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Executive Summary

The i4Driving project seeks to advance human driver models by integrating cognitive processes that
shape driving behaviour. To support this objective, test track experiments are conducted to capture
data. Such experiments enable the observation of driver behaviour in realistic, safety-critical situations,
providing essential input for model development and validation.

Building on hypotheses developed in WP 1, WP5 designed and implemented test track studies to collect
validation data.

This report complements the data provided for Task 5.3: Experimental data relevant to model
development [1] on:

https://panteia.sharepoint.com/:f:/r/sites/i4Drivingdatastorage/Shared%20Documents/WWP5/Logs%20C

TAG/T5.2?csf=1&web=1&e=kHYbmb.

The main objective is to provide the full context of the tests conducted on high speed test tracks to
support the validation of the model. This report includes the tests carried out by CTAG as part of the
i4Driving project, with the focus is on cut-in manoeuvres, one of the most relevant situations in motorway
and interurban pre-crash scenarios.

The test was carried out on a controlled track using a real instrumented vehicle and a dynamic target
(UFO) that emulates a vehicle invading the driver's lane at different levels of severity (lateral distances,
collision times and relative speeds). The scenarios designed allow for the study of reaction time, gaze
distribution, longitudinal control, risk perception and safety margins applied by drivers in the face of
unexpected manoeuvres.

This document summarises the experimental design, track configuration, experiment structure and
detailed definition of the technical approach to cut-in for WP5. The data obtained will subsequently be
used to calibrate and validate the cognitive models developed in the project.
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Abbreviations

Abbreviation Definition

ARWES AFFTC Revised Workload Estimate Scale
CAN Controller Area Network
EGO Ego vehicle

GPS Global Positioning System
km kilometres

m metres

s second

TTE Test Track Experiment
UFO Ultra-Flat Overrun platform
WP Work Package

1. Introduction

In the framework of Task 5.3 (“Data collection in urban and freeway field experiments for model
validation”) within WP5 (“Field testing of human behaviours in urban and freeway ODDs”), CTAG is
asked to perform cut-in tests to provide high-speed field data relevant for the validation of
lane-change-related human behaviour within the i4Driving framework.

The track studies developed by CTAG complement those of other partners such as TUM by providing
real-life situations with physical vehicles and highly reproducible manoeuvres. Specifically, the cut-in
manoeuvre represents a critical case widely identified in pre-crash literature (e.g., lane change conflicts
with unexpected invasion of the EGO vehicle's longitudinal space).

The main objectives of the CTAG test are:
e To provide the project with data from urban and motorway field experiments that enable the

validation of human behaviour models while driving:

o To capture driver behaviour in response to an unexpected cut-in under controlled
conditions.

o To evaluate reaction times, brake modulation, trajectory changes and lateral control.

o To obtain attention measurements using eye tracking and vehicle-driver telemetry.

o To provide consistent and synchronised multimodal data to feed into the cognitive
models of WP5.

The document is structured as follows:

e Section 1 Introduction and Cut-in approach.

e Section 2 describes the test track and facilities, explains the pre-test, experiment design and
test procedure.

e Section 3 summarizes the data collection methods and recorded measurements.

e Section 4 presents key observations from the data analysis.



1.1. Cut-in approach

The initial guide for the experimental design of the cut-in tests is UN Regulation No.157 [2]. The
manoeuvre (Figure 1) involves the EGO vehicle driving on the left lane and another vehicle UFO, on
the right lane at lower speed.

Both vehicles were identified as follows:

EGO: Ego vehicle. The instrumented vehicle driven by the participant whose behaviour,
dynamics and reactions are measured in the experiment.

UFO: Ultra-Flat Overrun platform. A robotic, overrun-safe target carrier used to reproduce the
intruding vehicle in cut-in scenarios.

TTC-2-Ocec
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Figure 1. Cut-in scenario (From ALKS Regulation)

The objective of the tests is to explore the different parameters that lead to a preventable or
unpreventable tests. These parameters mainly include three variables: the differential speed between
the EGO vehicle and the cut-in vehicle, the lateral speed of the cut-in vehicle, and the longitudinal
distance between both vehicles at the beginning of the manoeuvre. To this porpoise, the main
references used during the test design were:

UN Regulation No 157 [2]

“Driver models for the definition of safety requirements of automated vehicles in international
regulations. Application to motorway driving conditions”. European Commission Joint Research
Centre. [3]

“From Active Safety Systems to Pro-Active Assistance Systems: Proving Ground Evidence 1
of Anticipatory Driving Behavior On Current Level 2 Systems”. European Commission Joint
Research Centre. [4]

There exist different models that simulate this manoeuvre and predict its viability in terms of
preventable/unpreventable crash. [2]. Figure 2 is an example of the type of graph that the experiments
in test tracks try to validate, with the added value of human anticipation inherent in real tests.



Ego speed 60 (km/h), Cut-in speed 10 (km/h)

1.8 -
® RSS
1.6 - " ""'"' . . Y Regl57
() Fuzzy SM
L CC human driver
14
v
£ 1.2~
ey
O 1.0~
L)
(Y]
> 08-
T cosessewy
L o6 0000000 Y IYIYYYYYYTYTYYIYY
5 oo TR
0.4 woe Y
0.2
0.0 - ) : : . ,
10 20 30 40 50 60

Initial distance (m)
Figure 2. Unpreventable cases for 4 models
However, these models lack an essential element: human anticipation. The purpose of the tests
carried out by CTAG is to systematically explore the parameters that determine whether a Cut-in is
preventable or unpreventable by the human driver and the possible impact of human anticipation. To

do this, different configurations are combined with the overall objective of covering a sufficiently wide
range of conditions to capture both benign and potentially critical manoeuvres:

» Ego and cut-in vehicle at constant longitudinal speed.
e Cut-in vehicle speed lower than EGO speed.

o The cut-in vehicle initiates the manoeuvre at a specified longitudinal distance from the EGO
vehicle (this is calling trigger distance) and with a defined lateral velocity.

Trigger
distance

Figure 3. Cut-in manoeuvre diagram to be executed
This experimental approach will allow real results to be compared with the theoretical boundaries

proposed by prediction models, thus providing evidence to validate or adjust these models within WP5
of i4Driving.

2. Experiment Design
2.1. Test Track Description

The cut-in scenario is recreated on CTAG’s high speed test track (Figure 4). It has two straights of 1.2
km each, the main with 21 m wide is used for the experiments, specifically configured to reproduce lane



changes by the target vehicle with insertion into the ego lane, maintaining clear visibility and no
additional traffic.

Main fedtures:
«»= 2 main straights
Length: 1200 m
» Width: 2¥and 12 m
Area: 11 ha
Support for crossing scenarios
Different lane marking options -

Confidential boxes, workshop and offigesin the fésffrack™ = - ADAS & AS
TEST TRACK

g™

Figure 4. CTAG's high-speed test tracks

Table 1. CTAG's test track features

e Area: 11 ha
Size e Length: 1200 m
e Width: 21 and 12 m

Equipment e Straight lines: 2

e Vmax = 120km/h (in some sections)

e Capability to realize crossing scenarios
Other
o Different lane marking options

e Confidential offices and boxes on the test track

The track configuration ensures a controlled ODD consistent with the safety constraints of high-speed
cut-in tests.

2.2. Equipment and setup

To carry out the cut-in tests with the necessary precision and safety, a configuration of equipment
capable of recording both vehicle dynamics and driver response was used. The system combines high-
accuracy kinematic sensors, human behaviour monitoring and a dynamic target that allows the insertion
manoeuvre to be reproduced in a controlled and repeatable manner.

The equipment used in the tests is detailed below:



EGO vehicle CTAG - Instrumented serial Differential EGO
GPS

vehicle:

e GPS:
o 2cm RTK GPS systems with IMU
o 100 Hz data output
o EGO dGPS: Racelogic VBOX 3i

e Cabin-mounted eye tracking system
Smarteye.

e Interior cameras/FOCUS.

ECG bracelet for heart rate data

e The information is transmitted via
Bluetooth to a Bluetooth-CAN interface.

Target vehicle > UFO platform + GVT
target:

e Humanetics UFO-Pro:
o Overrun Platform
o Longitudinal speed: up to 80 km/h
o Lateral acceleration: up to 1.5 m/s2
e Soft Target

o Dimensions and shape of a typical
compact car

o NCAP —ISO 19206
o GPS:
o 2cm RTK GPS systems with IMU
o 100 Hz data output
o UFO dGPS > OXTS RT 3000

For safety reasons, the cut-in vehicle (Figure 5) is a dynamic target (UFO) which can reach, for a smooth
and controlled movement for this study, a maximum longitudinal speed of 40 km/h and maximum lateral
speed of 2.5 m/s.



Figure 5. Dynamic target (UFO) used as cut-in vehicle

The EGO vehicle is a C4 Picasso equipped with differential GPS, eye tracking system (Figure 6), access
to CAN bus logging and Mobile Eye camera. This is in addition to the logging capabilities of the UFO
system to provide the whole picture of results in post-processing.

instrument
cluster
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Figure 7. dGPS and data recording used in Cut-in tests



Figure 8. EGO's in-car camera

2.3. Data Collection

The EGO vehicle was instrumented to capture the driver's position, dynamics, CAN bus signals, gaze
and physiological data, while the target vehicle was operated by a UFO (dynamic platform), capable of
executing safe and consistent lateral and longitudinal movements. The synchronisation between the
two systems ensures a complete characterisation of the event and provides the data necessary for
subsequent analysis and validation of behaviour models in WP5.

All data streams are synchronised and recorded simultaneously, including video recordings, vehicle
CAN signals, and both EGO and UFO dynamic data. The acquisition is performed using Vector
hardware and software solutions, ensuring precise time alignment across all data sources. This setup
enables accurate correlation between vehicle dynamics, environmental perception, and scenario
evolution, which is essential for subsequent analysis and validation activities.

Figure 9. Real time monitoring

All data related to velocities and distances — including both absolute and relative measurements —
are computed in real time during the execution of the scenarios. These parameters are processed on-
board and transmitted directly to the Vector data acquisition system installed in the vehicle, where they
are synchronously recorded together with the remaining sensor and vehicle signals. A comprehensive
summary of all recorded signals is provided in Table 2 and Table 3 where each signal is specified in
terms of name, unit, and detailed description.

This data structure matches the requirements defined in D5.2 for WP5 model validation activities.
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Table 2. EGO and UFO kinematics data from CAN bus

EGO_acceleration_lat_imu_UFO (m/s2)

Lateral acceleration from the IMU

EGO_acceleration_lon_imu_UFO (m/s2)

Longitudinal acceleration from the IMU

EGO_heading UFO (deg)

Vehicle heading in degrees

EGO_yaw_rate_UFO (deg/s)

Vehicle yaw rate

UFO_speed (km/h)

Target speed in km/h

UFO_speed_lat (m/s)

Target lateral speed in m/s

UFQO_speed_lon (m/s)

Target longitudinal speed in m/s

UFQO_distance_lat (m)

Target position in local coordinates Y

UFQO_distance_lon (m)

Target position in local coordinates X

UFQO_acceleration_lat (m/s2)

Target lateral acceleration in m/s2

UFQO_acceleration_lon (m/s2)

Target longitudinal acceleration in m/s2

UFO_yaw_rate (deg/s)

Target yaw rate

UFO_heading (degrees)

Target heading

Table 3. EGO eye tracking from Smart Eye

EGO_SE zone

EGO’s world zone the gaze direction intersects with.

EGO_SE_zone_x (mm)

EGO’s x position in world the gaze direction intersects with.

EGO_SE_zone_y (mm)

EGO’s y position in world the gaze direction direction intersects
with.

EGO_SE zone z (mm)

EGO'’s z position in world the gaze direction direction intersects
with.

EGO_SE_eye_lid_opening (mm)

The average eye lid opening value

EGO_SE_eye lid_opening_q

Quality value (0...1) of the Eye Lid Opening.

EGO_SE_pupil_diameter (mm)

The consensus diameter of the pupils of both eyes.

EGO_SE_pupil_diameter_q

The quality value for the PupilDiameter. The value depends on
how distinct the pupil/iris edge can be detected. The value is
normalized and will be in the range of [0.0, 1.0].




2.4. Pre-test

The pre-test phase was carried out during October 2024 and served as an essential step to evaluate
the feasibility of the cut-in manoeuvre on CTAG’s proving ground, characterise the behaviour of the
dynamic target (UFO), refine the experimental parameters, and ensure that the selected combinations
of speeds and lateral velocities were safe, repeatable and representative of real-world conflict
dynamics.

A single professional driver conducted the full pre-test campaign. The aim was twofold:

o Pre-test#1: To assess the feasibility and stability of the manoeuvre across a wide range of
relative speeds between the EGO vehicle and the UFO.

o Pre-test#2: To explore the boundary between preventable and unpreventable situations,
without reaching unsafe conditions, by progressively narrowing the trigger distances while
observing braking behaviour and vehicle dynamics.

Pre-test#1:

The pre-tests included the combinations of EGO and UFO speeds shown in Table 4. These speed
combinations were chosen to cover representative motorway conditions and to span relative speeds
from low to high severity. For each speed pair, several lateral velocities of the UFO were tested to
explore the sensitivity of the scenario to lateral intrusions.

Step 1

Goal: Decide the two combinations of EGO

speed — cut-in speed on which to focus el el Sy 50 e s

feasibility of cut-in

Ego speed 60 (km/h), Cut-in speed 10 (km/h}

e RsS Step 2

T Regl57
) Fuzzy SM
CC human driver

1 session of tests to conduct
several combinations of EGO
speed — cut-in speed

06- 0000  TYTYTIIIIIIYYIIYIYY ‘
RRiaaaanaasnnnoad

02 Step 3

Lateral velocity (m/s)
)
®

10 2 30 40 0 & Analysis of logs and conclusions

Initial distance (m)

Figure 10. Pre-test #1 sequence

During these ftrials, the professional driver assessed the manoeuvre based on perceived difficulty,
smoothness of UFO trajectory, and capacity of the EGO vehicle to react without risk. Particular
consideration was paid to relative speed and lateral speed, since these parameters have the strongest
influence on whether a manoeuvre evolves into a critical situation.

With multiple combinations of UFO lateral speed and EGO-UFO longitudinal distance, to evaluate the
danger in the execution. From a graphical and analytical perspective, the pre-tests had two main
objectives. First, to identify which relative speeds between vehicles were most representative and
relevant for the study, allowing the definition of meaningful test scenarios. Second to be as close as
possible to the near-crash situation, to find the physical boundaries between preventable/unpreventable
tests but avoiding accidents.

In order to achieve the first objective, multiple combinations of relative speeds and lateral velocities
were systematically tested (Table 4). The aim was to evaluate the dynamic behaviour of both the EGO
and cut-in vehicles under varying conditions, and to identify which combinations most accurately reflect
realistic traffic scenarios. Data from these tests were analysed to assess not only the typical ranges of
interaction but also the variability in vehicle responses, providing a robust basis for selecting
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representative speed profiles for the main study. This process also helped refine the experimental
setup, including sensor configuration and data acquisition parameters, ensuring that the most relevant
operational conditions were captured for subsequent analysis.

Table 4. Combinations of EGO/UFO speeds tested in the pre-tests

50 10
10
60 20
40
20
70 20
80 20

A sample of the results from this pre-test is presented in the following figures (Figure 11, Figure 12 and
Figure 13). The data shown are based on key indicators such as driver reaction time, braking duration,
and Time-to-Collision (TTC). These visualizations provide an overview of how participants responded
at different lateral speeds and show how the variables evolved throughout the manoeuvre. This helps
identify critical thresholds and the boundary between safe and unsafe conditions.
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Figure 11. Reaction time
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Figure 12. Braking time
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Figure 13. Time to collision

As conclusion, for both objectives were that:
e High relative speed between EGO and UFO increases the risk of the manoeuvre.

e At higher longitudinal speeds, the UFO reach in a smooth way the targeted lateral speed being
easier to anticipate the EGQO’s reaction.

In order to conclude the pre-test phase, it was determined that some of the most representative relative
speed combinations were 60—10 km/h and 80—20 km/h., consistent with regulatory and reference
models.
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Pre-test#2:

Once Pre-test #1 was completed, Pre-test #2 was conducted, focusing on the systematic evaluation of
several combinations of lateral velocities. The main objective of Pre-test #2 was to identify the boundary
between predictable driver responses and potential accident situations, effectively determining the limits
of safe operation under different lateral speed conditions. The results also allowed for the identification
of critical lateral speed ranges that could significantly influence system performance and safety.
Additionally, this phase helped refine scenario definitions and ensured that both typical and challenging
manoeuvre cases were adequately represented in the dataset.

Step 1

Ego speed 60 (km/h), Cut-in speed 10 (km/h)
e RSS

v Regls? 1 session of tests to check the

Fuzzy SM

cemmanarver | feasibility of the predefined UFO
lateral speeds in tracks

>

Goal: Test the cut-in
lateral speeds

Lateral velocity (m/s)
)

).6 - haasacanannsssnsnnagd
: Y Step 2
0.4 R20202002000004
02 1 session of tests to find the most
0o- i o . % . | challenging longitudinal distances
Initial distance (m) for each Iateral Speed

1 &

Goal: Find the most challenging Step 3

longitudinal distances for each cut-in
lateral speed Analysis of logs and conclusions

Figure 14. Pre-test #2 sequence

To identify the operational limit, a systematic, iterative procedure was applied using an expert driver.
This was done by progressively reducing the initial trigger distance based on the outcome of each test,
following a trial-and-error approach.

The procedure can be described as follows:

e Perform a test with a trigger distance (starting with a conservative distance). After the testing
evaluate the final distance:

o Ifthe final distance > 5 meters, reduce the initial distance by 5 meters for the next test.

o Ifthefinal distance < 5 meters, reduce the initial distance in the next test by the amount
equal to the previous final distance.

o Ifthe final distance < 1 meter, the operational limit is reached, as any further reduction
would result in a collision.

e Repeat the procedure until the physical limit condition is reached.

Perform test Is final Is final
Start with current distance distance
initial distance <1m? <5m?

i Reduce next initial
Operational !
limit reached distance by
previous final
distance

Reduce initial | No /

distance by 5m |~

Figure 15. Pre-test#2 trigger distance search sequence
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After all the testing a graph samples were reached. The following graph (Figure 16) illustrates how the
operational limits are reached, marking the transition between avoidable and not avoidable manoeuvre.
A small variation in the trigger distance—sometimes as little as 1 meter—can drastically change the
outcome. A manoeuvre that is easily avoidable may become a significant collision, often exceeding 10
km/h crash.

EGO speed = 60 km/h - UFO speed = 10 km/h EGO speed = 80 km/h - UFO speed = 20 km/h

UFO lateral speed = 1.6 m/s
¢ UFO lateral speed = 1.2 m/s Y4 Try3 Try2 my1
g 2.0 # UFO lateral speed = 0.8 m/s B 201
= Try3 Try2 Tyl £
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1.2 21 1.5 30
1.6 21 2.0 28

Figure 16. Pre-test trigger distance boundaries

Also, Pre-test #2 was essential to understand how the manoeuvres were perceived and executed on
the track. This allowed us to translate these observations into measurable and structured parameters
for the final study. By analysing vehicle dynamics, driver reactions, and safety indicators, we identified
the three key points that later became essential references for structuring the final experimental design
and data evaluation.

1. Starting point: UFO starts the manoeuvre
2. Reaction point: EGO starts braking
3. End point: UFO speed is higher than EGO speed

The time difference between the reaction and start points is the reaction time and the time difference
between the end and reaction points is the braking time.

UFO enters the EGO lane UFO speed > EGO speed

reaction time braking time

Figure 17. Key points in the cut -in manoeuvre



In conclusion, the pre-tests validated the feasibility of the scenario, delimited the parameter space
(60/10 and 80/20 km/h; 1.0-2.0 m/s) and established the iterative procedure for searching for the
participant-specific threshold, ensuring that the final study was conducted under representative and
safe conditions.

2.5. Test design

Based on the available resources and the expertise acquired during the pre-tests, it was agreed to focus
the experiments of the study on two EGO speed — UFO speed combinations.

e Experiment #1: EGO 60 km/h — UFO 10 km/h.
e Experiment #2: EGO 80 km/h — UFO 20 km/h.

Experiment #2 is selected to validate the results of the 4 models showed in [3] at these speeds.
Experiment #1 increases EGO speed and the relative speed between the two vehicles to add more
complexity to the manoeuvre.

Table 5. EGO and UFO speed combinations selected for the tests

UFO lateral EGO-UFO longitudinal

Experiment | EGO speed = UFO speed speed distance

80 km/h 20 km/h

1m/s 232m
1.6 m/s >221m
60 km/h 10 km/h 1.2 m/s 221m
0.8 m/s 222 m

1. Pretest #1: Decide the two combinations of
EGO speed — cut-in speed on which to focus

I

Ego speed 60 (km/h), Cut-in speed 10 (km/h)

® AsS

T Regls?

O Fuzzysm

CC human driver

~

4. Final study: Find test points when
human behaviour with anticipation

Lateral velocity (m/s)
o._ 0 w
® o

o v
N a2 o

°
°

Initial distance (m)

l

Figure 18. Pre-test #1 + Pre-test #2 + Final study scheme
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According to the results of pre-test, risk situations occur from 1.0 m/s to ensure a smooth and controlled
movement the tests should not go further than 2 m/s. So, the experiments will go from 1.0 m/s to 2.0
m/s with a spacing of 0.5 m/s. Normally, to find the boundary between preventable and unpreventable
tests at least 3 rounds per UFO lateral speed will be necessary. This means that each graph will need
at least 9 points/rounds.

In addition to these rounds, some dummy rounds will be included in the test to overcome the learning
effect by distracting the participant, for example, tests where the UFO do not enter the EGO lane or
with any other alteration. Apart from that, some rounds will be repeated on purpose to measure the
impact of the learning effect. For example, if the 3rd run and the 7th round have the same parameters,
the time to collision or the reaction time should be very similar.

The test sample consists of 10 professional drivers. All of them are men, aged between 20-30 years
but with different driving styles. With the aim to ensure minimum statistical significance, each participant
should test as many rounds as possible but with a commitment with the time available for the
experiments and control of the learning effect.

The aim of the experimental design is to cover the range of interest for the UFO lateral speed in both
graphs. For each combination (Table 6 and Table 7), three EGO — UFO longitudinal speeds are
proposed: one common to all participants based on the results obtained in the pre-test#2 (pre-test
value) and two exclusive to the participant, and based on the reaction to the previous round, to find
his/her boundary between preventable/unpreventable tests (ad-hoc value 1 and ad-hoc value 2).

Table 6. Tests for Experiment #1

EGO speed UFO longitudinal UFO lateral EGO-UFO longitudinal

speed (km/h) speed (m/s) distance (m)
11 ‘ pre-test value
1.2 ‘ 1.0 ad-hoc value 1
1.3 ‘ ad-hoc value 2
1.4 ‘ pre-test value
1.5 ‘ 60 10 1.5 ad-hoc value 1
1.6 ‘ ad-hoc value 2
1.7 ‘ pre-test value
1.8 ‘ 2.0 ad-hoc value 1
1.9 ‘ ad-hoc value 2

Table 7. Tests for Experiment #2

UFO
longitudinal
speed (km/h)

EGO-UFO
longitudinal distance

(m)

pre-test value

EGO speed
(km/h)

UFO lateral
speed (m/s)

1.0 ad-hoc value 1

ad-hoc value 2

pre-test value
80 20 1.5 ad-hoc value 1

ad-hoc value 2

pre-test value

2.0 ad-hoc value 1

ad-hoc value 2
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The objective of the tests is double; with the common tests there will be results about the impact of the
driving style on the execution of the tests and with the ad-hoc tests the aim is to validate the
unpreventable/preventable boundaries with the results of the models.

Each participant has assigned 6 common tests, the ones with the longitudinal distance obtained in the
pre-tests, and 12 exclusive tests with the ad-hoc longitudinal distances. Considering the two
experiments, the total is 18 rounds per participant (9 from Table 6 and 9 from Table 7). In addition, 2 of
these rounds will be intentionally repeated to study the impact of the learning effect and at least 2
dummy rounds will be added to distract the driver.

To mitigate the learning effect:

e Not all the participants will execute the rounds in the same sequence.
e Dummy rounds were introduced, where no cut-in manoeuvres occurred.

NA* implies tests not performed because the participant has already found the limit in the previous
attempt, for that combination of relative speeds + lateral speed
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2.6. Test execution

During the execution of the trials, as mentioned previously, a total of 10 participants were involved in
the study. Each participant received a single instruction: to drive at a designated speed (60 or 80 kph)
within the current lane. This approach was chosen to minimize variability in driver behaviour while still
capturing naturalistic responses to cut-in manoeuvres and other traffic interactions. By providing only
this simple guidance, the study aimed to observe realistic driving patterns and decision-making
processes without imposing additional cognitive load or influencing lateral control strategies. The
collected data, including vehicle dynamics and system responses, were then synchronized and
recorded for subsequent analysis, ensuring that both participant behaviour and system performance
could be accurately assessed.

The testing procedure follows a systematic, iterative approach to evaluate driver response and system
performance under different speed combinations. The process can be summarized as follows:

¢ Initial Assessment of Overreaction

o For each participant, the first step is to determine whether an overreaction occurs. This
is assessed by analysing brake pedal activation during the manoeuvre.

o If overreaction is detected, the following trial for the same speed combination is
conducted in “ghost mode” (no active cut-in), allowing the participant to recover without
risk.

o If no overreaction occurs, the braking response is analysed in more detail.

e Analysis of Braking Response

o Smooth braking: Indicates the participant can safely repeat the manoeuvre under the
same relative and lateral speed conditions. In the next iteration, the initial longitudinal
distance of the cut-in manoeuvre is slightly reduced to increase challenge.

o Harsh braking: The Time-to-Collision (TTC) is calculated.

¢ Time-to-Collision (TTC) Evaluation

o TTC < 0.5 s: Considered the participant’s safety limit for this combination of speeds
and conditions. No further reduction in initial distance is applied.

o TTC = 0.5 s: The initial longitudinal distance is reduced in the next trial for the same
speed combination to progressively approach the participant’s safety threshold.

o lterative Process

e This sequence is repeated systematically for all combinations of relative and lateral speeds and
for all participants, gradually mapping safe operational boundaries and critical limits.

This structured procedure ensures that the study captures both naturalistic driver responses and the
boundaries of acceptable system performance, while maintaining participant safety throughout the

iterative testing.
b Hard brake NESwE
overreaction seconds

) | orokeanalysis | gy | M7 IS | |0
analysis distance—
decrease min
>

—— distance
seconds
Dummy

Participant

Round ..
limit

Initial distance -5
meters decrease

Figure 19. Example of the iterative process used during the studies

An example of the analysis is presented in the following graph (Figure 20), where several key variables
are displayed over time. The plot shows the constant speed of the EGO vehicle, the exact moment
when the UFO vehicle initiates the cut-in manoeuvre, the corresponding driver braking response, and
the end of the test sequence.
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Figure 20. Key points (Example)

From this time-based analysis, the Time-to-Collision (TTC) is also derived, allowing a quantitative
assessment of the safety margin during the interaction. The synchronization of vehicle speed profiles,
manoeuvre initiation timing, and brake activation provides a precise representation of the dynamic
evolution of the scenario.

This analysis is fundamental for determining, as previously described, whether the limit has been
reached for a given combination of relative speed and lateral velocity. Specifically, by evaluating braking
intensity and the minimum TTC achieved during the manoeuvre, it is possible to identify whether the
tested condition falls within acceptable safety margins or represents the participant’s operational

boundary.

By systematically applying this methodology across all participants and across multiple repetitions for
each speed combination, a structured test matrix is obtained. This dataset defines the representative
and boundary conditions of the study, forming the basis of the final test sample used for the
comprehensive evaluation of system performance and driver response.

3. Results of cut-in experiment
3.1. Data Analyses

The objective of this section is to provide the model equipment in WP4 with some preliminary data
processing to highlight some aspects of the tests, and they are only addressed to provide the main
significant findings based on the experience of CTAG that designed the experiments and run the tests
in the tracks. So, this effort does not intend to replace but to serve as a starting point for the

understanding of driver behaviour in the experiments.

This analysis proposes also the correlations that establish a relationship between the driving behaviour
and the heterogeneity of the sample.

In order to provide a complete picture from different perspectives, data processing for the tests takes
place at three levels:

»  Sample profile, to characterize the sample in terms of the driver heterogeneity.

» Objective analysis, to study the relationships between objective data and sample profile.

* The data analysis focused on identifying the boundary between preventable and unpreventable
cut-in situations under different combinations of EGO speed, target speed and lateral intrusion

velocity.

All recorded measurements (DGPS, CAN, eye-tracking, video and ECG) were synchronised for each
repetition, enabling a precise reconstruction of each interaction dynamics.
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3.1.1. Participants profile

Given the risk involved in performing these cut-in manoeuvres in a real environment, the final study
included 10 professional drivers from the CTAG validation team. All participants in the final study were
male, reflecting the composition of CTAG’s professional validation team. Although this introduces a lack
of gender diversity, the selection was aligned with CTAG’s need to ensure consistent performance in
safety-critical tests. The recruitment and profile characterisation procedure was carried out in
accordance with the questionnaires and consent forms already used in previous studies and presented
in deliverable D5.2 [5] and D5.1 [6].

Participants ranged from early 30s to late 35s, with the majority situated in the 25 —30-year interval
(Figure 21. The pre-tests (Pre-test #1 and #2) included one additional professional driver (35 years old),
also male, used to assess feasibility and refine test parameters.

Gender&Age

fale)

£ B

Female, W =

Sender (F

Age (A =<=31vears old; B = 31 yvears old)

Figure 21. Participants profile: Gender and Age distribution

CTAG drivers showed:

* High annual mileage (as shown in the graph ‘Kilometres travelled last year’)
» Extensive experience with a driving licence, generally exceeding 10-15 years
» Extensive experience driving on motorways

* A very safe driving style, as indicated by the self-assessment scales

These characteristics ensure high repeatability and reduce variation in behaviour unrelated to the
experiment, allowing the analysis to focus solely on human anticipation and reaction time during lane-
cutting incidents (Figure 22).
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Figure 22. Participants profile: Driving Experience and Style

This sample provides high internal consistency, which is essential to isolate scenario-dependent effects
(initial distance, lateral speed, relative speed). As the group consists exclusively of trained professional
drivers, variability due to novice or unpredictable driving patterns is minimised, offering a clean baseline
for analysing human anticipation and reaction thresholds in cut-in scenarios.

3.1.2. Results

The analysis of the data obtained revealed that in all experimental repetitions, three different patterns
of behaviour were identified among drivers, depending on the driver's response to the target vehicle's
cut-in manoeuvre. These patterns were considered reference patterns for the analysis of the entire
study.

Reactive braking, 140 repetitions: In these cases, the EGO vehicle showed a sharp deceleration
immediately after the UFO vehicle began its cut-in manoeuvre. This response represents the main
behaviour of interest, as it defines the critical braking reaction used to determine the boundary between
avoidable and unavoidable collision scenarios.

Preventive braking, 25 repetitions: In this subset, the EGO vehicle released the accelerator pedal
before the start of the cut-in manoeuvre, indicating excessive anticipation of the event. Since these
tests do not represent the boundary condition under investigation, i.e., a reactive braking response,
they were excluded from the subsequent boundary analysis.
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Lateral evasive manoeuvre, 3 repetitions: In a limited number of repetitions, the driver changed lanes
to avoid the potential collision. These tests were also excluded from the main analysis, as they do not
reflect the controlled longitudinal braking response intended in the experimental design.

Results EGO speed 60 km/h | UFO speed = 10 km/h:

This section presents the detailed analysis of the experimental results obtained for the 60—10 km/h
speed configuration. The objective of this analysis is to evaluate participant behaviour and system
performance under this specific relative speed condition, in accordance with the methodology
previously defined.

The following figures (Figure 23), present the results for the speed combination of 60 km/h (EGO
vehicle) and 10 km/h (UFO vehicle). Following the test methodology described in the previous sections,
each participant performed successive repetitions under this configuration, with a progressive reduction
of the initial longitudinal distance until the individual operational limit was reached. The graphs therefore
illustrate the step-by-step implementation of the defined testing procedure, displaying all stages from
the initial step to the point each participant reached the defined limit.
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Figure 23. Results per participant in Experiment#1

In addition to the participant-level analysis, a consolidated representation of the 60-10 km/h
configuration is provided. In this case, only the limit values identified for each participant are considered,
allowing a global overview of the boundary conditions reached under this speed combination.

The following set of graphs summarizes, for all participants, the key parameters at the identified limit
condition. Specifically:

e Minimum, maximum, and mean initial longitudinal distances reached at the limit (Figure 24).
e Minimum, trigger initial longitudinal distances (Figure 25)

e  Minimum TTC values recorded during the manoeuvre ().

e Peak deceleration values achieved during braking (Figure 35).

Each figure represents the aggregated results across participants, providing a comparative view of inter-
individual variability and enabling the identification of central tendencies and dispersion within the
sample.

This consolidated analysis facilitates the interpretation of the overall behavioural envelope for the 60—
10 km/h configuration and supports the definition of representative and boundary values for the final
test matrix.
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The following figures present the results for the speed combination of 80 km/h (EGO vehicle) and 20
km/h (UFO vehicle). Following the test methodology described in the previous sections, each participant
performed successive repetitions under this configuration, with a progressive reduction of the initial
longitudinal distance until the individual operational limit was reached.

The graphs illustrate the consistent application of the defined testing procedure, as in experiment 1, the
Figure 28 show the individual results of each participant.
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Figure 28. Results per participant in Experiment#2

In addition, one of the most relevant graphs is the one that groups the information of all participants.
The corresponding figures display the distribution of the key indicators at the identified limit, including:

e The range and average of the initial longitudinal distances at which the boundary condition
was reached (Figure 29).

e  Minimum, trigger initial longitudinal distances (Figure 30)

e The minimum Time-to-Collision (TTC) values observed across participants (Figure 31).

e The maximum deceleration levels recorded during the braking response (Figure 32).
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Longitudinal distance vs pupil diameter:

An analysis of pupil diameter was carried out to understand to investigate cognitive workload during the
manoeuvre, pupil diameter variation was computed between two phases:
e Baseline phase:

o This first phase corresponds to the moment when the UFO platform begins to move
but has not yet initiated the lateral intrusion. During this interval, drivers typically
maintain situational awareness without experiencing high levels of workload.
Measuring the baseline pupil diameter here provides a stable reference unaffected by
the imminent threat.

e Cut-in phase:

o The second phase begins precisely when the UFO starts cutting into the EGO lane.
From this point onward, the driver must evaluate the severity of the intrusion, anticipate
potential outcomes, and initiate a braking response if necessary. The phase ends when
the UFO reaches a higher longitudinal speed than the EGO, marking the resolution of
the conflict. Pupil dilation in this interval reflects the increased demand placed on the
driver’s perceptual and decision-making processes as TTC decreases and the scenario
becomes more critical.

Pupil diameter base Pupil diameter cutin

UFO starts moving UFO starts cutting speed UFO > speed EGO

Figure 33. Pupil diameter analysis phases

For each repetition, the change in pupil diameter (Ad) was calculated in order to obtain a percentage
variation. All the results were plotted in the graph (Figure 34) to identify the trend of this variation and
to examine the relationship between test risk and workload. This framework ensures a consistent and
reproducible method for evaluating how drivers perceive and react to the progression of the cut-in
manoeuvre.
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Figure 34. Pupil diameter variation results for Experiment#1 (left in blue) and Experiment#2 (right in pink)

A clear inverse relationship was observed between the trigger distance and the driver’s physiological
response. Shorter trigger distances, which correspond to more critical manoeuvres, consistently
resulted in larger pupil dilation, indicating increased workload and stress. This trend appeared in both
speed configurations (60—10 km/h and 80—-20 km/h) and became more pronounced across successive
attempts, especially as each participant approached their individual boundary, reflecting an increased
perception of risk.

These findings align with established cognitive metrics in critical-scenario studies and support the
integration of attention/workload components in WP5 behavioural modelling.
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In summary, the results obtained and presented in this deliverable provide a coherent and detailed
representation of how drivers adapt their behaviour as cut-in situations become more critical, showing
consistent patterns in anticipation, braking response and cognitive load.

The synchronised dataset obtained during testing of the different EGO and UFO devices shows the
dynamic evolution of each interaction with precision, providing valuable insight into the factors that
determine the transition between avoidable and critical situations.

Beyond their analytical value, these findings demonstrate the feasibility and usefulness of this
experimental methodology for generating high-quality data in demanding traffic situations. The trends
observed here reinforce the basis for validating human-centred models within i4Driving and, at the same
time, open up opportunities to apply the same approach to future studies involving different speeds,
manoeuvres, driver profiles or sensor configurations.

4. Conclusions

Figure 35 shows the final distribution of CTAG’s empirical results for the 60/10 km/h scenario,
overlapped with the four theoretical models widely used to characterise preventable and unpreventable
cut-in situations (RSS, Reg157, Fuzzy SM and CC human driver, correspond to those analysed in
section “Cut-in approach”). The coloured markers represent the shortest safe distances achieved by
each participant during the final study, allowing direct comparison between real driver behaviour and
model-predicted boundaries.
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Figure 35. Empirical CTAG cut-in results (coloured points) plotted over RSS, Reg157, Fuzzy SM and CC
human driver models.

The cut-in experiments conducted by CTAG provide a first set of high-quality data on human driver
reactions at medium and high speeds in controlled side intrusion manoeuvres. Several key conclusions
have been drawn:

¢ Human anticipation plays a key role: Drivers begin to adjust their behaviour (usually by lifting
their foot off the accelerator) even before the intrusion manoeuvre is fully apparent. This
anticipation reduces the number of unavoidable situations compared to models without
anticipation.

o Reaction time is highly dependent on perception of the manoeuvre: Drivers need time not
only to react, but also to detect that the target has initiated lateral movement. Small differences
in detectability can significantly influence the final result.

¢ |Initial distance is highly sensitive: Variations of only 1-2 metres in the activation distance
can change the outcome from a minor collision to a serious crash. This confirms the non-linear
nature of the transition from avoidable to unavoidable.

o Deceleration is the dominant avoidance mechanism: In almost all valid tests, drivers rely
on braking rather than steering to avoid the target, except in a few marginal cases.
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o Eye tracking confirms increased cognitive load: Pupil dilation increases systematically as
scenarios become more critical, indicating increased stress and workload for the driver.

e Good agreement with human anticipation models: In the case of 60/10 km/h, the empirical
limits fall within the region predicted by models incorporating human anticipation. This validates
the need for such models in the i4Driving driver cognitive modelling framework.

The results of this study represent a significant step forward for i4Driving, as they provide one of the
first sets of real data on cut-in manoeuvres under controlled conditions and at medium and high speeds.
The good correspondence between the behaviour observed in participants and the models
incorporating human anticipation reinforces the importance of integrating cognitive processes into the
project's modelling framework. The experimental contribution made at the CTAG tracks demonstrates
the viability of this approach within the consortium and opens the door to expanding the set of scenarios
and conditions analysed in future phases, thus supporting the development of more robust and
representative models of driver behaviour in risky situations.
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