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Introduction

Vehicles of the future will be able to warn drivers of risky situations and hazards before
they become visible or provide drivers with the right information about, i.e. gap times
and distances between vehicles or other road users.

In-vehicle systems based on Augmented Reality (AR) technology can help drivers avoid
potentially dangerous situations by providing them in advance with additional virtual
information that could significantly improve road safety and operation.

The driver would have more time and space to perceive, assess, and react to
unexpected events and make safer decisions.

Specific warnings about hazards could improve the driver’s reactions and warning
effectiveness, thus improving road safety, by directing the driver’s attention to critical
events or supporting them during difficult and critical maneuvers.



Objectives

The overall objective of this research is to investigate the potential of new and advanced
in-vehicle AR warning systems integrated with connected vehicles technology (V2V and
V2I) to improve road safety and encourage safer behavior and decisions of drivers by
supplementing them with additional virtual information.

Three events were investigated:
1) pedestrian crossing
2) cyclist overtaking
3) unexpected braking of leading vehicles.

To achieve this objective, three different driving simulator experiments were carried out,
and different AR warnings, both video and audio, were tested in order to evaluate their
effectiveness in improving driving performance and road safety.



Method – Driving Simulator

The experiments were carried out using the driving simulator of Roma Tre University.

This set-up provides a realistic view of the road and surrounding environment and allows to take into 
account human factors, using an effective interdisciplinary and multidisciplinary approach.



Case 1: Scenario and Events – Pedestrian Crossing

Scenario: Two lane urban road with 50 km/h speed
limit, 3.50m lanes, 4.00m sidewalks.

Events: The pedestrian movement (1.50m/s) was
activated when the driver was 60 m before the zebra
crossing.

Type of pedestrian crossings: visible pedestrian,
characterized by a pedestrian who was visible to the
driver and hidden pedestrian, with a pedestrian hidden
behind an obstacle.

Augmented Reality Warnings: a visual warning system,
consisting of a red arrow above the pedestrian and a
visual + audio warning system, consisting of a “beep”
sound.

The sample of forty-six drivers was tested using four drives of the scenario investigating two pedestrian crossing
configurations (visible and hidden pedestrian) with two configurations of AR warning systems (visual and
visual+audio) compared with the baseline condition (with no activated AR warnings).



Case 1: Scenario and Events – Pedestrian Crossing



The effectiveness of the AR warnings has been demonstrated in both of the two analyzed
configurations of pedestrian crossing (visible and hidden).

✓ Correct driver’s behavior with respect to the pedestrian; no crashes in AR configurations
(31% crashes in BC);

✓ Effectiveness of AR warnings in informing the driver of the potential hazard (earlier
release of accelerator and pressure on brake pedal);

✓ Improving of safety conditions with AR warnings (higher TTC and TTZ, almost double than
in BC and lower deceleration rates).

Regarding the type of the AR warning systems, the more effective results correspond to the
visual warning; the audio warning seems to not provide further significant improvements in
safety and driving performance.

Case 1: Results – Pedestrian Crossing

A. Calvi, F. D’Amico, C. Ferrante, L. Bianchini Ciampoli. Effectiveness of Augmented Reality Warnings on Driving Behavior Whilst Approaching
Pedestrian Crossings: a Driving Simulator Study. Accident Analysis & Prevention, Vol. 147, 2020, 105760



Case 2: Scenario and Events – Cyclist Overtaking
Scenario: 10 km of two lane rural road with 60 km/h speed
limit, 3.50 m lanes and 1.25 m shoulders.

Events: interactions between driver’s vehicle and cyclists.

Augmented Reality Warnings: a rectangular area that is
virtually shown next to the cyclist to indicate a safe lateral
distance (1.50 meters) that should be kept from the cyclist
by the overtaking vehicle.

AR Warning Configurations:
1. Yellow safety area following the cyclist when he moved

to the right ARY;
2. Colour-changing safety area that switched from red to

green as the cyclist completed the movement to the
right ARRG;

3. Same area with an audio warning system that was
activated simultaneously with the virtual coloured
warning ARRG+A.

The sample of drivers was tested using four drives of the scenario to investigate the effectiveness of the AR
warnings (ARY, ARRG and ARRG+A) in improving the safety of the cyclist’s overtaking maneuver, by comparing
the results of the tests with those obtained in the baseline config (namely No AR, with no AR warning activated).



✓ the driver adopted longer lateral
distances from the cyclist, with an
improvement of the risk of collision with
the cyclist;

✓ the driver invaded less frequently the
opposite lane, with an improvement of
the risk of frontal crash with the
oncoming vehicles;

✓ AR cues (especially ARRG+A) reduced
the number of drivers who interfere
with the cyclist safety area and the
opposing lane as well as the amount of
the interferences.

Case 2: Results - Cyclist Overtaking

A. Calvi, F. D’Amico, C. Ferrante, L. Bianchini Ciampoli. Driving Simulator Study for Evaluating the Effectiveness of Virtual Warnings to Improve the
Safety of Interaction between Cyclists and Vehicles. Transportation Research Record, 2022, Vol. 2676(4), pp. 436-447

Significant positive effects of the tested AR warnings in improving the safety of vehicles and
cyclists interactions by providing drivers with additional virtual warnings were observed:



Case 3: Scenario and Events - Unexpected Braking
Scenario: Two lane urban road with 50 km/h speed limit,
3.50m lanes with 4.00 m sidewalks on both sides.

Events: Several car-following conditions were simulated
with the leading vehicles (LV) travelling at 40 km/h. In some
of CF, after 200 meters, the LV suddenly braked (5.5 m/s2)
and stopped in two seconds.

Augmented Reality Warnings: three different virtual warning
configurations were tested:

1. AR warning, consisting in a flashing red rectangle that
appeared when the LV started braking, namely AR1;

2. additional orange rectangle (pre-warning) that
appeared few seconds before the LV’s braking
maneuver, namely AR2;

3. additional audible warning, namely AR3, activated
simultaneously with the virtual coloured warnings.

The sample of drivers was tested using four drives of the scenario to investigate the effects of the AR warnings
(AR1, AR2 and AR3) on driving performance and safety, by comparing the results of the tests with those
obtained in a baseline configuration (namely BC, with no AR warning activated).



✓ reduced drivers’ speeds and
deceleration rates during braking
maneuvers (-30%);

✓ reduced drivers’ reaction times (-60%);
✓ increased Time-to-Collision (+40%).

Such significant differences demonstrated the
highest effectiveness of the AR systems with
pre-warning activated; no significant additional
effects of the audible warning were noted.

Case 3: Results - Unexpected Braking

A. Calvi, F. D’Amico, C. Ferrante, L. Bianchini Ciampoli. Assessing the effectiveness of Augmented Reality cues in preventing rear-end collisions: a
driving simulator study. Advances in Intelligent Systems and Computing, 2020, Vol. 1212, pp. 229-236

Significant positive effects of the tested AR warnings on driving performance and road safety.
Such differences were statistically confirmed between the tested AR warnings, demonstrating the highest
effectiveness of the AR systems with pre-warning activated; no significant additional effects of the audible
warning were noted.



This study confirmed the great benefits that AR and connected vehicle technologies
could promote in terms of road safety, especially under risky situations and during
difficult manoeuvres which represent unexpected situations for drivers, and which signal a
potential risk condition that might otherwise not have been perceived in time.

This study demonstrated the effectiveness of a driving simulator to study and evaluate
the use of these technologies and their effects on driving performance and road safety.

The results should be considered very important for the development of driver warning

systems for all the road users, providing at the same time the automotive industry with
important information for the design of more effective in-vehicle systems to prevent road
accidents.

Conclusions
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