lane takes place in a tangent section (i.e. 
a straight section) of the motorway. An appropriate connection with the road infrastructure of the previous 
scenario (Section 4.2, section 2 or scenario 5) should be designed (deceleration lane, off- ramp section, etc.) 
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Other Traffic: Vehicles populate the motorway, covering the overtaking lane and the right lane in front of 
vehicle A, at the density (Low / Medium) defined for the specific permutation of the scenario (Table 21). 

 
Table 21. Combinations of experimental factors in the merging from on ramp scenario. 

Permutation Session 
Lighting 
conditions 

Mainstream density 
Presence of leader 
vehicle in 
acceleration lane 

MR1 1, 3 Day Low (10 veh/km/ln) No 

MR2 1, 3 Day 
Medium (20 
veh/km/ln) 

No 

MR3 1, 3 Day Low (10 veh/km/ln) 
Yes (speed of 100 
km/h) 

MR4 1, 3 Day 
Medium (20 
veh/km/ln) 

Yes (speed of 100 
km/h) 

MR5 2,4 Night Low (10 veh/km/ln) No 

MR6 2,4 Night 
Medium (20 
veh/km/ln) 

No 

MR7 2,4 Night Low (10 veh/km/ln) 
Yes (speed of 100 
km/h) 

MR8 2,4 Night 
Medium (20 
veh/km/ln) 

Yes (speed of 100 
km/h) 

 

2. Driving in uncongested traffic 
 

Motivation: The scenario is designed to study the maximum desired speed, the speed adaptation to leader 
vehicle subject to available gaps for lane-changing, the accepted gap under lane-changing desire, and 
reaction to tailgating behaviour in an uncongested traffic situation. 

Design: The scenario consists of three consecutive steps: a) maximum vehicle speed detection, b) triggering 
discretionary lane-changing and c) tailgating. A within-participant full factorial design with 3 factors and 2 
levels, which produces 8 different test cases of the scenario (Table 22), is applied. The investigated factors 
are light conditions (Day / Night), NDRT (Yes / No) and presence of a leader vehicle during tailgating (Yes / No). 
The scenario is designed assuming the ego vehicle is on the right lane before the discretionary lane-changing 
foreseen in step b of scenario. 

Timing of controlled traffic: 

a) Maximum desired speed detection: At the beginning of the scenario the vehicles surrounding the ego 
vehicle decelerate or accelerate to reproduce free-flow conditions (headway ≥ 6 seconds). The 
maximum desired speed is the maximum stable speed detected in the 45 seconds following the onset 
of the free flow conditions. 
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b) Triggering discretionary LC: Once the maximum desired speed of the ego vehicle is reached, the ego 
vehicle encounters in the right lane a leader vehicle which is 5 km/h slower. If the ego does not 
overtake it, the leader vehicle decelerates until the ego overtakes it, alternating 20s-long steady 
driving periods, with decelerations at 0.8 m/s2 (i.e., steady driving every 5km/h). 
In the overtaking lane, vehicles drive at max desired speed (step a) of ego vehicle. Three (repetitive) 
gaps are observed in the overtaking lane. The central gap is equal to the equilibrium time gap at the 

given density and speed, i.e., the inverse of the flow that is 
3600

(𝑙𝑎𝑛𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦∗(max 𝑑𝑒𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑠𝑝𝑒𝑒𝑑+5))
 

seconds (e.g., at 120 km/h, gap of 3s), where lane density is defined by the scenario description 
according to Table 21. The other two gaps are ± 1 second.  

c) Tailgating: If the ego vehicle changes lane, the immediate follower vehicle will change lane to the 
right. A new follower vehicle appears in the overtaking lane, approaching at ego max desired speed 
+ 10km/h and sharply decelerates to the ego max desired speed and stands behind the ego vehicle 
with a gap of 0.5 s. It starts to tailgate the ego (e.g., car horn, dazzling headlights). In the right lane, 
vehicles drive at ego max desired speed. Three (repetitive) gaps are observed in the right lane. The 
central gap is equal to the equilibrium time gap at the given density and speed, i.e., the inverse of the 

flow that is 
3600

(𝑙𝑎𝑛𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦∗(max 𝑑𝑒𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑠𝑝𝑒𝑒𝑑+5))
 seconds (e.g., at 120 km/h, gap of 3s). The other two 

gaps are ± 1 second. The lane density is defined by the scenario description according to Table 21. If 
the ego vehicle does not change lane to the right after 30 seconds, the situation stops.  

Infrastructure: The infrastructure is a divided two-lane (per direction) motorway with a posted speed limit of 
120 km/h, designed to avoid its alignment/layout affecting the speed of ego driver (e.g., gentle curve, no 
intersection, good visibility, etc.). 

Other Traffic: Low-density traffic populates the motorway. 

 

Table 22. Combinations of experimental factors in the driving in uncongested traffic scenario. 

Permutation Session Lighting conditions NDRT 
Presence of leader vehicle 
during tailgating 

U1 1, 3 Day No No 

U2 1, 3 Day Yes No 

U3 2, 4 Night No No 

U4 2, 4 Night Yes No 

U5 1, 3 Day No Yes 

U6 1, 3 Day Yes Yes 

U7 2, 4 Night No Yes 

U8 2, 4 Night Yes Yes 
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3. Driving in merging area 

Motivation: The scenario is designed to study lane-changing cooperation at an on-ramp and the reaction to a 
non-critical cut-in, in front of the ego vehicle in a motorway merging area (an off-ramp, followed by an on-
ramp after 500 m). 

Design: A within-participant full factorial design with 3 factors and 2 levels, which produces 8 different test 
cases of the scenario (Table 23), is applied. The investigated factors are light conditions (Day / Night), NDRT 
(Yes / No) and cut-in vehicle deceleration rate (TBD1 / TBD2). The cut-in vehicle deceleration rate will be defined 
based on literature review and information provided by the project partner Swiss Re. The scenario is designed 
assuming the ego vehicle arrives at a merging area in the right lane. 

Timing of controlled traffic: The ego vehicle drives in the right lane behind a leader vehicle, which drives at a 
speed equal to an acceptable value, i.e., a value which will not trigger a discretionary LC (see step b of 
scenario “2. Driving in uncongested traffic”). Vehicles in the right lane travel at ego speed, while vehicles in 
the overtaking lane travel at ego max desired speed. A vehicle, which needs to exit, cuts-in from the 
overtaking lane resulting in a 2s gap to the ego vehicle, decelerating from ego max desired speed to a speed 
equal to ego speed -10 km/h. The cutting-in vehicle activates turning lights 3 seconds before changing lane. 

When the ego vehicle reaches the on-ramp, a vehicle merges resulting in a 2 s gap, with a speed equal to ego 
speed -10 km/h. Ego vehicle has the possibility to see merging vehicle when it is in the acceleration lane. 

Infrastructure: The infrastructure is a divided two-lane (per direction) motorway with a posted speed limit of 
120 km/h. The deceleration/acceleration lane is 250 m long. The deceleration/acceleration lane takes place in 
a tangent section (i.e. a straight section) of the motorway.  

Other Traffic: Low-density traffic populates the motorway. 

 
Table 23. Combinations of experimental factors in the driving in merging area scenario.  

Permutation Session Lighting conditions NDRT 
Cut-in vehicle 
deceleration rate 

MA1 1, 3 Day No TBD111 

MA2 1, 3 Day Yes TBD1 

MA3 2, 4 Night No TBD1 

MA4 2, 4 Night Yes TBD1 

MA5 1, 3 Day No TBD2 

MA6 1, 3 Day Yes TBD2 

MA7 2, 4 Night No TBD2 

MA8 2, 4 Night Yes TBD2 

 

  

 
11 TBD, to be decided 
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4. Driving in real-world recorded traffic 

Motivation: The scenario is designed to study the driving behaviour in a surrounding traffic which moves 
according to real-world data. Moreover, it also acts as a connection link between two experimental scenarios 
(driving in uncongested traffic and driving in merging area) with and without NDRT. 

Design: A within-participant full factorial design with 2 factors and 2 levels, which produces 4 different test 
cases of the scenario (Table 24), is applied. The investigated factors are light conditions (Day / Night) and 
NDRT (Yes / No).  

Timing of controlled traffic: The ego drives freely surrounded by traffic which moves according to real-world 
data (NGSIM12 trajectories). Surrounded vehicles will be simulated according to speed profiles collected in 
real traffic conditions. 

Infrastructure: The infrastructure is a divided two-lane (per direction) motorway with a posted speed limit of 
120 km/h, designed to avoid its alignment/layout affecting the speed of ego driver (e.g., gentle curve, no 
intersection, good visibility, etc.). 

Other Traffic: Low-density traffic is used to populates the visible part of motorway not in the direct vicinity of 
the participant vehicle (the closest vehicles is controlled by the NGSIM trajectories). 

Table 24. Combinations of experimental factors in the driving real-world traffic scenario.  

Permutation Session Lighting conditions NDRT 

RW1 1, 3 Day No 

RW2 2, 4 Night No 

RW3 1, 3 Day Yes 

RW4 2, 4 Night Yes 

 

5. Driving in congested traffic 

Motivation: The scenario is designed to study the reaction time, the multi leader perception and the 
mandatory lane changing under pressure in a congested traffic situation. 

Design: A within-participant full factorial design with 2 factors and 2 levels, which produces 4 different test 
cases of the scenario (Table 25), is applied. The investigated factors are light conditions (Day / Night) and 
NDRT (Yes / No).  

Timing of controlled traffic: Vehicles drive at equilibrium speed, derived from scenario 1 (Car-following at 
different speed levels) common to each experimental sessions, corresponding to average 30 m of inter-
vehicle spacing (i.e., 35 veh/km/ln). Ego vehicle is stimulated with a deceleration of -2m/s2 lasting for 2 
seconds, performed by a leading vehicle in a platoon of five vehicles (plus ego) as follows: 

a) The immediate leader of the ego vehicle decelerates (reaction time in braking).  
b) The immediate leader accelerates up so that the initial equilibrium speed is reached again (reaction 

time in acceleration)  
c) The second immediate leader vehicle decelerates and, after a reaction time equal to the value 

estimated at step a), the first immediate leader vehicle decelerates.  
d) Step b and c are repeated up to the fifth immediate leader vehicle triggering a deceleration.   

 
12 https://ops.fhwa.dot.gov/trafficanalysistools/ngsim.htm  

https://ops.fhwa.dot.gov/trafficanalysistools/ngsim.htm
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Once the previous task is completed, the ego vehicle approaches a lane closure due to roadworks, triggering 
a mandatory lane change. Roadworks distance signs are posted. Vehicles in the target lane drive at ego speed 
with gaps of 1, 2, 3 and 4 s, which repeats 3 times (e.g., every distance sign).   

Infrastructure: The infrastructure is a divided two-lane (per direction) motorway with a posted speed limit of 
120 km/h, designed to avoid that the alignment/layout affect the speed of ego driver (e.g., gentle curve, no 
intersection, good visibility, etc.). Roadworks with temporary signs and road markings are designed in a 
tangent section of motorway. 

Other Traffic: High density traffic populates the motorway. 

 

Table 25. Combinations of experimental factors in the driving in congested traffic scenario.  

Permutation Session Lighting conditions NDRT 

C1 1, 3 Day No 

C2 2, 4 Night No 

C3 1, 3 Day Yes 

C4 2, 4 Night Yes 

 

4.4.2 Overview of permutations combinations per session 

Table 26 presents the full combination and order of all possible permutations of scenarios in all the four 
sessions of the motorway DSE. Each basic scenario and its permutations are described in the previous section 
(4.4.1) and in Table 6, Table 21 - Table 25, and Table 28. The permutations are all complementary between the 
4 sessions and, for scenarios repeated twice (two permutations) in the single session, also within the session. 
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Table 26. Combinations of scenarios/permutations 

 Session 1 

(Day / Low => High density) 

Session 2 

(Night / Low => High density) 

Session 3 

(Day / High => Low density) 

Session 4 

(Night / High => Low density) 

# Scenario Possible 
Permutation
s 

Scenario Possible 
Permutation
s 

Scenario Possible 
Permutation
s 

Scenario Possible 
Permutation
s 

1*  Car-following  W1, W2 Car-following W3, W4 Car-following W1, W2 Car-following W3, W4 

2 Merging from 
on ramp 

MR1, MR3 Merging from 
on ramp 

MR5, MR7 Merging from 
on ramp 

MR2, MR4 Merging from 
on ramp 

MR6, MR8 

3 Driving in 
uncongested 
traffic 

U1, U2, U5, U6 Driving in 
uncongested 
traffic 

U3, U4, U7, 
U8 

Driving in 
congested 
traffic 

C1, C3 Driving in 
congested 
traffic 

C2, C4 

4 Driving in 
merging area 

MA1, MA2, 
MA5, MA6 

Driving in 
merging area 

MA3, MA4, 
MA7, MA8 

Driving in 
merging area 

MA1, MA2, 
MA5, MA6 

Driving in 
merging area 

MA3, MA4, 
MA7, MA8 

5 Driving real-
world traffic. 

RW1, RW3 Driving real-
world traffic. 

RW2, RW4 Driving in 
uncongested 
traffic 

U1, U2, U5, U6 Driving in 
uncongested 
traffic 

U3, U4, U7, 
U8 

6 Driving in 
uncongested 
traffic 

U1, U2, U5, U6 Driving in 
uncongested 
traffic 

U3, U4, U7, 
U8 

Driving real-
world traffic. 

RW1, RW3 Driving real-
world traffic. 

RW2, RW4 

7 Driving in 
merging area 

MA1, MA2, 
MA5, MA6 

Driving in 
merging area 

MA3, MA4, 
MA7, MA8 

Driving in 
merging area 

MA1, MA2, 
MA5, MA6 

Driving in 
merging area 

MA3, MA4, 
MA7, MA8 

8 Driving in 
congested 
traffic 

C1, C3 Driving in 
congested 
traffic 

C2, C4 Driving in 
uncongested 
traffic 

U1, U2, U5, U6 Driving in 
uncongested 
traffic 

U3, U4, U7, 
U8 

9 Merging from 
on ramp 

MR2, MR4 Merging from 
on ramp 

MR6, MR8 Merging from 
on ramp 

MR1, MR3 Merging from 
on ramp 

MR5, MR7 

10* Harsh 
deceleration 

H1, H3 Harsh 
deceleration 

H2, H4 Harsh 
deceleration 

H1, H3 Harsh 
deceleration 

H2, H4 

*Common to both urban and motorway experiments. 

 

4.4.3 Non-driving related task 

Given the extension and the characteristics of the driving tasks in the scenarios defined in the motorway DSE, 
an everyday and standardised NDRT are considered to be potentially executed during the experiment. Two 
different NDRTs are considered: a “text message task” and a “Rotated Figures Task”. Final decision on the 
NDRT to be effectively executed will be taken after the implementation of the driving simulator experiment. 

Text message task: Participants are asked to write text messages during the driving task performed in the 
scenario. All text message tasks required typing approximately the same number of characters. The number 
of messages varies according to the duration of the scenario. The message to write is delivered as automated 
verbal messages in the simulation and the message recipient is the experiment supervisor. Participants are 
instructed to compose the text in their own usual style (predictive text and short words). As soon as the 
participant finishes one text message task (entered the whole message and sent it) with a click on the push-
button on the steering wheel the next message automatically is delivered. The messages are sent in the same 
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order for all participants and there is no time limit for finishing each task to ensure individual processing 
times. 

Rotated Figures Task (Stanton et al., 1997): This NRDT is a self-paced non-driving related task used to measure 
performance-based workload. To ensure the effective measure of the spare attentional capacity, this 
subsidiary task is designed to load the same attentional resources as driving (which are, visual input, spatial 
processing and manual response). Each task stimulus was a pair of stick figures (one upright; the other 
rotated through 0°, 90°, 180° or 270°) holding one or two simple geometrical shapes (either triangles, circles 
or diamonds; Figure 47). 

 

Figure 41. Examples of same (left) and different (right) trials for the Rotated Figures Tasks. 

Participants are asked to perform sessions, in which a series of rotated figures tasks are assigned in 
concurrency with the primary driving task. The number of trials will be defined according to the temporal 
extension of the primary driving task. During each trial, which will be announced by sound, each pair of 
figures are directly presented for 15 seconds on the simulator screen or on a dedicated monitor. To minimize 
the eye-off-the-road time, the stimulus is presented just above the speedometer in the middle console. 
Participants provide their answers by pressing one of the two push-buttons (left=same, right=different) 
positioned symmetrically on the steering wheel with the thumb of their closer hand. Interstimulus intervals 
could randomly range from 15 to 25 seconds. Participants performance (high or low workload) is evaluated 
by computing accuracy (i.e., rate of correct discriminations) and average response time. 

4.4.4 Recorded Data 

The data collected from motorway DSE in i4Driving project come from various sources, such as driving 
simulator, eye tracking and physiological technologies and questionnaire. The parameters to be collected 
from CTAG and UNINA driving simulators are reported and described in Table 27. 

 

Table 27. Data to be recorded in the motorway DSE. 

Data Source Description 

Driving 
simulator 

Ego Vehicle Data: Time series data about the ego vehicle’s position (x, y, z), rotation 
(heading, pitch, yaw and roll), speed, acceleration, longitudinal position, lateral 
position, steering (angle, speed and torque), accelerator pedal position, brake pedal 
force, engaged gear, horn state, lights (left and right indicators, stop lights, warnings 
lights, dipped lights and full lights) 

Surrounding traffic: Time series data about the other vehicle’s position (x, y, z), 
rotation (heading), speed, acceleration, longitudinal position, lateral position, horn 
state, lights (left and right indicators, stop lights) 

Eye-Tracking 
system 

Data recorded from CTAG and UNINA eye tracking system. Both raw and processed 
data are provided. Processed data consists of gaze distributions and patterns. Also, 
Pupil and Iris Diameter are recorded. (variables as a time series) 
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Data Source Description 

Physiological 
system 

Heart rate and heart rate variability 

Questionnaire Pre-Experiment Questionnaire: Heterogeneity Factors (to be defined in section 4.6), 
e.g., Age, Gender, Driving Experience, Simulator Sickness Questionnaire (baseline) 

Post-Experiment Questionnaire: Presence Questionnaire, Simulator Sickness 
Questionnaire  

 

4.5 The common critical scenario 

Motivation: A critical scenario, common to both urban and motorway experiments, is designed to study the 
ability of a population of human drivers to prevent a crash in a near-critical traffic situation. In particular, a 
harsh deceleration of a leader vehicle in car-following conditions is tested, according to the specifications 
provided in UNECE R157 about “Automated Lane-Keeping Systems” (United Nations. Economic and Social 
Council, 2022).  

Design: In the motorway experiment, the scenario uses a 2x2 full factorial design (Table 28) with factors for 
light conditions (Day / Night) and NDRT (Yes / No). The light conditions factor is not investigated in the urban 
experiment. The NDRT factor will be between-participant in urban experiment and within-participant in the 
motorway one. This is due to that the critical scenario takes place at the end of each experimental session to 
avoid altering driver behaviour in the other tested scenarios and the urban experiments only include one 
session. The NDRT used in the motorway experiment is described in section 4.4.3 and the NDRT used in the 
urban experiment is described in section 4.3.1.3. 

Timing of controlled traffic: The scenario consists of a harsh deceleration situation during a car-following 
manoeuvre according to the UNECE R157 deceleration scenario for Automated Lane-Keeping Systems (ALKS) 
(United Nations. Economic and Social Council, 2022). In this scenario, the leader vehicle, once it is at a time-
headway of 2s ahead of the ego vehicle, decelerates using a high deceleration rate from a speed which is 
higher than the ego vehicle speed of a given quantity (both the speed difference between leader and ego 
vehicle, and the leader deceleration rate will be defined based on results from UNECE R157 simulation and 
information provided by Swiss Re). If this situation is not applicable in experiments with very cautious driver, 
the UNECE R157 cut-in scenario will be adopted. 

The situations will be tested at different speeds in the motorway (100 km/h) and urban road (40 km/h) 
experiments. In the motorway experiments the ego vehicle needs to be prevented from changing lane. 
Hence, the other lane on the two-lane motorway will be occupied with other vehicles with a medium density 
(20 vehicles/km/lane). In the urban experiments the ego vehicle needs to be prevented from changing to the 
oncoming lane on the urban road with one lane per direction. Hence, the oncoming direction will be occupied 
with a continuous flow of vehicles. For the urban experiments it might be a challenge to create the situation 
with the leader speed being the same as the ego vehicle and a time headway of two seconds.  

Infrastructure: The potential harsh deceleration take place in a tangent section of a divided motorway with 
two-lanes in each direction in the motorway experiments and in an urban two-lane road (one lane in each 
direction) in the urban experiments. In order to reduce the conspicuity, the road and traffic environment in 
the critical scenario should not deviate to much from the previously experienced environment during the 
drive. Therefore, in the motorway experiment, a road layout similar to the one used in the uncongested and 
congested driving scenario (i.e. row 3 and 8 in Table 26) but with a medium congested traffic environment 
(at a density of 20 veh/km/ln, i.e. in between the uncongested and congested scenario), will be used. In the 
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urban experiments, and road layout similar to the car-following scenario (see Figure 36) in the VTI driving 
simulator experiment and the M1, M2 or M3 scenario blocks in the TUM driving simulator experiment (see 
Table 13) will be used. 

Other traffic: Surrounding traffic moves at constant speed of 100 km/h in the motorway experiment and of 
40 km/h in the urban experiment. 

 

Table 28. Combinations of experimental factors in the harsh deceleration scenario. 

Permutation Lighting conditions NDRT 

H1 Day No 

H2* Night No 

H3 Day Yes 

H4* Night Yes 

*Not tested in urban experiment. 

 

4.6 Participants Driver characteristics sampling 

There are two purposes to the DESs in i4Driving, testing hypotheses related to model development, and 
collecting data for calibration of the model to capture the heterogeneity in driving behaviour over the 
population. For both purposes it is important to select a suitable sample of the driver population to constitute 
the participants of the experiments. For testing the hypotheses, it is of great importance to include 
sufficiently large groups of drivers that differ in the characteristics under investigation, specified by the 
hypothesis, or in the characteristics that are deemed most likely to explain the majority of the variability of 
the observed behaviour. Ideally, the same driver characteristics is the key in all research hypotheses tested 
in all scenarios, but that is unlikely.  

Several driver characteristics have been discussed during the WP1 workshops on research questions, 
hypotheses and scenarios (see Deliverable 1.5 (Tang et al., 2023) for details). For the urban DSEs, drivers’ 
experience of using other modes, e.g. familiarity with biking and walking in urban environments, have been 
identified as an important characteristic that are hypothesized to influence drivers scanning behaviour and 
situational awareness. For the hypotheses connected to the motorway DSEs, familiarity with motorway 
driving, driving style, age, driver experience/mileage, etc., have been discussed but none of them have been 
identified as key for answering the hypotheses.  

To scale the results of the DSEs to the whole driving population it would be ideal if the share of the identified 
driver characteristics was measurable in the real driving population in different countries. There are two main 
issues with respect to this. Firstly, it might be difficult to collect the appearance of some driver characteristics 
(as driving style, familiarity, etc.) in the whole driving population. Secondly, even if the driver characteristics 
can be collected from e.g. vehicle registries or other databases it is unlikely to describe the population on the 
road since how often and long drivers drive vary. For example, even if we can collect information on the age 
distribution of persons with a driving license this might not represent the age distribution of the drivers on 
the road since there can be differences in how often and long different driver at different age drive. 

In addition to considering the driver characteristics under investigation, specified by the hypothesis, we 
reviewed the literature and conducted some analysis of insurance claim data from the project partner Swiss 
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Re to collect information on which driver characteristics that are deemed most likely to explain large parts 
of the variability of accidents.  

Raiyn and Weidl (2023) present a review of previous research on correlations between driver characteristics 
as age, gender, driver experience, driving style/aggressive driving, etc. and accidents. The conclusions are for 
example that on average:  

• Young drivers more often show riskier behaviour (speeding, distracted driving, and more risk taking) 
than middle-aged drivers. 

• Male drivers (and especially young male drivers) do more often show risky driving behaviour than 
female drivers. 

• Inexperienced drivers are more likely to make errors and have difficulties handling demanding or 
unfamiliar situations compared to experienced drivers. 

• Aggressive driving behaviour is influenced by a combination of factors, including age, driving 
experience, personality traits, and demographic characteristics. 

The project partner Swiss Re have conducted analysis of the insurance claims data that they have access to 
(but cannot share due to privacy issues so only the main aggregated findings can be presented here). They 
have analysed claims distributions for different driver characteristics as age, declared mileage per year, and 
estimated total mileage since the legal driving age. The claims distribution is a proxy for average amount of 
claims per person per year. The findings are similar to the findings from the literature review presented in 
Raiyn and Weidl (2023), namely: 

• Young drivers have more claims/person/year than middle-aged drivers and drivers older than 65 years 
have more claims than middle-aged drivers. 

• Young and middle-aged drivers drive on average similar amount of kms per year, i.e. they have a 
similar probability of being observed at a general road stretch at a general time period. Hence, any 
difference in claims/person/year also means a difference in claims/person/km. 

• Drivers older than 65 generally have lower yearly mileage and the differences in claims per driven km 
would then be amplified compared to other age groups if observing claims/person/km. 

• Drivers with high estimated total mileage (> 90 000 total driven km) since the legal driving age have 
fewer claims/year than drivers with low total mileage (< 90 000 km) since the legal driving age.  

• Drivers with low declared yearly mileage (<= 10 000 km/year) have more claims/year than those with 
intermediate mileage (10 000 – 25 000 km/year), but those with high mileage per year (> 25 000 
km/year) have more claims/year than the driver with intermediate mileage. This might indicate that 
driving longer distances or more often imply a higher risk (e.g. maybe higher probability for fatigue 
at longer drives, drivers often driving the same road being less attentive at risky spots – "there is 
never anyone coming from that direction…", etc.).  

Although total mileage since legal driving age both show a clear trend with claims in the Swiss Re analysis 
and it combines influences of age and mileage, we think it would be difficult to get good estimates from the 
potential DSE participants in a recruitment survey. We therefore suggest to either use age or driving 
experience in terms of mileage per year or a combination of the two. A third option that have been discussed 
is to use a combination of mileage per year and total mileage for defining different driving experience groups, 
but that approach would also suffer from the difficulties to get proper estimation of the total driven km since 
the person got their driving license.  

Both the literature review in Raiyn and Weidl (2023) and the analysis of the insurance data indicate three age 
groups (younger than 25 or early twenties, middle age, and older than 65 years). Drivers older than 65 years 
can be a challenge to include in the driving simulator experiments, especially in the urban experiments that 
will use VR/XR technology as there are indications on that older drivers might have a higher tendency for 
simulator sickness. The findings from the literature review in Raiyn and Weidl (2023) indicates a need to 
differentiate between inexperienced and experienced drivers and the analysis of the insurance claims data 
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indicate at least two driver experience categories but possible even three categories based on the yearly 
mileage (e.g. < 10 000 km; 10 000 km < x < 25 000 km and > 25 000 km). 

All driver characteristics used to choose participants have to be included in the recruitment survey. In 
i4Driving we suggest including the following questions in the recruitment survey: 

• Age 

• Gender 

• Driving experience 
o Number of years with driving licence for car / year receiving driving license for car 
o Number of km driven last year / per year 

• Familiarity with the context (urban city traffic driving / motorway driving) 
o Urban: 

▪ How often do you drive a car in city traffic (daily, each week, each month, less often)? 
o Motorway: 

▪ How often do you drive a car on urban motorways (daily, each week, each month, 
less often)? 

▪ How often do you drive a car on interurban/rural motorways (daily, each week, each 
month, less often)? 

• Familiarity with biking and walking (only relevant for the urban experiments) 
o How often do you bike in city traffic (daily, each week, each month, less often)? 
o How often do you walk longer stretches in city traffic (daily, each week, each month, less 

often)? 

• Driving style 
o Self-assessment through the Driving Style Questionnnaire (DSQ) by French et al. (1993). It 

includes 15 questions and 6 factors (speed, calmness, social resistance, focus, planning, and 
deviance). The DSQ questions are also presented in appendix 7.2 

o Urban: 
▪ How comfortable do you feel to drive in city traffic? (very uncomfortable - avoid city 

traffic driving, uncomfortable, neutral, comfortable, very comfortable)  
▪ How comfortable do you feel to ride a bicycle in city traffic? (very uncomfortable - 

avoid to bike in city traffic, uncomfortable, neutral, comfortable, very comfortable)  
▪ How comfortable do you feel to walk in city traffic? (very uncomfortable - avoid 

walking in city traffic, uncomfortable, neutral, comfortable, very comfortable)  
o Motorway: 

▪ How comfortable do you feel to drive on urban motorways? (very uncomfortable - 
avoid city traffic driving, uncomfortable, neutral, comfortable, very comfortable)  

▪ How comfortable do you feel to drive on interurban/rural motorways? (very 
uncomfortable - avoid city traffic driving, uncomfortable, neutral, comfortable, very 
comfortable)  

 

For the motorway DSEs we suggest using two of the three driver characteristics, described below: 

• Two or three driver experience categories in terms of yearly mileage (< 10 000 km; 10 000 km < x < 
25 000 km and > 25 000 km) and/or 

• Two age categories (< 25 years and 25 – 65 years) and/or 

• Two driving style categories (offensive/defensive based on the DSQ by French et al. (1993)) 

For the urban DSEs one of the driver characteristics need to be familiarity with biking in urban (none/low or 
large). The second driver characteristics should be the same as one of the driver characteristics chosen for 
the motorway experiments, hence we suggest either to use:  
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• Two or three driver experience categories in terms of yearly mileage (< 10 000 km; 10 000 km < x < 
25 000 km and > 25 000 km), or  

• Two age categories (< 25 years and 25 – 65 years), or 

• Two driving style categories (offensive/defensive based on the DSQ by French et al. (1993)) 

We will for all experiment strive for a 50/50 split of gender in the participant sample. 

 

  



D3.2 Experimental setup for the driving simulator experiments 

  Page | 77  

5 Concluding remarks and future work 

Designing usable driving simulator experiments is a non-trivial task, especially in this case since the 
experiment results and findings should both inform the driver model development and enable calibration of 
the model considering driver heterogeneity in terms of relevant driver characteristics into account. The 
proposed experiment design tries to combine collection of data for calibration of basic traffic simulation 
parameters as well as calibration of the parameters, and if needed model adjustments, of the cognitive layer 
added to the driver model. 

The next step is to implement the driving simulator experiments described in this deliverable at the different 
driving simulator sites. This will be followed by extensive testing and piloting of the experiment to ensure 
that they work as intended. Hence, the final experiments might differ from the descriptions in this deliverable 
due to need of changes during the testing and piloting. After the piloting the recruitment of participants 
starts, and the experiments are conducted. The common critical scenario described in section 4.5 and 
potentially also the car-following scenario describe in section 4.2 will be specified using the OpenSCENARIO 
standard. However, the actual implementation will be done differently in the driving simulators at UNINA 
and CTAG that uses the SCANeR software at VTI and TUM which have interfaces to OpenSCENARIO. 

Analysis of the driving simulator experiments will be documented in the forthcoming deliverable D3.4: Map 
of the heterogeneity of human/external factors into driving behaviour performance and the findings will be 
used to refine and calibrate the cognitive layer in the traffic simulation model. Hence, the findings are input 
both to WP2 and the deliverables D2.4: Integrated LC with social interactions and HF models – theory and 
principles and D2.5: Integrated LC with social interactions and HF models – verification and calibration, as well 
as to WP4 and deliverables D4.2: Estimation methodology to encode drivers’ heterogeneity into models and 
D4.3: Robust methodology to validate probabilistic human driver behavioural models, at traffic and safety 
scales.   
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7 Appendix 

7.1 Subjective single question rating of workload (ARWES, Ames and George 
(1993)). 

The ARWES subjective workload estimation method uses either the  

USAF SAM workload estimation scale in which the participants rate their perceived workload between 1-7, 
where 

1) Nothing to do; No system demands.  
2) Little to do; Minimum system demands.  
3) Active involvement required, but easy to keep up.  
4) Challenging, but manageable.  
5) Extremely busy; Barely able to keep up.  
6) Too much to do; Postponing some tasks.  
7) Unmanageable; Potentially Dangerous; Unacceptable. 

or the 

AFFTC REVISED workload estimation scale in which the participants rate their perceived workload between 
1-7, where 

1) Nothing to do; No system demands. 
2) Light activity; Minimum demands. 
3) Moderate activity; Easily managed; Considerable spare time. 
4) Busy; Challenging but manageable; Adequate time available. 
5) Very busy; Demanding to manage; Barely enough time. 
6) Extremely busy; Very difficult; Non-essential tasks postponed. 
7) Overloaded; System unmanageable; Essential tasks undone; Unsafe. 

Even if driving a car to some extent can be seen as using a system, the phrasing of the original questions need 
to be adjusted to better fit the purpose and to be easy understandable by the participants. We will therefore 
use the following instruction and questions within i4Driving. 

Subjective workload estimation – instruction to participants 

The estimation scale described below is developed for personal estimation of how 
troublesome/burdening/demanding it is to handle a specific situation. You will at several different occasions 
during the driving simulator experiment be asked how demanding it was to drive through the preceding 
intersection. The answer should reflect both your driving, the surrounding road and traffic environment, and 
other tasks you do while driving (e.g. the arrows task, phone calls, etc.). 

When you arrive at VTI/TUM/CTAG/UNINA at the day of the experiment will we go through the scale and you 
will have the possible to practice both before the drive and while driving before the experiment starts. 

1. No demands from the traffic situation; nothing to consider 

2. Minimal demands from the traffic situation 

3. Easy to handle the traffic situation, plenty of time to consider all road users, moderate activity. 

4. The traffic situation was challenging but manageable; enough time to consider all road users. 

5. Demanding traffic situation; limited time to see/observe and consider all road users. 

6. Very difficult to handle the traffic situation; forced to prioritise to be able to see/observe and 

consider all road users;  

7. Overloaded, the traffic situation is unmanageable; do not have time to see/observe and consider all 

road users.  
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7.2 Driving Style Questionnaire (DSQ, French et al. (1993)). 

Driving Style Questionnaire[1] 

Please show how often each of the following applies to you by circling the number that 
you think applies. 1=very infrequently or never, 2=infrequently, 3=quite infrequently, 
4=quite frequently, 5=frequently, 6=very frequently or always 

  Very 
infrequentl
y or never 

        Very 
frequent
ly or 
always 

  1 2 3 4 5 6 

1. Do you break the motorway speed limit?             

2. Do you drive fast?             

3. Do you exceed the speed limit in built up areas?             

4. Do you become flustered when faced with 
sudden dangers while driving? 

            

5. Do you remain calm when things happen very 
quickly and there is little time to think? 

            

6. Is your driving affected by pressure from other 
motorists? 

            

7. Are you happy to receive advice from people 
about your driving? 

            

8. Do you dislike people giving advice about your 
driving? 

            

9. Do you drive cautiously?             

10. Do you find it easy to ignore distractions while 
driving? 

            

11. Do you ignore passengers urging you to change 
your speed? 

            

12. How often do you set out on an unfamiliar 
journey without first looking at a map? 

            

13. Do you plan long journeys in advance including 
places to stop and rest? 

            

14. Do you overtake on the inside lane of a dual 
carriageway if you have the opportunity to do so? 

            

15. Do you ever drive through a traffic light after it 
has turned red? 

            

  

Scoring:  

Speed=Q1+Q2+Q3.  

Calmness=14-Q4+Q5-Q6  

Social resistance=7-Q7+Q8  

Focus=Q9+Q10+Q11  

Planning=7-Q12+Q13  

https://euc-word-edit.officeapps.live.com/we/wordeditorframe.aspx?ui=es&rs=nl%2DNL&wopisrc=https%3A%2F%2Fpanteia.sharepoint.com%2Fsites%2Fi4Drivingproject101076165%2F_vti_bin%2Fwopi.ashx%2Ffiles%2F5f3e5fb460f24abf8079f9bfc2edb3be&wdlor=c77E97136-19F3-430C-AF1E-13046A616B6C&wdenableroaming=1&mscc=1&hid=E11AE8A0-7002-7000-996D-993BA7CFE587&wdorigin=Outlook-Body.Sharing.DirectLink.Copy&wdhostclicktime=1698382794333&jsapi=1&jsapiver=v1&newsession=1&corrid=736fea7e-d096-41c9-83d5-965f4fd722af&usid=736fea7e-d096-41c9-83d5-965f4fd722af&sftc=1&cac=1&mtf=1&sfp=1&instantedit=1&wopicomplete=1&wdredirectionreason=Unified_SingleFlush&rct=Normal&ctp=LeastProtected#_ftn1
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Deviance=Q14+Q15  
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