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Abstract

Abstract

The present doctoral thesis discusses the wayspoove the performance of driving simulator,
provide objective measures for the road safetyuas@n methodology based on driver's behavior

and response and investigates the drivers’s adaptatthe driving assistant systems.

The related research activities were carried oobllaboration with the University of Bologna, Pari
Est University and Gustave Eifel university (IFSTRAIn the form of a cotutelle PhD. The activities
are divided into two macro areas; the driving simtioh studies conducted in Gustave Eifel

University (IFSTTAR) and on-road experiments orgadi by the University of Bologna.

The first part of the research is focused on imprg\he physical fidelity of the two DOF driving
simulator with particular attention to motion cueiagd vehicle dynamics model. The vehicle
dynamics model has been developed in MATLAB-Simulend has the ability of real-time
calculation of the vehicle states and control treiom platform. During this phase of the research,
motion cueing algorithms were developed to corttiel simulator movements and the effect of the
motion cues on drivers’ behaviour was analyseduiincexperimentation. The results of these studies

are discussed in the case study | and II.

In the second part of the research, the driveropednce and visual behaviour were studied on the
road under different scenarios. The driver visughidviour was recorded with the use of a head-
mounted eye-tracking device, while the vehiclesttiyry was registered with an instrumented vehicle
equipped with Global Positioning System (GPS). Dagrthis phase, several case studies were
developed to monitor drivers’ behaviour in the naligtic environment. Case study Il aims to
integrate the traditional road safety auditing vathinnovative driver behaviour monitoring system.
The real road experiment with drivers was carrietim@an urban arterial road in order to evaluate
the proposed approach through innovative driver itodng techniques. These same driving
monitoring instruments were used for evaluating ithprovement of a pedestrian crossing at the
roundabout in case study IV. The eye-tracking dagee evaluated in both studies in order to identify
a driver visual attention indicator based on theigpants gaze position and duration.

Significant attention is given to the safety ofnverlable drivers in urban areas during the natti@lis
driving behaviour study. Case study V analyzedditieer yielding behaviour in approach phase to a

bicycle priority crossing with the use of surrogaafety measures. The drivers’ performance

15



Abstract

measures such as perception reaction time andogdwiour were used to assess the safety level of
the crossing equipped with standard and innovatigaalling systems. The improvement on the
driver’s yielding behaviour towards an un-signatize#ossing during nighttime and their reaction to

an integrated lighting-warning system was evaluatdtie case study VI.

The last phase of the thesis is dedicated to tldy sif Adaptive Cruise Control (ACC) with on-road
and simulator experimentation. The on-road expartat®n investigated the driver assistant system
influence on the drivers' adaptation with objectased subjective assessment, in which an eye-
tracking instrument and EEG helmet were used toitmiothe drivers on a highway. The results are
presented in Case studies VIl and VIII and driversual attention was reduced due to adaptation to
the ACC in the car following scenario. The resoltshe on-road test were later used to reproduce to
the same scenario in the driving simulator andatth@ptation of drivers’ behaviour with the use of

ACC was confirmed through experimentation.
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Chapter I: Introduction

Road safety engineering is a set of measuresithdbansure safety on road networks, with thelfina
goal of reducing the number of road accidents amdries. These measures address the
implementation of integrated actions considering tAe components of the road network

environment, driver, and vehicle.

According to the 2018 global status on road safetgyl traffic injuries are the leading cause oftdea
of children and young adults with the total fatalf more than 1.35 million around the world and
about 50 million people seriously injured (Worlddté Organization, 2018). Accidents have a major
impact also on the economy as a recent study ofitiné bank group shows that by reducing the road
crash by half, the long term Gross Domestic ProdGd&P) could increase up to 22% in some

countries (Bose, et al.,2018).

Considerable steps have been made towards redubmgroad fatalities, mainly with the
implementation of safety systems in the vehicles @irbag, seatbelts), However, human errors are
the main reason in occurring accidents. Studiethercrash causation by showed that in more than
94% of the crashes, the main accident contributs tle driver, from which 41% identified to have
recognition error, 33 % decision error and 11% thasperformance error (NHTSA, 2015).

Road safety analyses consider the concept of tiwnglrtask including control, guidance and
navigation. The complexity of the information preseincreases from basic control to navigation
task, whereas the safety impact of each level dsesefrom navigation to control. The driver corgtrol
the vehicle base on the visual sensory input froenrbad environment and the vehicle feedback.
These skills are mainly learned by experience aedwed automatically by the driver. The guidance

and navigation skills, However, requires cognitativity and the use of long-term memory.

The first step to analyze the driving behavioupisonsider the physiological and mental capaéditi

of the driver such as visual field, reaction tinrmemory, task prioritization and anticipation.
According to these models, the errors can be éledsnto different groups. The resource overflow
error which is due to fatigue, stress and lossgifarice may cause from the saturation of infornratio
The failure of execution of the task might alsowatue to poor coordination of task, poor perceptio
of distance or misunderstanding of the road infuastire. The error as a fault in the reasoning step

is usually induced from an unexpected event, whehdriver had not experienced before.

18



Chapter I: Introduction

The road safety engineer is responsible for apglgpecific measures on the road environment
component during the design, maintenance and dthmgaily operation of the road infrastructure.
For example, in order to allow safe traffic operatiroad infrastructure should provide adequate
quality (visibility, self-explaining, durable pavemt, protection) and must be consistent over space
(consistency of the road elements and signaling thie environment) and should be also consistent
overtime for the drivers (i.e. visual informatiodagpting to operating velocity). Therefore thera is
need for a procedure to measure the safety ofdhd since there is a significant gap between
objective and subjective safety perceived levelskf from the road users. This problem is addressed
in chapter 3, by introducing a methodology to inégg the driver behaviour (visual and velocity)

with the existing road safety assessment methods.

The road infrastructure management approach isystematic procedure for the examination of a
road project or an existing road by a qualifiechtécal expert (auditor), independent of the degigne
and the administrators. The increase in accidéataraaccident severity is one of the main indicato
These guidelines define criteria and to carry egtutar audits on the road, inspections on theentist
infrastructures, implementation of the project atatsify the roadways. Moreover, these guidelines

have the main goal to direct, coordinate activitie®Ilved in the safety process.

The standard method for road infrastructure safeiypagement starts with the ranking of the road
sections, based on accident statistics and cragird®e The analysis of road safety is a set of
checklists on projects and inspections on existé@ndstructures. The final aim is to identify sites
which could potentially carry to accidents, verifie new infrastructure's safety or adjust existing
roads, targeting investments to the road sectidtis twe highest accident rate or highest accident
reduction potential. Regular audits are not indepathdnes concerning the other, and they are part
of a cycle where activities are consequential terative aimed to obtain safety improvement through
optimized management of the road infrastructure. ddraplete cycle of activities by grouping all

activities in macro activities is shown in Figure 1:

INSPECTION ) CLASSIFICATION

NETWORK ANALYSIS _ MEASURES

Figure 1. Road Infrastructure management approdzh gs 35)
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Chapter I: Introduction

The Road Safety Review is an analysis of the custte of the road infrastructure by identifying
the sections with highest accident rate and clitgsales in order to plan the type of intervention
improving the safety level of the infrastructureor@Sidering the Italian legislation, the operating t
assess of the Road Safety Review is composed of dteps (D.Lgs 35): network analysis,
inspections, classification and intervention. Thewoek analysis consists of the state of the
motorway, road type, traffic data and accident sl This will be followed by an examination of
the geometrical and functional structure of thedro@he inspection program consists of the
programming and assigning the expert for the ra@dis of the examination. During this phase,
several parameters of the infrastructure will beesiigated depending on the stage of the project.
Among investigated parameters is visibility corahtiof the road, approach sight distance, junctions
location, number of lanes, meteorological conditjomgerating velocity, horizontal and vertical

signs, road signing, roadside barrier conditionegancy parings, etc. (Ghasemi et al. 2019).
1.1. Measuring road safety with surrogate events

The standard method for road infrastructure safetgagement is based on the accident statistics and
crash records. This method has some drawbacks asuahder-reporting accidents, lack of details in
the police report and more importantly, it requiasy observation periods. Estimating safety is one
of the greatest challenges faced by those involwesdfety research and management. It still is not
possible to confidently attribute a resulting saietprovement to any implemented countermeasure
because of the fundamental difficulty in measutimg countermeasures. Surrogate safety measures
are new method designed to study road safety basa&téntification and examination of neaniss
events that with the growing use of intelligenttsyss in the vehicles, can be easily implemented to
estimate the risk of road infrastructure.

The fundamental idea of the Traffic Conflict ThedyCT) is that near-miss events can be used to
investigate road safety instead of accidents. TQI$ potentially will reduce the time of observation
for assessing road safety and use objective measuah as operative velocity, distance and other
time-based Surrogate measures for quantifyingigk@ness of the event. The word conflict defined
as when two or more road users approach each iotlaeway that a collision is about to happen if
their movements remain unchanged. In order to iiyese the surrogate event, usually, the events
are being recorded and then analysed later usinghmusvideo analysis. The conflicts can be
recorded stationary or in-vehicle by using videsdsh observation, semi-automated or fully
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automated video analysis (Laureshyn 2010). Thentgolgical development made these data more
accessible than before with a relatively low cd$te surrogate safety measures are also being used

in driving simulator studies, in a controlled aradesenvironment that can provide robust data.

Vulnerable road users such as pedestrians, cysligter severe injuries more than protected road
users (i.e. car, bus). The angle of the approatdré¢he collision may have changed the patterns
from head-on to rear-end. For collisions involviagprotected road user, the point of impact
influences the gravity of injuries. For exampleati®n collisions are less dangerous than righteangl
collisions. Collision at higher velocity producesma severe injuries than collisions at lower vdlpci

due to a larger amount of kinetic energy relea$éeére are indications that the relative velocity of

the involved road users is a more important vagidivhn the absolute velocity values.

Researchers obtained that the riskiness level @samgthe reverse order to the frequency of traffic
interactions. The concept as a pyramid of traffierg is that the pyramid is divided into several
levels, each one representing the frequency oktkesnts. According to this model, the higher the
severity, the lower would be the frequency of thiergs. Therefore, dangerous and less frequent are
accidents at the top of the pyramid (Figure 2).

A well known surrogate safety measure is the tioneollision (TTC). The TTC is the expected time
for two moving objects to crash if they remain lait present velocity and on the same collision
course. The collision course is the necessary tiondor calculating the TTC, and it can be used to
evaluate the collision risk of various types oflistdns. The minimum calculated TTC value used
represents the riskiness of the event recordedhgitine entire event, rather than the value recorded

at the time of evasive action. The lower TTC vatogesponds to a higher conflict severity.

Collisions
Serious Traffic Conflicts
Light Traffic Conflicts

Potential Traffic Conflicts

Undisturbed Passages

Figure 2. Pyramid of Traffic Events (Hyden,1977)
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Post Encroachment Time (PET) is another surrogatlict measure refers to the time lapse between
the end of encroachment of passing the vehicletlaadime that the through vehicle arrives at the

potential point of collision (conflict zone). Theam difference between PET and TTC is the absence
of the collision course criterion. PET is easieretdract using a stationary camera as no relative

velocity and distance data is needed.

1.2. Human factor in road safety

Human Factors was introduced as a technical teroesi930 with the growing use of man-machine
systems in automation. The term human factor défasethe contribution of human to develop an
error or failure in the machine function. As alsentioned before, the human factor plays a crucial
role in road safety, since the critical reasonnfmre than 90 % of road crashes in the motorways is

driver recognition, decision, and performance ef&ngh 2015).

The road design engineer should not only compli wie requisites of the vehicle (i.e. curve radius,
stopping distance), but also should consider theedbehaviour towards the road infrastructure, and
anticipate the reaction of different road useran8mf these are related to the traffic situatiod an
maybe investigated using traffic analysis technggo¢hers are related to the human visual capacity,
spatial perception and sense of orientation whieleasential to detect obstacles, road sign afittra

lights.

The road transport system can be described witmibeel of the three key components: Driver
(human), vehicle and the road environment (FigyrelBe study of the interactions between these
components can be used to investigate the effeeadf of these components on a traffic accident
and to design assistant systems to increase rdaty.sA systematic approach to investigate the
human-vehicle-environment should consider the huptgsiological and psychological capabilities
and limitations in the design of road infrastruetand traffic management. These interactions can be
listed as:
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Environment

Road profile

: Wind grade
Traffic Road grade
Light level Temperature

Sound (Noise)
Traffic control devices f or ADAS V\\J

Driver commands

Motion cue
Vehicle states

Figure 3. Driver-Vehicle- Environment system

The interaction between vehicle and road enviroimBescribed in several technical
guidelines used by road engineer for designingeslopad radius, etc. which are mostly

calculated based on the vehicle dynamic and roddciproperties

The interaction between driver and vehicles (machime interface). The ergonomic and

response time of drivers and are taken into coraiid® by the car industry.

The interaction between the driver and the roadrenment: This is the field of human factor
specialists. These interactions are not well deedriin existing technical guidelines.
However, they are crucial for driving; such as eélg distance and depth estimation from

the human sensory system

Road engineering standards should consider hunfaavimeir, capabilities, and limitations since the
design of the road environment affect the driveatmice of velocity and position in the road
significantly. For example, the reduction on thadevidth found useful to reallocate drivers towards
the centre of the road, which gives them a recoaesq for steering errors (Mecheri et al, 2017). The
curb extension in the crosswalk could decreasdrilier’s velocity and increases pedestrian visipili
(Bella et al., 2015). The decrease in the visoalrast in the fog condition can reduce the ghdit

the drivers to estimate velocity and drivers ungingate their speed (Pretto et al., 2008) (Cagd. et
2009).

Drivers actively search for information to adapittbehaviour (velocity, position) according to the
road characteristics and perceived signals. Duitrgp, drivers should be able to quickly recognize
the main function of the travelling road and signdlhe correct application of the road signs aad ro
markings ensures road safety and affect the sm@tiawareness of road users. Road marking

characterises by properties such as retro-reflectiolour, skid resistance and durability A recent
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study in Switzerland, where the yellow marking wagsd at the zebra crossings, illustrated that the
use of glass beads material in road marking camawgpthe retro-reflectivity of the zebra crossing a
night (Burghardt et al. 2019). The colour of tload markings and the retro-reflectivity of the
pavement materials also can improve the conspitengl of the vulnerable user (Costa et al., 2018).
Additional lighting features can be used at nighttsas flashing LED curb and found useful to reduce
the velocity of the drivers (Bella et al., 2015a(®uel et al., 2013).

The workload level of the driver might influence ithg@erformance. The workload is a
multidimensional phenomenon and can affect theedrim many ways. Having a low amount of
information or overload of information both mayde@ significant errors. Information underload
decreases the driver’s attention and awarenessnidnatead to increasing velocity. On the contrary,
high workload leads to perception error or reactietay. Various measures are being used to study
the workload such as driver's eye glancing patiéMasnber of glances, duration and the location of
glances made while performing a driving task oedlily by measuring the activity of the brain using

the electroencephalographic technique (EEG).

1.3. Driving simulator and road safety

Driving simulation development started in the 66mg analogue computers and electronic circuits.
In 1965, the American Society of Mechanical Engregriblished a report outlining the development
of a driving simulator in which drivers were seated stationary vehicle cab in front of a projentio
system re-playing colour video recorded from a-veaild scene (Fisher et al., 2011). Driving
simulators can vary from very simple simulatorsigsa joystick or keyboard control with a primary
road environment displayed on a PC screen to millien-dollar Simulators with full-size vehicle

cabin and motion restitution, 6 degrees of freedmih a 360° field of view.

Driving simulators are powerful tools which allogsting complex tasks at a relatively low cost. They
are useful to study driving behaviour and represangfficient alternative to test track evaluations
Repeatability of experimental conditions, safety anst-effectiveness of the tests are some of the
motivating factors for using driving simulators.idng simulators make it easy to test and compare
different existing or new road configurations orugument. Thus, they are powerful tools to
investigate driving behaviour, allowing them toetetine how road design perceived and understood

by the drivers and how they may respond to them.
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Experimenting high-risk scenario in the virtual gomment is the main advantages of driving
simulators. They provide total control over the wiated events in a safe environment. It is possible
to present the participants with driving tasks thiatild be challenging to study on a test trackher t
road, either because they are dangerous, or thely ccur. For instance, driving simulators can be
used to study populations at risks such as elqetiestrians or scenarios with traffic congestion.
They can also be used to investigate the drivatigde, impairment and medical issue. The driving
situations can be reproduced as many times as deaol@ this facilitates behaviour comparisons of
several participants in the same scenario. Drieedlback to the virtual environment and driving
performance measures such as steering wheel, pegas change can be recorded using high-

frequency sensors.

When it comes to a driving simulator, the advarnsegye related to the possibility of bypassing road
tests with real vehicles. However, the fidelitytoé simulator must be ensured, so that resultisan t
driving simulator are comparable with those obtdingh a real vehicle. In other words, the driving
simulator needs to be validated. This is a veryartgnt step for generating meaningful test and the
credibility of the simulator experiments for roaafety studies. This validity can be investigated by
comparing the behaviour of the drivers in the satad (behavioural validity) by comparing with a
similar scenario in another simulator or a reatire&periment (relative validity). Another validation
method could be done by comparing the physicalatei (i.e. velocity) in a real and simulated
environment. Statistical methods such as analysaridnce (ANOVA) or correlation analysis must
be used to find the statistical significance betwi#e simulated and real road test results. Inase |

chapter of the thesis, some of these aspects waresdied using surrogate safety measures.

1.4. Thesis Contribution

This thesis advances the state of the art in timeanevehicle-road interaction and proposes design
solutions for enhancing road safety based on tiverdt performance and objective measures.

The main focus being on the drivers’ braking arelding behaviour and the thesis aimed to enhance
the understanding of the drivers’ performance tghowarious designs and stimuli on road and
followed up by simulation. Another major contrilmut of this thesis is the experimental work on the
motion cueing platform and the impact on human ldejgtance perception in the virtual

environment.
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The drivers' adaptation to the automation solutisasother topic covered by this thesis, in patéic
for the car following/braking scenario with the ugeAdaptive Cruise Control (ACC). An original
approach for estimating the human visual distracti@as used in the thesis and the proposed

methodology was applied to the real road and sitiulaxperimentation.
1.5. Thesis outline

The thesis is structured in five chapters and aighe studies at the end. Chapter 1 is an intrimatuct

to the thesis. chapter two is focused on the veldghamic model and the motion cueing platform
and presents two original case study on the mgt@neption of drivers in the simulator. In chapter
3, Innovative road safety measures and the addamomitoring technologies for road safety audit

is presented with two case studies. In chaptdrelstirrogate safety measures were used to compare
design solutions at pedestrian and bicycle crossitiytwo case studies And n Chapter 5, the driver
adaption to ACC in a car following scenario wasestigated, using a microscopic traffic simulator

and on-road investigation with two case studies.
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CHAPTER I

VEHICLE DYNAMICS AND 2DOF MOTION
PLATFORM IMPROVEMENT IN THE
DRIVING SIMULATOR
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Driving dynamic task (DDT) is defined as all thalrime operations and tactical functions required
for operating a vehicle on the road, excludinggbkection of itinerates and trip scheduling that ar
strategic. The operations such as lateral vehiadam control via steering wheel (operational),
Longitudinal vehicle motion control with pedals évptional), Monitoring the driving environment

(via object and event detection), recognition, sifasation, and response preparation (operatiomal a

tactical), object and event response executionrédipp@al and tactical), Manoeuvre planning
(tactical), enhancing conspicuity via lighting asmnalling (tactical) are all considered as the
dynamic driving task (SAE J3063, 2015).

Vehicle dynamic model (VDM) is in charge of simutaf in real-time the entire vehicle states that
during dynamic driving task are necessary for thinedr This information later is being displayed on
the dashboard (i.e. velocity, rpm), through a Hummacthine-Interface (HMI) or use as input for
visual, sound or motion cueing systems. The vehdymamic model depends on vehicle
characteristics such as the engine, braking sygjear,shifting system, suspension and even driving
assistant system or cabin control. This makesmgigimulator an important research tool for vehicle
manufacturing companies to test their vehicle desigd provide useful information for improving
the design of the road infrastructure.

The visual cue is the primary source of informafi@nmonitoring and event detection; however, the
motion and proprioceptive feedback of the vehiddhe input signal is giving information to the
driver to adapt his control input according toeéicle performance. The movement of the simulator
can enhance the driver perception in the virtugirenment with the correct motion according to the
visual stimuli. However, reproducing the full-scalecelerations of the real vehicle is very codtly i
not impossible, and therefore, motion cueing atpars should be used to reproduce the motion in
driving simulators. The motion cueing algorithm siige vehicle states (in real-time) from the veshicl
dynamic model and performs calculation considenagan vestibular perceptual limitations.

This chapter first explains the simulator architeetand the vehicle dynamic model used for the
simulation. Different gear shifting systems wer@iemented to investigate driver behaviour. Finally,
experimentation involving participants conducteddst the simulator motion in different sessions.

All the activities in this chapter are case-studlydt you can find in the annexe.
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2.1. Simulator architecture

The choices of the structure and motion baseh®BIMU-LACET driving simulator are motivated
by the necessity to produce sufficient perceptidmlevdriving as well as by financial design
constraints. Thus, the objective of the simulatanjgrt is not to reproduce all of a real vehicle’s
motions, but only the longitudinal movements omggyrand yaw, which makes this a 2DOF driving

simulator.

The component of the simulator and connections é&twthem is illustrated in Figure 4. The
acquisition system is composed of an industrialroziontroller and has both analogic and digital
input/output. This allows the control of the actuatin the desired position, velocity or torqueeis
for the steering wheel force feedback). A bidiretl information exchange protocol is defined
between this electronic board (I/O) and the PCsicdéell to dynamic simulation and traffic
simulation. The communication is performed thro@#kN port between the electronic board and the
XPC target.

1. XPC Target This PC is connected through a CAN interfacedtliyeto the I/O board. This
board communicates to the MATLAB PC and the achsatti is also linked through an
Ethernet connection to the Traffic model PC.

2. MATLAB-Simulink PC: The Simulink interface is installed on this PGhithe vehicle model

and the real-time simulations are being contrditech this PC.
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WAt CAN/BUS ACTUATOR
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—

DRIVERS
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Figure 4. Driving Simulator Architecture and Connections
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Figure 5. Visual cueing unit (View from the driver seat)

4. Sound cueing PC:The sound cues such as road-noise, engine, athific tduring the
simulation is simulated using this PC which corssidtsoftware managing the sound effects
during the simulation. It works with a sound cardunted under the platform, while the
speakers which are mounted in the motion cabirockmre the sounds;

5. Traffic Model PC (Dr2) This computer simulates the road environmenffi¢rand the
driving scenario. The software ArchiSim2 is used ttog programming of the traffic and
allows different time, distance or velocity crieto be used for the simulation of the events.

6. Visual Rendering Unit Three Computers are connected directly with PZ dnd broadcasts
The pictures on three fixed screens visual cueingnted on the cabin. The screens are 4K
resolution and 100 Hz frequency (Figure 5) prowgdi80° of horizontal and 36° of vertical
Field of view (FOV).

2.3. Vehicle dynamic model (Matlab-Simulink)

The vehicle dynamics model, responsible for catoujathe response of the vehicle based on the
driver control input, is implemented on MATLAB-Sitmk software and can be modified and
controlled with the same interface software. Thehigle Dynamic Model shows the relations
between the different parts of the vehicle model graphical format. In this way, the various irgout
can be traced graphically and the relations betwieemputs are in MATLAB script format. Each
of the different models has sub-layers to makesthmulation work and to show the relative outputs
of the different parts of the model. As mentionetbie, this model should represent vehicle motions
and control feel conditions in response to drivantml actions, road surface friction conditionslan
aerodynamic disturbances. All required vehicle bsstt is computed in real-time for commanding
the visual, motion and sound simulation systemadufition to the vehicle model, the motion cueing
algorithms and the commands to the actuators acecaintrolled and can be adjust/modified in the
MATLAB-Simulink model.
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The proposed dynamic vehicle model is nonlineae Jéhicle model allows the determination of the
virtual vehicle states according to the driver’steohinput. The vehicle dynamic model concerns the
computation of the dynamics and the kinematics #&gnation of the driver input and the road
characteristics. The model contains as main infhgscommands (Throttle, Clutch, Brake, Gear.)
which influence the longitudinal control of the web and the steering as the lateral control input.
The kinematic elements can greatly influence thieicke dynamic behaviour. This is due to the
existing interconnection between different partshaf vehicle. Due to the complexity of a complete
vehicle, the model is limited to four interconnec®ubsystems: the chassis, the suspensions, the
wheels and their interaction with the ground. Thkigle characteristics used in this simulator bglon

to the Peugeot 406. The engine is simulated ubmggal engine dataset from the Peugeot 406 engine
characteristics (engine torque curves, clutch ppdaition, accelerating proportioning, etc.). After
updating the vehicle’s state, the relevant resuitifigrmation is sent to the cabin’s dashboard and t
the traffic model server. The platform is equippéth several sensors and electric board in order to
have information feedback on the control systertesta he vehicle model based on the Peugeot 406
and is implemented in the MATLAB-Simulink. The mbdé&er compiling computes the states of the
vehicle with the frequency of 1000 Hz. The outptithe vehicle model is necessary to send the
location of the vehicle to the virtual environméwisual) and the longitudinal acceleration and yaw

rate are also necessary to reproduce the cabiomoti

In this model, the vehicle is considered as one hwitty 6DOF (surge, sway, heave, roll, pitch and
yaw). The engine part is modelled by a combinedhaeical and behavioural approach based on the
vehicle’s general characteristics (engine torqueesj clutch pedal position, throttle, etc.). Ea€h

the blocks in the Simulink model is for modellinglifferent part of the vehicle dynamics as shown

in Figure 6.
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Figure 6. Vehicle Model sub systems
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The modelling of all the processes that take plase&le an internal combustion engine is very
complex and it requires many parameters which areasy to obtain. Moreover, the objective of the
research does not require high precision in thactdon. The choice is to use the cartography ef th
engine given by the constructor. This kind of 3ablé requires at the input, the acceleration nate a

the rotational velocity of the motor and providetatoutput, the engine torque.

The engine model needs to consider the clutch, gakrque, gear transmission and throttle position.
The clutch and throttle model are shown in figur@wo thresholds are set on the clutch pedal rate.
These two values have been defined directly orstimellator. The rate of pressure is measured in
percentage, where 100% corresponds to the clutbhdtéssed. Between the two threshold values,

a linear relationship between the percentage afsore and the transmitted torque is supposed.

Peugeot 406 - Engine cartography

Engine torque [daN]

Acceleration pedal [%]

Engine rotational velocity [tr/min]

Figure 7. Vehicle Model Blocks

2.3.1 Vehicle Trajectory calculation

The vehicle motions are defined concerning a rigintd coordinate system (fixed with the vehicle)
which originates at the centre of gravity and tlevaong with the vehicle. Vehicle motion is
described by the velocities (forward, lateral, i@t roll, pitch and yaw) concerning the vehiabetl
coordinate system, where the velocities are refexctne the earth fixed coordinate system (Figure
8).
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Vehicle attitude and trajectory tough the coursenahoeuvre are defined concerning a right-hand
orthogonal axis system fixed on earth which is Uguselected in the way that coincides with the

vehicle fixed the coordinate system at the pointreltee manoeuvre is started.

Table 1 Vehicle Fixed Coordinate System

Vehicle Fixed Coordinates @R | Definition
X Forward and on the longitudinal vehicle plane & sgmmetry
y Lateral out the right side of the vehicle
z Downward with respect to the vehicle
P() Roll velocity about the x-axis
qg( ) Pitch velocity about the y-axis
r¢ ) Yaw velocity about the z-axis

Table 2 Earth Fixed Coordinate System
Earth Fixed Coordinates (R | Definition

X Forward travel
Y Travel to the right
Z Vertical travel (+ downward)

Heading angle (angle between x and X in the grquiade)
Course angle (angle between the vehicle’s vel@sity X-axis)

Sideslip angle (angle between x-axis and vehicletocity
vector)

Projection of
X Instantaneous Velocity

A Heading Angle—, x Projected

Course Angl v
(Positive)

Vehicle Path

~
Sideslip Angle,
(Neg. angle shown)

y Projected

Vertical :
z
Y

Figure 8.a. Vehicle Fixed Coordinate System; b. Earth Fixed Coordinate System.

The relationship of the vehicle fixed coordinatesteyn and the earth fixed coordinate system is

defined by Euler angles. Euler angles are givea bgquence of three angular rotations. Beginning
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at the earth fixed system the axis system rotatmsnd the yaw (z-axis), then in pitch (y-axis) and
then in pitch (x-axis). In order to transform fibeed coordinate system “RO to the centre of gravit
coordinate system “Rc”, a transformation matrix trhesconstructed “Tr”.
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Figure9.a. Rolling effective radius; b. Forces actingtbe wheelg. contact and speed and angular s

Considering a simplified motion dynamics of a geastehicle, the longitudinal dynamics may get
calculated for braking and acceleration phase ubiegffective rolling radius (Re) assumed the same
for all the wheels (Figure 9). The single-wheekiimg model is composed of a single wheel of radius
R which moves longitudinally with a contact velgcnf “ ” and angular velocity of “”. The
longitudinal force “Fx”, is calculated from the wieal reaction force "Fz” which balances the weight
on the wheel, The breaking torque “Tb” and the ttomctorque “T” from the motor. Applying
Newton’s law to the wheel dynamic model gives usftil®wing equations of the motion for the
quarter vehicle, Where “Jw” and “Re” are the ireeréind effective rolling radius of the wheel

respectively:

-k (3-3)
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2.3.2 Vehicle Longitudinal sliding model:

The generation of the forces in the wheel road rhisdalways leads to some sliding in part of the
contact zone between the wheel and the road surfadengitudinal tractive force produces at
wheel/road contact point when the tractive torgsieapplied on the wheel and respectively a
longitudinal braking force may apply by applyingthraking torque on the wheel. This relative
motion determines the wheel slip properties, whiclongitudinal motion can be characterized by:

2 ;
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The longitudinal slip “” is negative in case of braking and positive isecaf traction. “ =0", implies
the steady-state free roll situation and if it leec“ =1" means that the wheel is completely locked.

Very large values of “” may happen when driving on very slippery roadstekal slip is also defined
as the ratio of the lateral velocity to forwardaaty of the wheel. Where * is the lateral slip angle

for each wheel and théy and ix are wheel lateral and forward velocities.

9 KB L X (3-7)
' I(
To take into account the combined slip conditiohgw of the braking (or accelerating) slip effects
integrate with the lateral slip, some modificati@rs needed in the tyre model. This is done using
the elliptic approximation; the wheel slip raticais follow:

9 Mg 9N (3-8)

Several types of research developed to describe¢iaehaviour with two main approaches; physical
and empirical models. Physical models are more cexnghd use finite element methods (FEM)
which are time-consuming and are not suitabledal-time simulation. In this model, the Burckhardt
model is being used with the dry condition, witk possibility of changing the pavement condition.
Burckhardt method is based on a set of factorsghviaary according to the type of the road surface
type. The friction or adhesion coefficient is defihas the ratio of the frictional forces actingtioa
wheel plane depending on the normal wheel force:

9 ' C9 ' R R SWY pog STWWZ g penN (3-9)

Where:
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C1: the maximal value of the friction curve: C1-8.2

C2: corresponds to the shape of the friction cuB2=23.99

C3: the difference between the maximal value offticdon and 1. : C3=0.52
C4: depends on the maximal velocity of the whe€4=0

C5: represents the influence of the vertical loadhe wheel. C5=0

2.3.3. Vehicle lateral sliding model

The steering wheel block computes the angle ofribvet wheel based on the commands from the
cabin. To have a realistic simulation, the steedngle and the wheel angle from a real vehicle was

estimated as follows:

\y _KIHADEHEFJ RE (3-10)

In order to calculate the side slip angle, thelsitgack model (bicycle model) is developed in erde
to find the geometrical variables of the laterahayics model (Figure 10). Using this simplified
model, only a single tire sideslip angle is caltedifor the left and the right wheels, given as:

. b (3-11)

L Cqe (3-12)

-, b 'y ha ', ', Dia (3-13)
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The equations of the motion are based the singléktmodel in planar motion. Where r is the yaw
rate, u and v are longitudinal and lateral veloamtyrRc frame. The equilibrium must hold in lateral,
longitudinal and yaw direction with the force oéttires and the moment acting on the vehicle

2.4. Motion cueing platform:

The motion cueing platform is composed of two safgastructures and drives. The longitudinal rail
is located on the top of the rotating circular fodah. The longitudinal upper structure can move
linearly along the rail. A pulley-belts system isifmg used to move the cabin powering from a
brushless servo motor (SMB 80). The lower struchrmvides yaw angle cabin rotation by using a
circular platform in which the servomotor directiytates the upper structure with wheel support in
the front of the cabin. The vehicle motion simwatstructure is shown in Figure 12. The participant
in the driving Simulator cabin gives control ingtdm the steering wheels and pedals to the vehicle
dynamics model which generating the vehicle stalégese states then will be used to mock the
desired motion cues on the platform using the matigging algorithm. Two actuators generate the
motion in the two degrees of freedom space of #i@nc(yaw and longitudinal) using the desired

platform states.

Motion cueing algorithms (MCA) render the physioadtion of the simulated vehicle in real-time to
provide a multi-sensory environment for the drigfégure 11). The MCA goal is to: Keep the motion
platform within the physical boundaries, stimulatithg motion cue within the driver perception

threshold and return the platform to its neutralioms

Cabin Vehicle Motion Platform
Control |———— 3| Dynamic » Cueing |——»| motion
Input Model algorithm

Figure 11. Motion cueing algorithm implementation
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Figure 12. Simulator cabin and motion cueing platio

2.4.1. Motion cueing algorithm

The classical algorithm was the first motion cueaigorithm for simulators, initially used in the

6DOF flight simulators at NASA Ames Research Cenfilge first motion cueing algorithm only

rendered the high-frequency domain, whereas thensleeersion introduced the cueing of the low-
frequency domain through the tilt-coordination. Niedess, the physical limitations of these first
hexapods were considerable, and because of thatakienal displacement was very poor and since
all the motion had to be cued, the parametrizatidhe algorithm was highly conservative and made
considering the worst-case scenario, penalizingegbeof motion cueing. Nowadays, technological

progress and advance knowledge of this algoritheraame these problems.
A non-linear scale factor was introduced and im@etad for both surge and yaw motion
The non-linear scale factor is then obtained as:
i) =Kl ' mio’py S TLO (3-14)

Where=Kl pn = Maximum inputf’ ,, = Minimum scale factorp, = Input Acceleration;x = Scale
parameter and the scaled inpskl is, wheresp = Acceleration input at i-time and, = Scale

factor calculated for the inppt.

j sk ' 1 a<py (3-15)
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In this way, fixing the maximal acceleration ane thninimal scale factor to be applied to this
acceleration, the procedure generates each time anoe-linear exponential equation to calculate
the scale factor to be used for each input.

For calculating the longitudinal acceleration inpednsideringp ¢ 86t<7, beingQy, in the

dynamic model 0.8, ,, = 0.5. As a result, the exponential form to catellthe scale factor is:

j- / < TutuvwXagn, (3-16)

And for the yaw motion input, with the absolute nmaxm yaw rate for the limit case of ISO chicane
at 100 km/h is 22.1%s, and usingFmin = 0.5 the scale factor is

i, g TuuxQxdy (3-17)

The classical algorithm is developed by the contimnaof the washout and tilt coordination
algorithm. The filters separate the frequenciegheflinear acceleration for the displacements and
rates for the rotations in high-frequency composamid low-frequency components. It is by treating
those that the classical algorithm cues a motiornpatiiole with the limits of the platform. First, thig
pass filterF1 passes the high-frequency components of the ssagjedl. These components represent
the transitory component of the signal, namelywidugation of acceleration. A typical representation
of the filter through the transfer function of a&ged-order problem is the following:

Ye (3-18)

X < «X  (=KL|
Noz{2g <2

where:, k1 = Gain;, 1 = Second-order system undamped natural frequeneyDamping ratio.

Vehicle linear Scale High-pass filter 1 High-pass filter Translational
acceleration factor F1 52 Washout F2 motion

Figure 13. Classical Motion Algorithm for Translatial Motion

The first high pass filteF1 only collects the transitory acceleration; Thignsil is then double
integrated for the acceleration of integrated diocehe rate to obtain the position. A second high-
pass filterF2 is then applied to this signal, which is callesvashout filter. This filter allows the
platform to bring back the cabin to its initial jfem after each transitory acceleration. It is by
regulating the parameters of both filters whiclpassible to control the time needed to bring back
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the platform to its initial position, the amplitudéthe signal and therefore also the space usékeby

platform.

When adjusting the MCA, it is important to defife pparameters so that the perceived accelerations
are not inconsistent with the rest of the motibie, $o-called false cues. These reduce the quality of
immersion and create a degradation of simulatedcleehdontrol. This incoherence in motion
perception can be removed by regulating the filtersgeneral, it is possible to distinguish three

principal sources of false cues:

Post-filter acceleration exceedance

After applying the high-pass filter to the simulthi@cceleration or rate, the filtered signal teras t
follow the simulated signal in the transitory phastereas it vanishes when it comes to continuous
accelerations. However, when the acceleration fi@sisan incoherent perception could be generated
because of the motion conflicting with the restled simulation. Therefore, the overflow must be
under the perceptive motion threshold of the vestibsystem.

Platform return to the neutral position

The washout filter purpose is to bring back thetfptan to its neutral position when continuous
components of the input occur. However, the platfdisplacement to its neutral position might alter
the perceptive coherence on the simulator. If tafgrm is moved in the opposite direction of the
vehicle simulated motion with higher amplitude rthine perceptive threshold of the vestibular
system, a sensorial incoherence between visuag¢pigoo and motion perception might occur;

Sudden changes in input acceleration

This is a case typical of the longitudinal motigenerally, in this driving situation, protracted
braking is generated. In the stopping manoeuveeatiteleration goes from zero to a negative value,
while the filter allows the driver only to perceitbe transitory component. In the continuous
acceleration phase, the acceleration remains negatnd the driver does not perceive any inertial
effect. However, at the end of braking, the velscEEmulated acceleration is characterised by a
relevant jerk, going from negative to positive. Migual world of the simulation displays a vehicle
perfectly still, while the platform cues a negataezeleration. This situation might be perceived as

incoherent and creates unpleasant feelings inritierd
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2.5. Case- Study |

The vehicle modelling is a very important partteé driving simulation studies. The longitudinal and
lateral sliding models, type of the surface, engiower and the assistant systems in the vehicle can
change the driving simulator experience and driypagformances.

The case study | aimed to describe in brief theatelmodelling used in the simulator and focused
in particular the effect of different gear changstem on driving behaviour in the motion cueing
simulator. The motivation of the experiment fourfitg¢iaobserving that drivers had difficulties to use
the correct gear in the simulator. Therefore défergear shifting scenarios were developed in the
simulator to see if the various gears shifting acenwould alter the motion perception of the
participants. In addition to the manual gear si®ibund gear shift assistant (Beep session) was
developed. A beep sound is implemented to be detivahen engine rpm was more than 4800. In
this way, not only very high RPMs are avoided,thetdriver was instructed to change the gear when
changing the gear. The automatic gear change iemgnted, that was automatically changing the
gears so that the RPMs stay in the identified id@adge of 2000 > rpm > 4300.

The following scenarios were tested with 19 pgpiaits in the driving simulator with the drivingkas

involving car following and braking, 2 chicanes amee overtaking manoeuvre.

1. Manual Sessionin this session, the participant is free to adbptgearing strategy
2. Assisted Sessioin this session, the sound gear shift assistaattivated;

3. Automatic Sessiann this session, the participant uses the autergaar change

2.5.1. Discussion:

Drivers were adapting their behaviour with differgear shifting system in the simulator study. The
result of the experiment did not show a significdifference by the repeated measure ANOVA
significant test between the sessions for the stligidicator, namely maximum lateral, longitudinal

acceleration or the RPM of the engine. The sam@tatian might be seen when drivers using
different vehicles in the real road, meaning thatpite different performance and features of the
vehicles, the drivers can control the vehicle inrtbeed environment. The results are essential ®r th
authors for the validation of the simulator perfamoe and the 2DOF motion platform.
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2.6. Case Study II:

This experiment focuses on the driver's evaluatbthe longitudinal motion in the car following
scenario. The test features three sessions, agacmone of them, one of the MCA is implemented
to reproduce the motion cues. The whole experifastd about 40 minutes, including 10 minutes of
familiarization with the test. During the test sagn, the participant has to follow the lead vehicl

two lanes highway After 4 acceleration and 3 deeélen phases, the simulation ends when the

subject reaches again the lead vehicle (as shovgure 14).

| Acceleration | 0—350 50—100 : 7 70—120 | [ 45—80 '

ﬂﬂ' "- R ial
Deceleration 100—70 120—80 80—45 ’

*Speed = km/h

Figure 14. Lead vehicle velocity profile

Three different algorithms, featuring three diff@reansfer functions of the scaled acceleratiawgeh
been implemented for the longitudinal case. Therélyns structures are shown below. Each session
on the driving simulator is evaluated concerningiorotueing by nineteen subjects employing two
guestionnaires. Both the questionnaires use a tLdale, a psychometric scale usually involved
when the rating is questionnaire-based. It aimsttthe participants specify their level of agreaine

or disagreement on a usually symmetric agree-cégaggrale for a series of statements, capturing the
intensity of their feelings. By the strength ofithegreement, it is possible to evaluate the sassio
Likert scale is also used featuring other chargttes, as in the first questionnaire. This onéhes
Simulator Sickness Questionnaire (SSQ) developéaddmnedy featuring a four-points Likert scale

to evaluate how much a symptom is affecting théippant after the session (R.S. Kennedy et al.,
2003).

1. Motion Cueing Algorithm t Fourth order MCA

High-pass filter F2

High-pass filter F1
gh-pass i Washout

Vehicle Non-linear s7ky 1 . s%ky Cabin
acceleration scale factor 524 20w + @l s2+ 20wy + @l position

(%]
()
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2. Motion Cueing Algorithm I Fourth-order transfer function with non-lineanfRend

High-pass filter F1 Inconsistencies ~ High-pass filter F2

Management Washout
Vehicle Non-linear 5%k 1 5%y Cabin
— M. = v, bi
52 52 4+ 20w + w? position

acceleration scale factor ‘ s2 4+ 20 w; + w? |—~

3. Motion Cueing Algorithm IlI: Third-order transfer function

High-pass filter F1 High-pass filter 2

Washout
; _. 77 )
Vemcfe_ Non-linear s%ky i sk, Cafb{n
acceleration scale factor s? 4+ 20wy + of 52 s+ w, position

2.6.1. Discussion:

The results of the case study Il showed that lowigial motion cues might affect the driver’s
perception of the distance in the car followingraréos using independent T-test statistical tébie

use of different motion cueing algorithm did nofeat the driver's performance in the driving
simulator; however, the drivers were more satisfseth motion algorithm Il and the Friedman
statistical test confirmed the significance of tiiéerence in the answers of the questionnaires. It
worth mentioning that the preference of the motiaring in the simulator was different from the

participants and might be affected by their exptemta.

The result of the case study Il was found very irtgoat for the choice of motion cueing algorithm
and parameters in the simulator and showed the risapee of motion cueing for the distance
perception and immersion of the participants in dnging simulator study. The driver’s braking

distance had a significant variation in the abserfi¢tkee motion with comparison to the motion cueing

sessions.

The reaction time of the drivers was investigatedhie car following scenarios but no significant
difference was found in the result. This is suggesthat the driver’s cognitive and motor skill was
not influenced by the motion and therefore the &won remains effective with different motion

cueing condition to study the human performancesoes in the man-machine interface system.

The outcome of the case study I, motivated théd@uto study the driver visual behaviour in the

simulator to investigate driver visual and perfono&in the car following scenario in the last cleapt
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Chapter Il

THE INTEGRATION OF HUMAN FACTOR IN
ROAD SAFETY USING INNOVATIVE
TECHNOLOGIES
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The Road Safety audit consists of standard safetlysis of the current state of the road infragtrec
that should carry out by experts and it includésted states of the road project, from the impact
assessment, project level, design, pre-openingeaed plan for maintenance and interventions.
However, road interventions are rather expensideugnally prioritise at locations with high accitlen
history.

Accidents are rare, random and multifactor eventsas much important as to solve the problem in
the high accident areas, it is important to prewaetn. This chapter aims to provide objective
measures that can be used in the evaluation ddsinfrcture safety at the operating level. The
technologies were used during the study are canigealetailed and objective measures with a
relatively low cost. An essential advantage offifesented method over the traditional method is tha

the driver perspective towards the road is beingstigated together with the expert point of view.

Two case studies are presented in this chaptastast the importance of the human factor in road
safety by experimentation. In the case study ik, ¢tlassical road safety review of an urban afteria
road has been carried out and integrated withtikerdobservation techniques and vehicle trajectory
measurements. The innovative measurement techeslaged to observe the driver behaviour (eye-
tracking) and vehicle trajectory monitoring (witktended modules) are explained in detail with the
driving performance measures that were found #fieesynchronization of the two instruments. The
case-study IV is the before/after the interventdan urban road in the residential area with saver
roundabouts and pedestrian crossing. The behawfdhe drivers in terms of visual fixations and the
operative speed were investigated for the stucdetians.

3.1. Road infrastructure safety management approach

The road safety impact assessment is the firstafteymy infrastructural project. At this level, the
initial planning stage before the infrastructuralsimdicate the road safety considerations which
contribute to the choice of the proposed solutimviging all the relevant factor for a cost-benefit

analysis.

The road safety audit is considering road at déffietevels. As draft design, the geographical iocat
together with seasonal and climatic conditions sedmic activity is being reported in the report
together with the types of and distance betweectijoims, number and type of lanes, kinds of traffic

admissible to the new road, functionality of thedaa the network, meteorological conditions,
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driving speeds, cross-sections, horizontal andoatralignments, visibility, junctions layout, pudl
transport and infrastructures and possible roddleaiel crossings. The detailed design stage
considers the layout, coherent road signs and mgskithe lighting of lit roads and intersections,
roadside equipment, roadside environment, fixedtamless at the roadside, safe parking areas,
vulnerable road users, a user-friendly adaptationoad restraint systems. Ciriteria for the pre-
opening stage consist of the safety of road usedsvasibility under different conditions such as
darkness and under normal weather for readabilityoad signs and markings condition of
pavements. The early operation measure is beirepsasd based on road safety in the light of the
actual behaviour of drivers and audits at any stagg involve the need to reconsider criteria from

previous stages.

Article 5 of the Directive 2008/96/EC of the offatjournal of the European Union is providing a set
of the manual for the safety ranking and managerottite road network in operation. The high
accident concentration ranking and network safekings should carry out at least every three years
and has to meet the criteria. The network safetiing is evaluated by expert teams using sitesvisit
and plan for intervention considering the benafi$tcratio. The road sign is important for situation
awareness and anticipation of events during daynagiat, the signs should be visible during both
day and night and set up at a safe distance fromotee Any sign system should comply with the

provision of the Vienna convention on sign and algrof 1968.

Regarding the procedure of the network analysesfitht step is the identification of the road sats
with high accident concentration should be ideadiftaking to account at least the number of fatal
accidents per unit of the road about the voluntéetraffic, or based on a number of the intersecti
The second step is the identification of the sastitaking into account the potential saving in the
accident casts. For each category of road, sadddyerfactor such as accident concentration, traffi
volume and traffic typology should be considered.

The thirds step is the evaluation of the experntsde visits. The expert should provide a desicnipt
of the road section considering a reference ofiplesprevious reports, the analyses of the accglent
reports, including fatalities and severely injungelson and provide a set of potential remedial

measures for implementation with different timessahs follows:

- Removing or protecting fixed roadside obstacles,

- Reducing velocity limits and intensifying enforceme
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- Improving visibility under different weather anglit conditions

- Improving the safety condition of roadside equiptrerch as road restraint system

- Improving coherence, visibility, readability and pgms of road markings (incl. application
of rumble strips), signs and signals

- protecting against rocks falling, landslips andlaaches

- Improving grip/roughness of pavements

- Redesigning road restraint systems

- Providing and improving median protection

- Changing the overtaking layout

- Improving junctions, including road/rail level ceisgs

- Changing the alignment

- Changing the width of the road, adding hard shaslde

- Installing traffic management and control systems,

- Reducing potential conflict with vulnerable roactss

- Upgrading the road to current design standards

- Restoring or replacing pavements

- Using intelligent road signs

- Improving intelligent transport systems and teléosatservices for interoperability,

emergency and signage purposes.

The accident report also is considered in the szdéty review, where accident should be reported
as precise as possible with picture, date and dibilre accident, containing information on the road
type and detailed on the section together withstheerity level and details of the involved persons
and vehicles.

3.2 Vehicles trajectory monitoring and sensor fasio

The observation method used for measuring the itgland the position of a vehicle in motion is the
VBOX data acquisition system using high-performa@&s receivers (10 Hz), by which VBOX can
record GPS velocity measurements, distance, aateler heading, slip angle, lap times, position
and record video with HD quality with 30 frames gercond (fps). Figure 15 is showing a drivers
velocity profile during the track and the alloweglacity in the track.
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Speed Profile

speed (km/h)

0 277 671 1010 1366 1688 2065 2473 2699 2912 3272 3618 3974 4180
Distance (m)
—allowed speed ——driver speed

Figure 15. Allowed velocity and driver velocity fil®

3.3.1. Vehicle data integration with the VBOX (us@BD 1)

The vehicle that used during the experimentatiothis chapter is a Ford Fiesta, some of the data
from the central computer of the vehicle is avddaba the OBD-Il connector, this uses the standard
pins of CAN High on pin 6 and CAN low on pin 14. &lavailable CAN channels with units of
measure are reported in Table 3, For this studylyaed parameters are (results will be explained in
Chapter 5):

Table 3 OBD available data from OBD Il

Signal Default Units
Accelerator Pedal Position %
Air Temperature 5C
Battery Voltage Vv
Brake Position %
Brake Pressure bar
Clutch Position on/off
Coolant Temperature °C
Engine Speed rpm
Gear Requested
Handbrake
Indicated Lateral Acceleration g
Indicated Longitudinal Acceleration g
Indicated Vehicle Speed km/h
Steering Angle °
Wheel Speed FL km/h
Wheel Speed FR km/h
Wheel Speed RL km/h
Wheel Speed RR km/h
Yaw Rate oI5
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During the test, in order to evaluate the velocayried out by drivers, GPS data have been used. In
some part of the track, in particular, where thesn underpass, GPS data were lost for some seconds
An example is shown below in figure 16. In thisesae significant variation between the real value
of velocity and the GPS recorded value can be $e@mnder to correct with this problem, the velgcit
from the sensor located in the wheel (OBDII ) wasdi The CAN data provides some of the vehicles
states such as accelerator pedal position (pegentangine velocity (rpm) and each wheel speed

that are recorded during the test with the frequeid 0 Hz.
100

™
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Figure 16. Velocity profile of one driver with @st of GPS signal

Manual Record Button

RACELOGIC

System LED's SD Card Slot

Figure 17. a VBOX HD2 data recorder; b. IMU and G&8enna (roof mounting)

An inertial measurement unit (IMU) is also integatvith the VBOX, The IMU is able to measure
longitudinal, lateral and vertical accelerationveall as rotational speed yaw, pitch and roll. the
recording frequency is set to same timed CAN motle ¥0 Hz frequency. The IMU has to be fixed
on the roof of the vehicle and is providing rotaabrate resolution of 0.014°/s and acceleration
resolution of 0.15 mg. The IMUO4 should be rigidiypunted on a flat surface, mid-way along with
the vehicle wheelbase. The securing bolts shoutijhtened to a maximum of 1.5 Nm. It should be
positioned as much as possible to the centre ofe¢hele and in the direction of travel. It is also

important to mount the sensor so that it is leviéhwhe ground
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The data format in driver polled and time CAN mad&MUO04 has 7 channels; Yaw_Rate (deg/sec),
X_Accel (g), Y_Accel (g), Temp (deg C) ,Pitch_Raled/sec), Roll_Rate (deg/sec), Z_Accel (g)

Figure 18. IMU sensor
3.3 Eye-tracking

The Mobile Eye (ME) is an instrument used for monitg and tracking the human eye movements.
The ME used for recording on the experiments inctee studies Il and IV are the Head Mounted
Unit (HMU), consisting of a camera dedicated omlythie eye and a camera that captures the scene
of the external environment. The camera dedicateld eye (eye camera) records the pupil picture,
while the camera dedicated to the external scendra scenes) records the surrounding
environment as observed by the driver. The eye asees the reflection of the eye from a warm
mirror that is capable of reflecting the infrargumbstrum but not the visible light so that nothimgnc
obscure the normal field of view of the subjecte ®oftware use triangulation from spot cluster to
calculate the position of the gaze and the findéwiof the eye and the environment are sampled at
30 Hz.

Cps — S -uu-q
©

Figure 19. a eye-tracking picture and the softwdrespot cluster

The Mobile Eye uses an eye-tracking technology kmaw/ "Pupil to CR" tracing. This method uses
the relationship between two features of the ey Hre the pupil's black and the mirror-like

reflections of the cornea's frontal surface (Cori&zflections, in short CRs) to compute the look
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within the scene. A set of three harmless neagiatt (IR) lights is projected onto the eye by aoéet
LEDs placed on the SMU. The light near the infrai®ahot visible to the driver, so it cannot be
distracted, but it is visible from the camera dathd to the eye. The specular reflection of thiesset
lights from the frontal surface of the cornea app@athe camera image as a triangle of three point
placed at a fixed distance between them, called Shuster. The system is then able to relate these
angles with the image of the second camera thatadsdhe external environment, the scene camera,

in order to compute the point of view concerning\fseial field.

The gaze point calibration procedure is necessaryttfe system to be able to relate the eye
movements with the gaze direction. The softwareireq at least three calibrated points. The pasitio
of the gaze position during the driving can prowdduable information, such as fixation duration,
saccade and fixated elements. The combined datatfreraye-tracking and the vehicle trajectory
was used during the study to investigate the pedioce behaviour of the driver. In order to integrat

the eye-tracking videos, the synchronisation of¢hevo instruments has been carried out using a

dynamic scene from the experiment.

Figure 20.a. Vbox HD2 video and velocity profite;eye-tracking frame
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3.4. Experiment: Case study Il

Case study Il is focused on the road safety rewdéan urban collective road with a ranking of high
accident concentration sections and network saf@tking integrated with the study of driver
performance measures with innovative techniqueg Bdhaviour of the drivers along an urban
arterial road was monitored using the satelliteitmmsng system and eye-tracking to study the
interaction of the road infrastructure and the eri\Several variables such as operating speed, eye
fixation duration, distraction rate, vertical aaraltion were investigated to find useful measuves t

integrate with the classical road safety review.

The final result is presented in the case studwhiich the classical road safety review method used
to find the sections with the highest accident fiasg, then the measures from the real road teslys

were compared with the result of the expert sigit.vihe comparison of the results illustrated that
the innovative techniques could provide useful mess for the road safety review that can be

integrated with the current measures with a relbtilv cost

3.4.1.Discussion

This study aimed to investigate the road safetpmaters using innovative measures and advanced
observation technologies both for the driver arehibhicle. The eye-tracking methodology has been
explained in detail in the case study lll. The mitm/distraction visual indicator is introduced,

together with the fixation duration analysis andfion distance of the drivers.

In terms of vehicle observation technique, two newdules were integrated with the vbox
satellite/video acquisition device. The Inertial &8arement Unit (IMUO4) was used to record very
accurate accelerations during the experiment. TAR OBDII cable was used to get the data from
the central computer of the vehicle. It should Entioned that not all the data was available from
the car manufacturer but some factors such as ‘mgpeed sensor”, “throttle pedal” and “engine
rpm” was recorded during the experiment. These catebe used to validate the vehicle model or to

implement new vehicle model based on the real sitadtion.
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3.5. Case Study IV.

In the case-study 1V, the before/after intervenseenario of an urban road have been investigated

using the behavioural comparison of the driversthe focus on the accessibility of pedestrians and

cyclists in the proximity to the roundabouts.

Timervention effects on pedestrian crossing

conspicuity of zebra markings displacement, in adeaof the intersection, and introduction of media

Refuge Island and “Yield here to pedestrians” eattsign were assessed by a before-after analysis

of velocity and visual behaviour of drivers apptwag to crosswalk. By analysis of drivers’ eye

movements, the elements of pedestrian crossingvésa more salient and the relation between the

drivers’ visual behaviour is shown in figure 22 delfor the roundabout and the track, where it can

be seen that the driver's attention increased #iféeintervention.

Figure 22. Narrowing the street before and after thtervention
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Figure 21. Visual attention rate of drivers aftéetintervention
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Average Velocity before and after the Intervention
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Figure 23. The average velocity of the drivershia track before and after the intervention

The velocity of the participant was recorded by shagellite positioning and compared before and
after the intervention. The obtained results coméid that intervention increased conspicuity and
safety of studied pedestrian crosswalks. Espedialigrms of road sign perception and the vispilit
of the intersections.

3.5.1. Discussion

The eye-tracking methodology in terms of the vigyete of the participants was shown using two
measures of fixation duration, fixation distancecpatage of the visualized sign by participants and
attention rate, while the trajectory monitoring ma@s, such as velocity was found important for the
comparison of the road interventions. The measanebeing later used in the next phase of theghesi
to compare the visual behaviour of drivers in tbal and virtual environment. Univariate ANOVA
showed a significant increase in “Yield here togmdans” crossing detection distance (first-fizati
distance) increase after the intervention. Thecefiévelocity also found significant on the detent
distance of the crosswalk by the linear regressimalysis. The zebra markings detection distance

was also increased significantly after the interiamnt

The parameters found from the real road study rapoitant for the objective comparison of the
drivers visual and performance behaviour in theutator, Therefore the values found in this case-
study might be used to compare with the simulatahs to validate the simulator using behavioural

validity approach.
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Chapter IV

INVESTIGATING VULNERABLE USER
SAFETY AT CROSSING USING SURROGATE
MEASURES
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4.1. Introduction

Providing vulnerable user’'s safety and maintainengesirable level of service for vehicles is a
challenging objective for transportation and roafety engineers. In this chapter, we will focus on
the two studies carried out in order to increagestiifety of the vulnerable (pedestrians and cyclist
The case studies are focused on the effect of iogpggeometry and sign systems, on the driver

behaviour when approaching an un-signalized crgssin

According to Italian road accident and fatalitiebout 50% of the road fatalities are related to
vulnerable road users (pedestrians, bicycles, momauts motorcycles). Pedestrians are the most
vulnerable road users with the highest mortalitg aavere injury index. 75% of fatal or serious
cyclist accidents occur in urban areas in the WOiwed collision at or near a road junction in the
UK. Several road safety actions intended at deorgdbe driver’s velocity while approaching un-

signalized crosswalks have been evaluated witmaistent result.

4.2. Crossing Elements

Drivers failing to yield for pedestrians at crosfivgaare a common cause of crashes. Among injured
pedestrians in traffic in Norway, 23% are killedusi-signalized crosswalks, and 37% in darkness
(Hesjevoll, 2016), where motorist fails to yield fo pedestrian in a situation where a driver looked
but failed to see the pedestrian. These circumetah@ppen when a motorist does not expect
pedestrians when the motorist is distracted or whesmnot easy to observe the pedestrian from the
surroundings (White et al., 2010). The eye-movemecwrding is currently one of the most useful

techniques that permit an objective quantitatitareste of conspicuity. Many countermeasures tried
at changing the drivers’ velocity behaviour whijgpeoaching un-signalized crosswalks have been

studied in the literature. Some of the applied elreriented countermeasures

1) Median refuge island: enhance the perceptibaftthe crossing;

2) Advanced yield lines, enhance the perceptibdityhe crosswalks;
3) Replacement of parking: clear the line of sigh&pproach vehicles;
4) Placing of curb extensions: improve perceptifil

5) Installation of pedestrian crossing sign: infadrivers

6) Installation of in-pavement warning lights: walrivers.

In a complicated street environment, like collegtaths, that is hard to have a significant velocity

decrease with a single approach. It is usuallyiredua mixture of various diverse countermeasures
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planned to work several goals. Median Refuge Iskdxteases traffic because it narrows the road
eliminating long and wide straight sections, andiairns drivers that pedestrians could be crossing
the path. Besides, it contributes a valuable spagedestrians that can stay on the island and can
divide the crossing into two steps per traffic mufhese self-explaining and can produce the visual

impression that the road is not designed for higded traffic.

Advanced yield markings consist of a group of tridlag pavement signings that located over the
travel lane within 6 and 15 meters in advance efabra crossing. A “Yield to pedestrians” vertica
sign also should place at the location of the nmgy%i Numerous investigations have shown the
effectiveness of this strategy the driver yielddigtance to pedestrians was reduced, decreasing the

number of conflicts and improving the number olvdrg that yield.

Curb extension is an enlargement of the side ofdbtpath and usually built along with ways that
provided with parking areas on the path side. Turé enlarges up to the line that divides the way
from parking places on the side of the roadway. ddresequences that are supposed from the safety
countermeasure as mentioned earlier to decreasgpneaching vehicles, decreasing the pedestrian
vulnerability and enhancing pedestrian perceptibiNumerous practices proved their effectiveness
in terms of both vehicles operating speed decraagéncrease in the number of motorists that yelde
to pedestrians. A study on the curb extension wasuatermeasure that influenced suitable driver’s
speed action and the drivers were more ready 1d gied that the perceptibility of the pedestrian

increased.

LED flashers can be used to alert drivers of tlesswalk. Numerous practices determined their
effectiveness in terms of operating speed decrefagee vehicle. The emplacement of the flashing
lamp at the un-signalized crosswalk was found ficamtly useful. The result showed driver yielding
rate at baseline was 18.2% and after placing offldghing lamps on the vertical sign, yielding

behaviour increased to 81.2%.

In-pavement lights aim to produce a useful warnmgnotorists that a pedestrian is present in the
nearness of a crosswalk and are principally wodhyight during the lights are most visible.
Researchers studied the combination of a mediaigeatland and the installation of a “Yield here
to pedestrians” flashing vertical sign. This intertten on collector roads characterised by low cost,
simple installation and they suggested that it @chg of high possible effectiveness on motorist
behaviour (Vignali et al., 2018)
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4.3. Surrogate Measures

Road safety engineers were traditionally been usmgh data statistic to evaluate and rank road
safety. However, crash-based safety analysis ispbeed by several shortcomings, such as
randomness and rarity of crash occurrences, latkneliness, and inconsistency in crash reporting
(lack of details, driver crash avoidance behavioline accidents are rare events and are associated
with random variation inherent in a small numbeash data of few weeks or months are insufficient
for analysis and it needs at some years of thangguteriod

Furthermore, the use of crash records for safetlysinas a reactive approach. The number of crashes
needs to be recorded with a significant waitingqeebefore an action can be taken. This also resluce
the ability to examine the safety effects of a ndgeimplemented safety countermeasure. Because
of these issues, road safety researchers havddwang for alternative approaches to estimatetgafe
without the need to rely on historical crash data.

The alternative for transport safety applicationghe observable non-crash traffic events that are
physically related in a predictable way and coroesbto a crash frequency or severity. A conflict is
defined as “an observable situation in which twenare road users approach each other in time and
space to such an extent that there is a risk &l if their movements remain unchanged

Time to Collision is the expected time for two w&8s to collide if they remain at their presentespe
and on the same path. This surrogate measuredsaswaluate collision risk of rear-end collisions
(when one vehicle’s front strikes another vehickevelling in the same direction as the striking
vehicle). Generally, the actual TTC-value usedeasents the minimum Time-to-collision recorded
during the entire interactive process of the ailtgafety event, rather than the value recordedeat
time evasive action is first taken as in the tcaffonflict technique. The definition of TTC implies
that the reaction time of the road-user is als®ittared, which in some cases may be important about
the intention and purpose of the safety study.

The severity of a particular TTC-event is impligitlepresented by the time-value derived from
measures of velocity and distance. This impliesahaninimum TTC-values, for example, 1 second,
have an equal level of severity, regardless oWtiecity used in the calculation. The TTC-concept,
therefore, be less useful as a comparative measemnflict severity. To overcome this problem, an
additional severity structure, such as the requwresting rate measure, can be usefully applied.

TTC is the instantaneous ratio of range to range Fag 25 shows a schematic of the vehicle stopped
rear-end collision. When the driver applies thekbsato avoid a collision, the vehicle is travelliag

a velocity of V1,0 and is a distance of LO from 8tepped the struck vehicle. Because the struck
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vehicle is stopped, the range rate is equal towvdhecity of vehicle one. The TTC at brake initiatio

is thus,
P C} (5-1)
x=0

—
Figure 24. vehicle velocity and position at thediof brake initiation in a lead vehicle stopped

Reaction delay is a common characteristic of hunraongeration and control, such as driving a car.
The operational coefficients and delay characterdt humans can vary rapidly due to changes in
factors such as task demands, motivation, workl@ad, fatigue. However, estimation of these
variations is almost impossible in the classic gayas. Driver reaction time was defined as the

summation of perception time and foot movement timsteering reaction.
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4.4. Case Study V.

This case study investigates the safety of thastyat the intersection by investigating the effefct
road element design on the driver's attention amsponses in an urban environment. Road
experiments with 18 participants on two differeype of bicycle crossing carried out using the

instrumented vehicle and mobile eye track monitodayice.

Two scenarios were investigated with eye-trackimdj\aehicle monitoring device. In th first scenario,
there was no cyclist presented at the crossingtr@oscenario) and another with the cyclist
approaching the intersection. In both scenariasyisual behaviour of the driver towards the crogsi
element was investigated together with velocityadidition, in the cyclist approaching scenario, the
surrogate safety measures based on conflict evests used to analyse the severity of the events.

Other driving performance measures such as drieacdion time was also investigated.
4.4.1. Discussion

The investigated variables for the scenario of epgining cyclist to cross are velocity, time to
collision, reaction time, fixation duration on thead sign, road markings and crossing elements.
These measures are important for the understanditig driver behaviour towards the crossing and

in the case of a cyclist approaching the crossing.

The results are illustrating the longitudinal cohtf the drivers in the semi-emergency brakingéve
The comparison of the distance at which the paditis were braking for the cyclist can provide an
important indicator in the distance perception w¥ers in the simulator as well as the design ef th
bicycle priority crossings. The safety of the cingsvas compared based on drivers braking distance
as it is presented in the case study V. The reshltsved that the majority of the cases, the dever'

brakes very late for the cyclist.
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4.5. Case Study VI.

The study investigates the effects of an innovativpavement warning lights system in an un-
signalised pedestrian crossing located in a higficrarea. The crossing was equipped with motion
sensor and light warning systems in the way th#t thie presence of the pedestrian (perceived from
movement sensor), the integrated lighting and diggasystem was designed to improve visibility

of the pedestrian crossing Figure (25).
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Figure 25. pedestrian crossing elements
Sixteen drivers participated in the test with tlge aange between 19 and 52 years. Each driver
completes three times the test route with a lengtbout 3.5 km. The experimentation was carried
out during the night from 18 to 22. To investigtie driver’s visual behaviour, scene camera videos
of the mobile eye tracker were investigated framdérame 150 meters before the crosswalk. the
driver’s visual fixation duration and distance todadifferent elements carried out with the objexti
to find the most effective light signal system aadcompare the different solution of the situation.
The LED lighting system enhances the visibilitytbé road sign from 55 to 79.6 meters and the
pedestrian from 42 to 49 meters (Figure 26). Tineds also tend to brake at a higher distance from
the intersection (figure 27).
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Figure 26. Pedestrian crossing element perceptistadce (Left OFF, Right LED) 63
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OFF

LED

Figure 27. a. The driver velocity profile in cadel&D b. case of Control Situation

4.5.1. Discussion

The conspicuity of the crossing and the visibibfythe vulnerable driver at crossing in the night i
an essential factor for the road safety of vulnierabad drivers. In this research, the effectiverafs
different road safety lighting system was studietthwthe use of eye tracking device at night, and the
result confirmed the effectiveness of an integréiggdt warning system with flashing light enhanced
lightening and LED curve light.

The case study investigates the combination ogudifft lighting solution based on the driver yietdin
behaviour, where significant improvements were fouen integrated lighting and the Curb LED
light is being used in the yielding of the drivexith an approaching pedestrian. Similar safety
measures with sensor-integrated solutions cand@ubke intersections to warn the drivers of anea

miss event.
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CHAPTER YV

INVESTIGATING THE EFFECT OF ADAPTIVE
CRUISE CONTROL (ACC) ON DRIVER
BEHAVIOUR
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5.1. Advanced driver assistance system (ADAS)

Advanced driver assistance system (ADAS) is desigoesupport drivers by reducing the risks of

involving in a crash situation. These systems bfe # detect and interpret the vehicle-surrounding
environment through various Lidar, radar, sensamaneras and can be integrated through
communication system other with vehicles (V2V)réstructure (V2I) or other information systems

available (V2X).

The main types of Advanced Driver Assistance Systama Lane control, velocity regulation system
and visibility improvement system. The Lane confovlLane-keeping) alerts the driver if the vehicle
approaches or crosses the road lanes. These syatenuseful for preventing wrong manoeuvres
caused by fatigue or distraction. The main avadagpes of system are Lane Departure Warning
(LDW) and Lane-Keeping Assist (LKA). LDW is onlyvearning system and requires the driver to
take corrective action, but LKA generates a coivecinanoeuvre that returns the car between the

lanes

Speed regulation systems help the driver to adpgstelocity of the vehicle according to road and
traffic conditions. The Intelligent Velocity Assaice, Collision Avoidance systems and adaptive
cruise control (ACC) are the most frequently usgsdtesns in the vehicles. Intelligent Speed
Assistance helps the driver contain velocity witthia specified limits of the road by giving therata

to the driver in case of speeding. Collision avoma systems avoid the crash by anticipating the
critical situations, first by alerting the drivespcondly, they reduce the impact of unavoidable
accidents by decreasing the velocity of the caltisiTheir operation depends on the sensors that are
able to identify obstacles in front of the vehicGllee use of ACC and LKA system can significantly
decrease the driver performance errors. One yady sif drivers using the driving assistant systems
showed that the velocity-related performance aga@ignificantly fewer than when driving under a

similar condition without the driving assistantt®ya (Dunn et al, 2019).

The Adaptive Cruise Control (ACC) system measunesdistance with the front vehicle along the
driving path and adjusts the velocity by adjusting engine torque and brakes in order to follow the
road and other traffic vehicles with the safe disea The ACC, while maintaining the velocity set by
the driver is able to adapt the velocity to traftiy accelerating or decelerating automaticallye Th

system monitors in front of the vehicle to ensusepliance with the safety distance. This distance

can be adjusted to the preference of the drivers.
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ACC technology is widely regarded as a key compboériuture generations of the autonomous
vehicles since it increases the road capacity bytaiaing an optimal distance between vehicles,
ACC also reduces the number of sudden acceleratindsdecelerations, encourages smooth lane

change behaviours and reduce driver error.

5.1.2. Driving automation and human behaviour

The SAE taxonomy for the active safety systemsistssf 6 levels of driving automation from no
driving automation (level 0) to full driving autotan (Level 5). The adaptive cruise control aelev

1 of driving automation. At Level 1 (driver assista) and level 2 (partial automation), features are
capable of performing only part of the dynamic drgitask (DDT) and thus require a driver to
perform the rest of the DDT, as well as to supentise feature’s performance while engaged.
Therefore, ADAS only supports, but do not replacdriver in performing the DDT (Figure 28).
Monitoring is a general term referencing a rang&inttions involving real-time human or machine
sensing and processing of data used to operat@@ever to support its operation. There are défdr
categories of monitoring, 1— monitor the driver, rBenitor the driving environment, 3— monitor
vehicle performance, and 4— monitor driving autaarasystem performance. In principle, a driver
in a vehicle with a level 1-2 adaptive cruise coh{ACC) system is expected to monitor both the
driving environment and the ACC performance anchdbneed an alert to draw his/her attention to
a situation requiring a response. The driver momigpis not being used in level 1, since the driger

expected to be receptive to evident vehicle syseiures and monitor the system at all time.

4 DDT
Destination

and Waypoint OEDR | Latetralvehic!e VehEF!e
. | motion control J motion
Planning

Longitudinal vehicle
motion control

Basic vehicle motion control

Operational functions

/ Planning and execution for event/object
avoidance and expedited route following
Tactical functions

A Route and destination timing and selection

Strategic functions

Figure 28 . Schematic view of dynamic driving tas# different level of function

Distracted driving is any activity that divertseattion from driving, including using mobile phone,
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eating and drinking, stereo or navigation systeher&fore, anything that takes your attention away
from the task of safe driving. In 2016, there w8td50 people killed in motor vehicle crashes
involving distracted drivers on U.S roads and 56Zncupants (pedestrian, cyclists, etc.) killed in
distraction-affected crashes (NHTSA 2016).

There are different forms of distractions whilevidrg; 1- The visual distraction happens when the
driver's eyes are off the road, such as lookirmyadll phone. 2- Physical that takes the driveatsls

off of the wheel, such as sending a text messayggating a GPS, or surfing the internet. 3-Audjitor
distraction occurs when the driver is distractedibging of the phone or talking with passenger 4-
Mental (cognitive) that happens when two mentakdaserformed at the same time, such as a
telephone while driving.

A conventional driver (level 0) verifies that angaged ACC system is maintaining an appropriate
gap while following a preceding vehicle. The dre/etependence on the ADAS system might induce
negative adaptation behaviour, such as reducedataver the vehicle and reduction of attention on
the road during driving with ACC.

Recent studies on the drivers behaviour with o yee of advance driving assistant system showed
that the simultaneous use of ACC and LKA systems agsociated with a 50% increase in the odds
of engaging in any form of secondary task (diseddlriving) and an 80% increase in the odds of
engaging in visual and/or manual secondary taskapared with when the same drivers who were
not using the automated system. Drivers using bgglems simultaneously also took more frequent
and longer glances at non-driving-related taskssqeat less time with their eyes on driving-related
tasks (Dunnet al, 2019).

Potentially, the introduction of driving assistagstems could lead to situations in which the &tten

of drivers is diverted from on-road traffic to aceadary task that can distract the attention on the
dynamic driving task. As a result, drivers may esslreceptive and show more delay to reach the
event. Therefore, the impacts on the safety ofettieshnologies often do not meet the expected
benefits because the driver's behaviours chande tivit use of the system. The adaptation of the
drivers to the system needs to take into consigeraty various factors such as the role of secondar

driving tasks, acceptance and over-trust.

The possibility of engagement in a second actiwéy have critical consequences for performing the
dynamic driving task, as it could result in highrkload or inability to divide attention between the

tasks performed. Drivers spent more time lookingaahand spent less time searching for peripheral

68



Chapter V: Adaptive Cruise Control and Driver Belbay

areas. The relationship between human errors amthglperformance impairment due to a high
mental workload has been widely investigated byasshers. The driving assistant/automated
solutions to support drivers need to adapt the aatiom intervention depending on the driver's
mental status, i.e., mental workload, to keep him#&hgays “in the loop” (Flumeri et al. 2019).

Another important driver performance indicator tisafiocused by various researchers in automotive
is the reaction delay and receptiveness of the drivbas great importance also in road design, for
placing the signals according to the minimum mandaagvdistances required for visibility and
stopping the vehicle. A simulator stud on the A@ufe also showed that when driving with ACC,
the drivers perceived and reacted more slowly talendelocity reduction by a preceding car (Park,
2006).

5.2. Methodology

It is argued that driving automation does not nsa@ely mitigate difficult situations, and
paradoxically that automation can sometimes evekersach situations more difficult for the human
operator because of decrease in situation awaremesseliance on or no confidence in the system.
In the ADAS systems, the driver is still requiredrtonitor that the automated tasks (ACC) are darrie
out effectively by the system. However, humans Hamged ability in monitoring that should be also
addressed.

The objective of this study is to investigate tHeea of ACC on driver Performance, visual
distraction, reaction and workload during the ulewel 1 driving automation for the adaptive cruis
control (ACC) system. Two experimentations careed with drivers in the highway environment,
where the ACC is being used. The first experimgaii On-road ACC scenario with an instrumented
vehicle and driver monitoring devices. The resgltdata from the real road test used to simulate
traffic, braking event and the ACC system. The sdoexperiment carried out by a different group
of drivers in the laboratory condition using a 2D@bBtion cueing driving simulator. The simulation
of the ACC and the braking events in a driving seal used to study the effect of ACC on driver

visual behaviour and performance.
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5.3. Experiment 1: On-road ACC

The on-road experimentation was conducted in tigendad of Bologna (A14) with a total length of
8 km and in two laps (Figure 29). The test wasiedrout from 9 am to 17 pm, each driver has
completed two laps of the route from exit 1 to @xénd back (Figure 30):

Bologna

Figure 29.0n —Road Experiment Itinerary (A14 Bolay

Event Event Event Event Event Event

Figure 30 Test LAP: ACC ON and OFF events

Lap 1 ACC: Familiarization tour to the vehicle ahé ACC system;
Lap 2 ACC: Test tour with system start-up on thinawd or return section, randomly between

drivers.

The Test vehicle was a rental Volkswagen Passabeed with Adaptive Cruise Control (ACC) with
a diesel engine and automatic transmission. The A@€E set to the maximum distance and the

drivers instructed to only activate the ACC, withamodifying the adjustment, the system
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automatically regulates the speed based on thictfedfw. An instrumented vehicle with VBOX
satellite positioning was ahead of the test vehacld was braking at different positions to simulate
the braking event.

5.3.1. Participants

The volunteer drivers were composed of 22 male thjvaged between 35 and 55 (Mean=47,
SD=5.58), not wearing glasses or contact lense$alaihg valid driving license type B. Drivers had
previous driving experience with ACC and particgghtn the test voluntarily, They only received a

fee for their time compensation.
5.3.2. Driver monitoring and eye-tracking

Drivers were aware of the use of monitoring equipimidat enabled the analysis of the visual

behaviour, driving performance and brain actiwith the following systems:

Vehicle Positioning and monitoring system: The VIDE-BOX HD device are installed in
the vehicle integrated with inertial measurementt iMU), which allows continuous
monitoring of the position of the vehicle and velp¢as described in chapter 3)

Visual Behaviour: The Mobile Eye-Tracker (ME) ASLyd&=XG was used during the
experiment, to monitor the driver's gaze posit(Gigure 31).

Brain activity: perceived by the drivers, evaluatkugh the electroencephalogram (EEG),

to monitor the driver's brain activity

Workload Questionnaire: assessed through a swgectethod based on the completion of
the NASA-TLX questionnaire.

Figure 31 a. ACC system in the test vehicle; b. EEG Helmet and ME during the test
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5.3.3. Data Analysis

5.3.3.1 Vehicle Position and monitoring system.

Both the test vehicle and the vehicle ahead wengpgd with the Video V-Box HD, a device which
the GPS positioning data with a video from highktigbn cameras. The recording frequency of the
device is 10 Hz, allowing the acquisition of vebicklated and position data every 0.1 seconds. The
data recorder is placed inside the vehicle, while HHD cameras were installed on the front window.
The GPS antenna and sensor were placed in thes adritre car.

The instrument allows recording on external mem@# card), on which it creates a video file
obtained from the cameras and a ".vbo" file on Wlall the data collected by the sensors are stored.
The VBOX Circuit Tools software visualizes the gatd data (and simultaneously shows the
recorded video (offline). The software is ablexpat the following data, which were used for figth

analysis with the UTC time.

UTC Time;

Vehicle velocity (km/h);

Lateral and longitudinal an vertical acceleratigh (
Vehicle direction-yaw (°);

Altitude (m), Latitude (minutes) e Longitude (miesj;
Distance travelled (m) e Time travelled (s);

Turning radius (m) e deviation from the central jine
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Figure 32.The velocity of test and lead vehicl@iwse —~ACC OFF
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Figure 33.The velocity of test and lead vehicl@wse —~ACC ON

Figure 32 and 33 are shown the velocity profilesusrtime during braking event in ACC OFF and
ACC ON condition. The blue line is representedhesdpeed of the test vehicle and the orange line
is represented as the velocity of the Lead velfid&icle ahead). Point (1) is the start of the brgki
event, where the Lead vehicle decreases its vegldedint (2) is the moment that the test vehicle
(participants) starts to brake. Point (4): at ot is when the Lead vehicle starts to acceleaate
Point (5) is the moment that the driver startsdoeterate in the test vehicle. Reaction time (RiT) i

this case is the difference in time between th&ibgaof the lead vehicle and the test vehicle.
5.3.3.2. Visual Behaviour and Distraction

In order to evaluate the driver visual behavioke, ¥ideos provided by the "eye camera™ and "scene
camera" of the ASL Mobile EYE-XG Eye Tracker werstfprocessed using ASL Software by the

calibration file of each driver. The output is ale® (30fps) for each driver that shows the gaze
position at each frame by a red cursor (figure BAg videos were analyzed frame-by-frame for more

than 10000 frames to locate the driver’s fixations.

Figure 34. a. Driver gaze at the lead vehicle; bver gaze at dashboard; c. gaze back to lead Vehic
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The frame by frame analyses of eye fixations wasgmaized for the minimum fixation of 2 frames
(0.066 s) as follows

Dashboard: internal part of the vehicle placedamf of the driver;

Lead vehicle: vehicle ahead used during the bragusmts;

Signboard: vertical signs;

Environment: all elements outside the driving scikg, trees, etc.);

Road: infrastructure (paving, guard-rail);

Mirror: exterior rear-view mirrors, either left aght;

Internal Mirror: interior rear-view mirror, to chlecthe situation behind the vehicle
(Attention);

Internal Mirror: internal rear-view mirror, to chethe passenger in the back seat while talking
(Negligence);

Car: all the vehicle circulating in the road excta prey vehicle

Speaker: operator sitting next to the driver,

Car Interior: internal part of the vehicle not pafrthe dashboard.

The visual categories then classified into attentordistraction from the dynamic driving task.

Therefore, elements such as signboard, road, cay, mirror, and internal mirror were considered
as the driving-related gaze attention, while gaantpe dashboard, environment and car interioewer
classified as a distraction. Then by Eliminating tbtal lost frames (if less than 5%), the percgeda

of attention and distraction of the drivers durihg dynamic driving task were calculated.

The study of the driver performance (velocity, amstes) was possible by synchronizing the data
obtained from the mobile Eye-tracker (ME) and theddbotained from the V-Box. To carry out the
synchronization, at the beginning of the test,glmme frame in both of the videos ME and VBOX
were used. an instrument consisting of two coloawd a hinge that allows them to slide over one
another other and the frame was used and whemwtheods overlapped was used as the frame to

synchronize two recorder videos.
5.3.3. Driver workload index (EEG)

The EEG signals were recorded using the digital itnong BEmicro system (EBNeuro, Italy).
Twelve EEG channels (FPz, AF3, AF4, F3, Fz, F4,fP3,Pz, P4, P8, and POz), placed according
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to the international 10-20 system, were collectégd assampling frequency of 256 Hz, all referenced
to both earlobes, grounded to the Cz site, and thghmpedances kept below 20.KThe acquired
EEG signals were digitally bandpass filtered bifta-order Butterworth filter [1 - 30 Hz]. The EEG
signal from the remaining 11 electrodes was thgmsated in 2-seconds-long epochs. The workload
(WL) index was calculated by using the machinereay approach proposed and was fixed at 8-
second epochs since this value was shown to beoa ade-off between the resolution and the

accuracy of the measure (Flumeri et al. 2019).
5.3.4. Self-evaluated workload using (NASA_TLX qimsnaire)

Drivers were asked to complete the NASA-TLX quest@ires after driving with the vehicle
regarding the use ACC system. The questionnairsistsnof 6 questions that allow the driver to
calculate the mental load index self-assessed.qubstions that can be answered with a score on a

scale from 0 to 100 are:

Mental Demand: how do you evaluate mental commitmeth the ACC system

Physical Demand: how do you evaluate the physiealahd with the ACC system?
Temporal Demand: how do you evaluate the time denofthe task?

Performance: how do you rate your performance duhe test?

Effort: How do you rate, the overall effort withetlACC system?

Frustration: Did you felt insecure, discouragedtdted, and stressed during the use of the

system.

5.3.4. Results (On-Road experiment-ACC)

5.3.4.1. Visual attention-distraction

The visual attention indicator of the drivers wasestigated during a braking event, therefore for
each braking event; the indicator for visual bebawis calculated. Figure 35 is showing the average
percentage of the attention and distraction ofitineers with the use of the ACC system and without

for each braking phase.
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Figure 35. Driver attention and distraction percage ACC ON and OFF
5.3.4.2. Reaction time

The results are showing the drivers’ reaction tforebraking with ACC and without. The reaction
time for the braking scenario is in average 3 sesd8®=1.10). There was no significant difference
between the reaction time to the braking eventBgure 36, the box plot is showing the average and
the range of the driver’s reaction time for the AEE condition.
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Figure 36 Braking reaction time during braking et&®ACC OFF
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5.3.4.3. Driver performance

The results show a higher average velocity withsgrstem turned off, this increase can be considered
as of practically zero statistical value; the mdima could lay in the greater confidence that digver

place in their abilities compared to those of tye&tesn when it is in operation.

Table 4. Driver performance on-road experiment

MIN V AVERAGE
ACC DISTANCE MINTTC | MINTH V MIN MAX Vv
ON AVERAGE 28.34 9.37 1.82 52.78 82.22 67.31
Standard deviatior 10.44 3.83 0.75 6.78 8.08 6.53
OFF AVERAGE 18.86 7.66 1.16 55.74 84.98 69.40
Standard deviation 6.87 2.27 0.44 7.59 7.90 6.49

As can be seen from Table 4, The Time to Collisialues is larger than the one reported in the
literature, However, in the ACC On condition, TT€dlways higher. The time headway is larger
with the ACC ON meanwhile when the ACC is OFF, tihee headway is lower and the difference is
significant (t(-6.67=128.2, P=0.000). This resutiuld mean that the braking events have a higher
collision risk when ACC is OFF. Furthermore, ihdze seen that in the case of the ACC OFF system,
the minimum distance between two vehicles is sigaftly lower than the case of ACC ON (t(-

6.72=136.68, P=0.000)). as shown in the table miménum distance is 10 meters lower on average.
5.3.4.3 Workload analysis

The Workload index values obtained through the BE@Bet showed that the workload of the drivers
is higher with the OFF system than the Workloadliie ON system.

Table 5. Workload Index from EEG

EEG workload Index ACC OFF ACC ON
Average 2.14 2.38
Minimum 1.85 2.05
Maximum 2.53 2.82

The result of TLX questionnaire shows a differeninial value in the total workload index, The

ACC on requires less workload by the driver evatugthowever, the driver was more frustrated
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when using the ACC system for the braking task. Jdmae result can be found in the literature for
the self-evaluation of the use of ACC system, theighted mean of 32 studies on the use of ACC
system in the simulator and On-road showed, meklnwegmrted workload of 43.5% for manual
driving, and 38.6% for ACC driving (Winter et alQT4).

Table 6. Self-evaluation workload index

Question ACC ON ACC OFF Delta

1) Mental Demand 32.20 32.00 0.20
2) Physical Demand 27.40 28.60 -1.20
3) Temporal Demand 28.00 32.00 -4.00
4) Performance 22.80 29.80 -7.00
5) Effort 29.80 28.80 1.00
6) Frustration 27.00 22.80 4.20
7) Total Workload 28.79 31.12 -2.33

5.3.4.4 Discussion

The results of this experiment are fundamentaltl@ activities during the research, the visual
behaviour gaze behaviour of the drivers showedceedse in attention by the use of ACC for a car
following scenario. The drivers’ subjective workibendex showed a slight decrease with the use of
ACC, however, the EEG workload index is showingirarease of the WL during the ACC. The
results of the experiment and the events were tasgichulate the scenario and design the experiment

in the simulator.
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5.4. Case study VII& VIlI

The purpose of the following study is to understdrainfluence of the Driver Assistance Systems
(automation level 1) on driver behaviour, with parar attention to the reaction time and the Visua
distraction during the use of an adaptive cruis@robsystem. Innovative tools were used during the
experimentation to study the visumdhaviour of the driver thanks to the Molddge Tracker andhe
vehicle positioning recorded by the VIDEO V-BOX PR&nally, the physical and mental workload
of the driving activity using the brain electroddrhet (EEG).

As explained in detail in the case study VII, Thevers show reduce in the attention when using
ACC, which induced higher perception reaction titAeother important result of the study is the
workload index from the EEG helmet, which the resshowed an increase in the workload index
while the drivers are using the ACC, however, thigiective workload (NASA TLX) demonstrated
a lower level of workload while using the ACC syste

The focus of the case study VIl is the comparisetween the perception reaction time of the drivers
in the braking scenario with and without the usehef advanced driving assistant system. The test
methodology was confirmed and the reaction timénwlie use and in case of the absence of the

system was compared.

79



Chapter V: Adaptive Cruise Control and Driver Belbay

5.5. Experiment 2: Driving simulation Experiment

Driving simulator reproduces some driving expereendile proving more control over the scenario
and the driving condition. Consequently, for thedstof the driver visual behaviour, it provides a
flawless environment with artefacts and the lighdtrithution comparing to the road situation.
Another advantage of driving simulator is that ttabin is equipped with many sensors for the
calculation of the estates in the simulated vehitlese sensors provide high-frequency inputs that

can provide accurate measures to investigate nagpos driver behaviour.

T —

Figure 37 .a Driving simulator Virtual Environment; b. On- Road experiment Real Envinbnme

The objective of the experiment is to investigdte driver behaviour in a car following/braking
scenario with the use of Adaptive Cruise Contrahi@ driving simulator study. The data from real
road experimentation used to design the environmeaffic and to simulate the adaptive cruise
control system used during the experimentation.

The driver assistant system may reduce drivergestilse workload, increased driver comfort and
increased time to collision between the vehiclesweler, the results of the visual behaviour in the
previous chapter showed a significant reductiothéndrivers’ attention to the dynamic driving task-
related elements. The experimentation in the sitoukimed to investigate this effect in a simulated
environment. Therefore virtual environment in timawdator was reconstructed according to the on-
road test (figure 37), a two-lane high way with emergency lane with lightings columns. The
adaptive cruise control was designed based onehiele data from the on-road test. The ACC may
be activated from a simulator cabin using a swffiure 39). The visual and gaze behaviour of the
participants was studied using the eye-trackeragevihe ACC was designed to break when the inter-
vehicle distance is less than 50 meters and aatetelback again when the distance exceeds 70 meters

based on the TTC found in the on-road experimantati
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There was an important aspect that was in parti@itantion in this research is the amount of light
and sound stimuli provided for the drivers durihg simulation. The simulator cabin is located in a
room with acoustic panels to reduce the noise #mef sound effects. During the simulation, thetligh
in the room is turned off and the only light stimpitovided is the three HD screens in front of the
driver. In figure 38, The amount of luminance iffelient regions during a braking event is captured
by a 2D colour analyzer “CA2000” that was abledptare a photo from the driver seat. As illustrated
in the figure, 38 the maximum luminance is about @2m2) on the road markings, the sky has the
luminance of about 100 (cd/m2), and the pavemerftc@&®n?2).

Lv
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Figure 38. The luminance of the elements in theavisom 40 meters (cd/m)

The software allows zooming and identifying areésnterest and to compare the luminance of

different zones. Therefore, the same picture tooknf40 meters was zoomed and the braking light
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of the vehicle was investigated as showed in fi@g@eThe luminance level of the braking light is
measured about 10 (cd/m2) when the light is off 2lidcd/m2) when the braking light is turned on.

Figure 39 . Adaptive Cruise Control activation swhit
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The driver’s behavior was investigated while, maptints were asked to perform a dynamic driving
task in the driving simulator. At the beginningtb€ test, drivers are asked to drive the simulator
following another vehicle in front of it called ‘4e vehicle” with a safe distance. The driving
environment is a highway (without curves or elemas) where other traffic is passing the vehicle.
The lead vehicle brakes three independent times€ats), during which the driver should brake and
regulate his velocity according to the lead vehigliger performing the first three braking everitse
simulator sends a message that pops of the sarémming the driver to turn on the ACC and the
driver must turn on the ACC using a switch thdbgated in his left (next to the steering wheeheT
“ACC message” is regulated to disappear withindeconds (300 frames) and then the

Event

Event

Event

Event
1

Event
2

Event
3

|

1

_.l

Figure 41. Driving simulation Experiment Conditiand Braking Events

lead vehicle starts braking again for three evedising the use of ACC, the driver should monitor
the driving task, therefore, the driver leavesliteking pedal but should monitor the road and keep
the vehicle in a straight position in the same ldnéoth cases, drivers perform in two conditions;
one with motion (Motion ON) and one without (Moti@¥F) as shown in figure 41.

However, in the familiarization scenario, there wasother traffic implemented. The whole test

including familiarization took about 30 minutes &ach participant.
5.5.1. Drivers’ Profile

27 male participants with an average age of 31.éd{am 27, SD=9.7) year old carried out the
experiment in the driving simulator. The particigantere volunteered for the experimentation and
they were researchers of IFSTTAR (Gustave EifelMErsity) or students from University Paris-Est
holding a valid driving license. Before starting thst, the procedure, instruments and data callecti
methods were explained for the participants ang filled a form to give permission for the data
collection and processing, regarding the objeabiveéhe research. The experiment was assessed by
the ethical committee of the IFSTTAR and was noirfal to the participants.
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5.5.2. Eye-tracking

In this study, the Pupil Core monocular eye-tragkaystem used to capture gaze and pupil data of
the drivers in the simulator with the available@azcuracy of 0.60° and gaze precision of 0.02 Th
pupil parameters and gaze position can be analygzed) 2D position or 3D eye model parameters
based on the available data from eye sensors. Uipi giameter is calculated in absolute size in
millimetres through a 3D eye model.

Figure 42. a. Pupil core eye tracker, b. participauring the simulation with eye tracker

The pupil eye tracker, provides a sampling frequeri00Hz @192*192 pixels for the eye camera,
while for the world camera the sampling rate caadijested according to the application from 30Hz
@1080 p, 60Hz@720 p or 120Hz@480p with the 4.5mesty. The device has the ability for real-
time streaming of the data and video with 100° direg and 60° Field of View (FOV). During the

experiment, the pupil capture software was used 8GHz @1080p configuration to record the eye-

tracking data.
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5.5.2.1 Eye tracking Calibration

The calibration procedure carried out before theeexnent for each participant and lasted about a
minute. The eye-tracking calibration provides theapeeters to a matrix that correlates the eye
movement (eye camera) with the field of view (wochimera). This is necessary to find the gaze
position of each subject. In this experiment, thgobt calibration method was used, that allows a
quick calibration using the pupil capture softwdrke subject has to focus on each point untilritgu

green at least for 5 points, the software repdasptocedure until reaches the accuracy for gaze

position 0.60°.

Figure 43. Eye-tracking calibration using 5 point

5.5.2.2 Eye tracking Post hoc analysis

After the acquisition of the data using pupil captwith the laptop, The Pupil Player software was
used for post—hoc calibration and processing teetiecking data. The pupil player detects the gaze
position and provides a video with the gaze pasi@IS circle). Another useful feature of the
software is the eye movement fixation detectorsTaature works with an algorithm that classifies
the eye movement into epochs of four categorieso@ke, Fixations, Post saccadic movements,
Smooth pursuit and empty frames). This feature gesva huge analyzing advantage in terms of the
frame by frame analysis with respect to the oldesys In order to validate the pupil eye method
was considered as the fixation on the object.

First videos were analyzed using frame by framdyaisafor one driver and checked with the method
used with pupil player and the difference betwdsnt was not significant. The eye movement
algorithm provides excel files with the classifioatof each segment (epochs) with initial and egdin
frame (figure 44Db). The videos were analyzed fohesegment to detect the driver fixation semantics;
this has been done by students using looking ataberded videos segments (figure 44a). In this

research, the post-saccadic oscillation (PSO) dernsil as saccade and smooth pursuit
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Al & & || id
A B C D E

1 |id lbase_type segment_class  start_frame_index end_frame_index
2 | 0 gaze fixation 3 122
3 | 1 gaze saccade 122 122
4 | 2 gaze saccade 125 125
3 | 3 gaze smooth_pursuit 126 158
6 | 4 gaze fixation 158 178
7 | 5 gaze fixation 179 197
8 | 6 gaze fixation 198 256
9 | 7 gaze saccade 256 256
10 8 gaze 050 257 257

Figure 44 a. eye fixation segment; b. Excel file export of segmenficka$sh by software

5.5.3 Eye tracking elements and distraction analysi

The experiment aimed to determine the driver’s alisattention with the use of advanced driving
assistance systems (adaptive cruise control) irdtiveng simulator. After synchronizing the eye-

tracking and traffic simulation data, the gaze éha of the drivers during the three braking egent

with and without ACC, the visual duration fixatimn the elements showed in figure 45 was
investigated. Using the semantic classificatiothefvisual behaviour during dynamic driving task it
is possible to distinguish when the driver is disted.

Consequently, the distracting visual segment wagtifled as the epoch in which the driver is not
focusing on informative elements for the brakingreg. These elements are; Sky, other traffic (OT),
pavement, dashboard, and roadside. Meanwhile |éhgeat which could be informative for driving

during the braking task called “Attention”. In thisudy, the attention elements are considered:

Central
mirror

Road side
7

¥

- — - e
mirror
'\

LY |

=

Dashboard

Figure 45. Eye tracking Elements during the braking event
Vehicle (in front), right mirror, left mirror, andentral mirror. Saccades are also categorized
described as moving from one fixation to anothehjsle to central mirror, central mirror to vehicle,
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vehicle to other traffic, vehicle to pavement, paeat to dashboard, etc. an example of the visuhlize
element is shown in figure 46 with ACC of and 4ThaACC on for the same participant with the
Motion ON condition. The vehicle ahead is the nipstted element (89%), followed by the central

mirror (8%). The saccadic movement from the centrifor to the vehicle (Cm to V) is the other

element which consists of the 2% of frames

Element distribution of (user 2,003,event 2) with ACC OFF

B Vehicle " CM = CMwoV

Vehicle

Figure 46. Driver Element distribution at an evarith ACC OFF-MOTION ON

The analysis of the fixations and saccades fos#me driver during the use of the ACC system is
shown in figure 46. It can be seen that duringlreking event with the ACC, the driver gaze it at
the vehicle ahead for 76% of the frames. Other 6rfthe central mirror (CM) and 6% on other
vehicle (OT) 6%. The driver also illustrated moaesadic movement on vehicle to central mirror (V
to CM), other vehicle to central mirror (OT to CMEntral mirror to Vehicle (CM to V) and sky to
other vehicle (Sky to OT). The difference in thevedrs gaze position is later with a statisticatseae

see the difference in visual behaviour of the aswuring the use of ACC.
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Element distribution of (user2,003,event2) during ACC ON

W Vehide m VtoCM ™ Empty Frames ™

= OT EmQOTtoV | CM to Sky W Skyto OT

0.93 %

6.62 %
or
voou| |

Figure 47. Driver Element distribution at event RvACC ON_MOTION ON

5.5.4 Traffic simulation and data analysis

The traffic and braking events scenarios were sabedl using the Archisim software. Different
braking triggers are possible to use in the Archibiased on the position, headway time (TH) and
velocity of the vehicles (or the combination). Ti&ffic on the road (Other traffic), was simulated
using Archisim with 5 groups of vehicles, passingtbe left line with the constant velocity of
110km/h. The vehicles had 100 meters of distand¢kdrgroup and 500 meters between the groups.
In this study for simulating the events without AGBe trigger of vehicle distance was being used.
Therefore when the driver was getting closer tHdmeters to the lead vehicle, the lead vehicle was
braking (and not before). The criteria were selbct@nsidering the on-road experiment distance at
the time of braking and the simulator visual capiesi The event was repeated 3 times with different
velocities; from 100 km/h to 70 km/h, 110km/h tol8@/h and 90 km/h to 60km/h. The second part
of the braking with ACC was simulated with the sawedocities, but without the trigger in the
distance.

The analyze traffic simulation data considers tamdf both the test vehicle and the lead vehicle.
The main parameters that used for the analysis pesdion, velocity, acceleration, accelerating

pedals, braking pedals travelled distance and tirhe. data analysis begins by synchronizing the
time of eye-tracking instruments with traffic siratibn data. The moment of the ACC message on
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the screen (appearance=synchronization, the diasgpee of the ACC symbol was used as the

reference frame for this important step for eaatigpant.

The traffic simulation file was used to compute thever performance measures as well as the
accident risk indicator and other parameters. Tharpaters available in the traffic simulation are
recording time (hh: mm: ss), frequency (step simajnber of instructions and scenario in process,
the position of the test vehicle, distance, velooittest vehicle, acceleration of test vehiclmeito
collision (TTC), Braking pedal position (%), Accedéion pedal (%), Position of the lead vehicle,
velocity of lead vehicle, headway time (TH)

In figure 48, the variation of velocity (velociprofile) versus time of both the test and lead siehi

at one braking event is shown. In this exampl@daseconds, the lead vehicle starts braking (T,br)
and after some time the driver reacts and stattsdvawing his leg from the acceleration pedal. The
difference between the times that the vehicle abeakk until the driver leaves the acceleration peda
is shown as the (TRA). The driver then pushes tlakibhg pedal and the time difference from
removing his leg from the acceleration pedal totgiashing the braking pedal is called at TRB in
figure 48. Finally, the reaction time which is tti@e from the braking of the vehicle in front until
the braking of the driver is called the reactiomei In this study, the TRA and TRB were only
calculated for the scenario without ACC (ACC OFRywever for the ACC OFF condition the
variables such as velocity, distance, headway time to collision and response time of the system

were compared.

Velocity (km/h)

Reaction Time

62.0 63.0 64.0 65.0 66.0 67.0 63.0 69.0 70.0 710 72.0 73.0 74.0 75.0 76.0

——Tast wehide Lead vehicle

Figure 48. Velaocity profile of the test and leadhizée- Event 1 ACC OFF
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120

T,br

T,br stop T,acc T,acc

Velocity (km/h)

1385 1410 1425 1440 1455 1470 1485 1500 1515 1530 1545 1560

Time (seconds)

— Test wehicle Lead vehide
Figure 49. Velocity profile at event 1 during AC& o

5.6. Results of the ACC experiment in the drivingudator Simu-Lacet

The results of the experiment were presented Welobjective to find the effect of the experimental
condition on the visual behaviour and driving parfance measure of the participants in the

simulator. The statistical analysis was considetimg conditions; MOTION and ACC.

According to the result of the first chapter, thiwer performance in terms of distance found défer
from the motion ONand OFF condition. The motion provides sensoryrmftion for the driver that
can affect driver behaviour during the braking evémtthis part of the analysis, the effect of the
motion platform on the driver performance behaviowestigated during the ACC OFF mode.
Meaning the first part of the test, while the AG&itsh is OFF

5.6.1. Motion investigation during ACC OFF conditio

The experiment output data obtained through thi@idraimulation model are compared between
participants and sessions. The repeated measureVAN&halysis of effective reaction time,
maximum and mean velocity, minimum Time To Collisoninimum headway time, distance,
Braking distance and other vehicle parameters frasimulation, is investigated using the software
SPSS. The outliers were excluded from the result tardanalyzed data is following a normal
distribution.
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An example of the mean value and 95 % confidentarval of the velocities input within the 3
braking events is shown in Figure 50. It is thesgilole to appreciate that the mean values are very
similar to one another with motion and no motiomdaition, also considering their inner variation.
The differences between-groups seem to be nofficigni (p>0.05).

EVENT
1041 [}
99— | sl

9571 2

924
90
87
861

B84
82
1L
iE sl 5

1 I

Motion No Motion

Figure 50. Velocity during each event at conditaith ACC OFF

Velocity (km/h)

Having proved that the differences between the V#sare not such as to bias the evaluation of the
experiment, it is possible to evaluate other patareeThe Time to Collision (TTC) investigated in
this phase, to see if the braking events are éffitein the motion and no motion condition. Therefor
in figure 51, the results of the experiment arespnéed using a box plot with 95 % interval with the

moustache and 50% interval in the box.

EVENT

Time to Collision (s)

Motion No Motion

Figure 51 Time to collision with ACC OFF
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The statistically relevant Wilks Lambda did notuksn the significantly different in terms of Time

to collision (F(1,62)=0.932, P=0.338) for the ewentth the motion (M=8.52, SD=5.36) and no
motion (M=9.29, SD=6.24) condition. This is can fton the previous results of the velocity in two
conditions and therefore shows that the braking&vie terms of risk were not significantly diffete

from each other.

The next investigated parameter is the reactioe tifrthe drivers that are shown in figure 52 fa th
three braking events, in some cases, the drivar eamécipated the braking which these cases were
excluded from the analysis. As explained in thevjoes chapter, the reaction time or reaction delay
is the time delay between the braking of the vehatiead and the time which the driver pushes the
braking pedal (TRA+TRB) which is presented in fig&2.

The sensors located in the pedals of the simutatioin provided detailed information of the reaction
delay of the driver between leaving the accelerpéalal and pushing the braking pedal (TRB). This
delay was also investigated for more than 60 brakients and no significant difference was found
between the motion (M=0.80, SD=0.73) and no motmmddion (M=0.69, SD=0.29).

EVENT

.-\
T 5

Reaction time (s)
1

d 1
I |

Motion No Motion
Figure 52. Reaction time with ACC OFF

The reaction time of the drivers in the ACC OFF dibon was investigated using the repeated
measure ANOVA and there is no statistically sigmaifit difference by Wilks Lambda multivariate

test (F(1,60) = 0.387, P= 0.536), between the toralitions of motion (M=2.40, SD=1.60) and no

motion (M=2.23 SD=1.58).
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The minimum distance between the vehicles was tmaied using the data from the traffic

simulation and Matlab computer. This variable ipomted for each braking phase and in two
conditions: with motion and without motion, where tACC system is OFF. Therefore, the driver is
regulating the position of the vehicle based onvikaal, sound, vestibular and motion stimuli. The
results of the comparison of the minimum distanbewsed significant statistical difference

(F(1,62)=0.894, P=0.009) using Wilks Lambda for tmaking events with motion condition

(M=34.40, SD=12.59) and no motion condition(M=39.68=13.35).
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Figure 54. Minimum Distance During Braking Event ACC OFF
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Figure 53. Braking Distance with ACC OFF

The next investigated parameter is the brakingadest that is shown in figure 54. Braking distance
is considered from the lead vehicle that the drpueshes the braking pedal. This distance was found
from the traffic simulation data and it is highligiy the depth in which driver in the simulator
perceives risky to continue with the previous vilocThe result of multivariate test between the
motion condition during ACC OFF on this parametgrsignificantly different (F(1,62)=0.873,
P=0.004). The drivers braking distance with the iomot(M=47.60, SD=15.61) was observer
significantly lower than no motion condition (M=84, SD=13.28).
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The motion cueing during the simulation was foumgartant in the scene and depth perception of
the drivers. Drivers in the simulator brake at adowistance and show a lower minimum distance
when driving with the simulator with motion, thegsults confirming the result of the first casedstu

in this thesis on the motion cueing algorithm

The visual behaviour of the participants in termsditraction /attention elements, saccadic
movements and pupil diameter was investigated stétistical test after excluding the outliers. Enher
was no statistically significant difference fourmd the visual attention t(107)=0.620, P=0.536) hwit
the attention of drivers in the ACC OFF conditioithamotion reported (M=93.42, SD=11.17) and
with no motion condition (M=91.85, SD=15.13) Theation of saccades also was investigated using
the pupil lab software and no significant differert¢107)=-1.37, P=0. 17) was found in the ACC
OFF , motion (M=1.82, SD=4.10) and no motion candifM=1.82, SD=3.23)

5.6.2. Adaptive cruise control comparison

This part is aimed to obtain the driver’s visuatation with the use of adaptive cruise control (AC

in the driving simulator. As previously explaindtig visual gaze of participants is divided into
saccades and fixations. Some fixations considesedtt@ntion fixations, that considered primary
focus on elements such as Vehicle in front, pavepnigit mirror, left mirror, and central mirror dn
distraction elements are considered as elemerttaréhaot informative for a driver; Sky, other fraf
pavement, dashboard, and side of the road. Theaotaunts of analyzed eye tracking frames are

shown below:

Table 7. Eye-tracking gaze analysis
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Figure 55. Fixation Frame on attention element ACC On and OFF
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As it shows in figure 55, the visual attentiontwd driver is lower in the ACC on condition (M=85)30
SD=22.77 is significantly lower based on statidtieats (F(1,98)=0.878, P=0.000)comparing to the
percentage of attention of drivers in ACC OFF ctodi(M=93.64, SD=12.10).

Investigating the driver visual behaviour with eyacking, it can be shown that the duration and
number of saccades increased with the use of AGT. fTtest showed a statistical significant
difference (t(216)=-2.679,P=0.008) with the ACC O$decade (M=2.10, SD=3.64) and ACC ON
saccade duration (M=5.61,SD=12.80).

The eye-tracking software allows finding the maximpupil diameter as shown in figure 56. The
statistical tests did not show a significant diiece in the ACC ON and ACC OFF condition

regarding the maximum pupil diameter in AC.

EVENT

7.24 [ B
| ol
5 43 T 3

4,58

E 4,107

3,757

P

3.419
o il J_
2327

T
OFF ON

Figure 56. Pupil diameter during the braking phases

The t-test performed to evaluate the significarfcie differences between two conditions; ACC
ON and ACC OFF. The larger the t score, the mdfereénce there is between groups. The smaller
the t score, the more similarity there is betweeugs. Every t-value has a p-value assigned with
it. A p-value is a probability that the resultsrfroyour sample data occurred by chance. P-values
may from 0% to 100%., in here p-value of 0.05 (3¢/et as the threshold.

A T-test was performed on the kinematic paramétecheck the effect of ACC on them and you
can see the word “significant” which means that rislated parameter has a significant change
between ACC off and ACC on and the word “not sigaiit” means the related parameter does

not change between ACC off and ACC on.
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Table 8. T-test for the kinematic parameters

MIN :
PARAMETERS DISTANCE MIN TTC MIN TH V MIN V MAX Velocity
T-test 0.0002 0.002 0.012 1.40E-19 5.68E-14 0.852
- - I I S not
EFFECT significant | significant | significant | significant | significant significant

Minimum distance, minimum TTC, minimum TH, minimwelocity, and maximum velocity got a
p-value less than 5% (0.05) which means that thetyot happen by chance and the ACC condition
has a significant effect on them. Moreover, theaye velocity got a p-value of 0.85 which is greate
than 0.05; means that the probability that thispeater happened by chance is 85% which is height
and the ACC condition does not affect the averagecity.

Table 9.Average and standard deviation of kinenyadiameters during ACC OFF and ON

ACC MIN MIN MIN V V AVERA_GE
DISTANCE TTC TH MIN | MAX Velocity

ON AVERAGE 41.54 17.17 1.67 81.6797.34 90.89
Standard deviation 13.37 27.93 0.4% 14.78.59 10.04
AVERAGE 34.92 51.52 8.40 151 67.26 105.69

OFF Standard deviation 12.84 14.34 5.41 047 11.53 712.5

Although driving with ACC has proved to be a forindastraction to drivers, but it has shown that
this system is useful while driving in daily traffivith so many vehicles around us. Driving with the
ACC will result in a larger inter-vehicle distanegth the lead vehicle which means that the system
keeps a large safe distance to avoid accidentth@contrary, driving without the ACC system gives
us a small distance between vehicles; drivers kage confidence in their driving and believe they
can react to the situation even with small distantde presence of large distances leads to having
larger time to collision as well which is a ben&fianeasure. Moreover, the ACC driving system
appears to maintain almost the same velocity wiitila change unlike driving without ACC which
drivers had larger velocities than that while drgywith the ACC.

The new eye tracking techniques, allowed us toystinel gaze position, pupil diameter and saccades

of the participants during the experiment. The ehsvshowed more saccadic movement when they
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were using the ACC system. However, it did not ¢eatine driver maximum pupil diameter during
the braking event. The relation between the uge38 with the visual attention in terms of visuatize

elements of the driver showed that drivers tendaiomore distracted when driving with the ACC
system; they focus on uninformative elements reggrthe driving task, This might be since the

driver feels safer when driving with ACC.
5.6.3. Real and Simulation Comparison: ACC OFF

The comparison of driver behaviour in simulator aeal environment carried out using the ACC
experimentation. In this part, the driver perform@ameasure from the on-road test is compared with
the driving simulator experiment. The ACC OFF cdaiodi driver performance mean value and
standard deviations is shown below in table 7.

Table 10.Car following ACC OFF driver performance

Std.

Std. Error

Experiment N Mean| Deviation| Mean
TTC REAL 79 7.66 2.281| .257

SIMU 121 8.91 5.863| .533
VELOCITY_AVERAGE REAL 79| 69.40 6.530| .735
SIMU 121| 90.81 9.660| .878
MINIMUM_DISTANCE REAL 79| 18.86 6.915| .778
SIMU 121| 36.70 13.267| 1.206

HEADWAY_TIME REAL 79 1.16 446| .050
SIMU 121 2.20 5.069| .461
VELOCITY_MIN REAL 79| 55.74 7.634| .859
SIMU 121| 67.75 11.243| 1.022
VELOCITY_MAX REAL 79| 84.98 7.952| .895
SIMU 121] 105.93 12.068| 1.097
REACTION_TIME REAL 79 2.98 1.105| .124
SIMU 118 2.30 1.600| .147
DELTA_V REAL 79| 29.24 7.368| .829

SIMU 121| 38.18 12.989| 1.181
EVENT_DISTANCE REAL 79 | 312.60 68.640| 7.723
SIMU 121] 190.61 70.379| 6.398
BRAKING_DISTANCE REAL 30| 30.00 10.330| 1.886
SIMU 119| 52.57 13.802| 1.265

The T-test was used to compare the data from tbheekperimentation; On-road (real) and Simulator

together. As it is shown in table 8, most of thealales are significantly different from in the fea
and simulated experiment by the statistical t-tBsis could be because many conditions are different
but should be used for the evaluation and validatiotie driving simulation experimentation. The

first significant difference between the simuladmd real road experimentation is the velocity. The
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drivers tend to reach a higher velocity in the ithgvsimulator. Another noticeable difference is th
minimum distance and braking distance, which shihas drivers in the simulator maintain higher
distance with the vehicle ahead in the virtual emvnent. These between the braking distance of the
drivers in the real and simulator experiment camded as an indicator for validating and adjusting
the driving simulator experiment. Despite the resoff the t-test, the reaction time values of the
drivers remain in the same range with the real sintllated environment, which suggests that

simulator is a valid instrument for the of the \aé&idriver investigation (man-machine interface)

Another significant difference can be seen in tistadce-related variables. In general, it is shown
that in the simulator, the participants perceive distances lower than what it is expected. For
example, the average minimum distance in the siimwig about 46 meter while in the real road test
is 18 meter. The same trend can be seen at thengrdistance; the drivers in the simulator brake
much more in advance with respect to the real szathario. The average braking distance is about
52 meters in the simulator while on the road testhiout 30 meter. This gives essential indicators t

evaluate simulator experimentation and driver- emment interaction.

Table 11.T-test for the driver performance variaheCC OFF

Levene's Test for

Variable Equality of Variances t-test for Equality of Means
Sig. (2-

F Sig. t df tailed)
TTC 19.061 .000 -2.779 399 .006
VELOCITY_AVERAGE 37.595 .000 -22.252 400 .000
MINIMUM_DISTANCE 13.743 .000 -11.539 399 .000
HEADWAY_TIME 1.000 .318 -1.615 399 .107
VELOCITY_MIN 1.000 .318 -1.615 399 .107
VELOCITY_MAX 5.091 .025 -16.016 400 .107
REACTION_TIME 8.996 .003 3.258 195 .001
DELTA_VELOCITY 63.204 .000 1.835 400 .067
EVENT_DISTANCE 11.3273% 0.000838 17.48631 398 .000
BRAKING_DISTANCE | 3.565377 0.060967 -8.37395 147 .000

By looking at the visual attention from the regaglthe ACC OFF condition, we remark that the
attention of the drivers is higher both in real @2=7, SD=15.5) and in simulated environment
(M=93.73, SD=12.02), but the attention rate is bigim the driving simulation and the t-test show a
statistically significant (t(144)=-4.63, P=0.00).
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The driver visual behaviour during the ACC On caiodi for the three different barking events is
presented in figure 59. The drivers' attention with using ACC in the real road test (M=75.05,
SD=14.16) is lower than the drivers in the simulgdd=86.78, SD=21.25). The t-test was used to
investigate the real and simulated visual attentiata and the significant different result obtained
(t(148)=-3.362, P=0.001).

In general, it seems that the driver has higheratiattention in the driving simulator with comsam

to the on-road test. This might be due to the tlaat there are not many distracting elements in the
driving simulator and the driver is given enougdietion to the driving task. However, by comparing
both the real and simulated study, the use of adaptuise control reduced the attention of theehs
from the dynamic driving-related elements, thideténce is also significant and confirming the

results of the previous studies in the on-road exmntation.
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5.6.4. Discussion

The result of the on-road experimentation was tweesimulate the scenario (braking event, traffic,
environment, etc.) in the driving simulator. The @@as also implemented in the vehicle model
with the same criteria that found during the read experiment. The simulator experiment results
showed similar reaction delays to the field measared similar change in the trend of drivers’visual
attention during the use of ACC. The result of siraulation confirmed the result of the real road
experiment in terms of driver visual distractionttdescussed in the case study VII and VIIl, where
the drivers were more distracted while using ACC.

Another important contribution of this chapter whe investigation of the motion cueing effect in
the simulator experiment; the motion cueing was fbansignificant contributor for the depth
estimation of the drivers and confirmed the resaoftshe case study Il by reducing the braking
distance and minimum distance during the brakingieve
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Driving is a control task, in which the driver hascontrol the longitudinal and lateral positiontioé
vehicle in the road, plan the trajectory, activ@gnitor the environment and communicate with other
road users. In principle, the human driver is cégabdriving the vehicle with continuous feedback
from the vehicle and the environment. The respahsiee driver to these stimuli’s from vehicle and
road environment can give strategic indicationsaas the design of the self-explaining road and it

is crucial for developing automotive solutions.

In the first chapter of the thesis, the reproductibtihe motion in the driving simulator is investigd

in a 2DOF driving simulator. The vehicle model wgsgraded in order to provide more input for
real-time reproduction of the motion. The classioation cueing algorithm with logarithmic scale
was implemented and the motion cues were foundratdsi by the participants in the
experimentation. From the first two presented chgdies, we may conclude that the motion stimuli
could change the behaviour of the drivers in teofrdepth/distance perception. However, the use of
different gear changing systems and assistantaeegrge did not significantly change the behaviour
of the drivers in the simulator. These two stu@iesfundamental for the validation of the motion in
the driving simulation and helped for defining thigective measure to compare the simulation and
the real road studies.

The utmost objective of this thesis is using iniweaobservation methods for upgrading road safety
from the drivers’ perspective. This was studiecth@apter 3, with the integration of the traditional
road safety audit and driver monitoring technolegitn particular, driver gaze behaviour was
investigated to find the objective measures onvibibility of the road signs and investigated the
hazardous areas already found by the road safdiyand accident history. The sensor infusion and
the vehicle monitoring instruments were found uséfulan objective assessment of the pavement
condition and the drivers’ velocity. The obtainedadcan be useful for integration with georeference

information and training machine learning algorigim

Chapter 4 is dedicated to the evaluation of thgdié¢pedestrian crossing design. The Surrogate
measures were used in different scenarios for tigasg the simulated near-miss events. Two case
studies were investigating the behaviour of drivegsproaching a pedestrian/cyclist crossing. The
driver visual feedback and estimation of the drveeaction to the stimuli in the bicycle crossing

was very low and the braking distance was not emguhe safe passage of the cyclist. In the case

study 4, movement integrated lightning warningeiystvas found effective measures for the braking
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behaviour of the drivers. These measures can beé ase&rossings to improve the safety and

conspicuity of the vulnerable users at the intdises.

The safety assessment during the use of leveldmaied driving “ACC” is discussed in the final
chapter of this thesis with a simulator and on-reageriment. The drivers’ visual behaviour was
investigated in both studies with innovative clsation method to find the epochs of the distr@cti

of the drivers. The behavioural adaptation to AGGveed that drivers may divert their attention away
from the driving task to engage in secondary, novirth-related tasks (even observing passing
traffic).

Many researchers are focusing on the simulatioriferdesign of automated driving and assistant
systems. In the last chapter, the driver’s adaptand performance during the use of adaptiveeruis
control in the real and simulated environment wamgared. The comparison of the real and
simulated experimentation confirmed the relativeddy of the simulator. However, the absolute

validity in terms of driver performance did not ¢ba Driving simulator experimentation results

relating to the vehicle-driver interaction was vemnilar to the ones experimented on the road. But
for the driver and road (environment) interactitire measures from the simulator experience were
not similar to the ones in the on-road experimdiite distance/depth estimation and velocity

estimation of the drivers were found significandiferent. This issue may be considered in the
design of the driving assistant systems using stotd. Moreover, standard validation method for

the driving simulation experimentation could begesgied in the future.
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Annexe

Annex |. Case Study I:

Authors:

N Ghasemi

Name of the Publication:

Investigating driver response to vehicle gear sigfsystem in motion cueing driving simulator
Publisher: ---

Series:---

Field of research: Automotive Control

Summary:

The vestibular cues are essential in the percep®aistion process of drivers in the driving simoitat

In order to reproduce the correct motion, the Meldgnamic model should simulate accurate vehicle
states in real-time with high frequency. More intpatly, vehicle dynamic simulation enables us to
investigate the driving behaviour in vehicles widifferent features. In the case study I, the
longitudinal and lateral vehicle dynamic model lve tsimulator is explained in detail, then a study

involving participants was carried out with the @dijve to study the use of gear shifting system in
the driving simulator study.

Objective: Vehicle dynamic model verification with differegéar shifting system

Driving Task: Following lead vehicle in the high way/ 3 hard brajiTake over/ 2chicane
scenario: 3 different gear shifting (manual/ assissted/ auatich

Investigated measures:

Velocity, intravehicular distance, Time to collisidReaction Time, Braking time

Physiological Measurement [ ] Eye-tracking [ ] electroencephalogram (EEG

Vehicle Position [] GPS [l Traffic simulation |l IMU
Vehicle States [1 oBDII [l Simuate vehicle state
[l Simulator study [] Real Roagkt
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Abstract? Desigrers of the vehicle and driver assistant
systems are using more than ever the driving simulatorslue to
the controllability, safety and low-cost nature of the
experimentation in the virtual environment. The vestibular
cues, however, are essential in the perception, reaction pess
of drivers. In this paper, first the vehicle dynamic model and
the motion cueing algorithm used for the simulation described
in detail, different gear shifting scenarios in a 2D motion cueing
driving simulator investigated with an experiment on
participants. The driver performance and vehicle dynamics

self-motion perception found that reduced or absence of the
motion cues significantly degrades driving performance[3].

Motion is the feedback from the simulated vehicle in the
virtual environment. The motion feedback can improve driver
engagement in the virtual environment by providing motion
stimuli on the vehicle states for the driver, while the driver
may feel the absence of motion that cause even motion
sickness, due to the impairment of visual and motion cue for
the human vestibular system.

measures for the chicane and overtaking manoeuvre the case Various tvpes of motion blatform can be used to
of automatic, sound assisted and manual gear change was d thyp ti g . imulati but th
studied with questionnairesand by the use of statistical testen reproauce the movement In driving simulation, bu e

the platform feedback. The study demonstrates that motion '€Production of the real vehicle movement needs large
cueing feedback in the driving simulation was satisfactory for Movements, and therefore, motion cueing algorithm is being
the participants independent with the gear shifting system and used to control the movements within the platform operative
QR VLJQLILFDQW HIIHFW RiQfoMd withGHe L Y It Watienkepeingralgorithm used in the simulator should

use of different gear shifting systems. be selected according to the motion platform architecture and
the intensity of the required motion. Classical motion cueing
. INTRODUCTION algorithm used for the 6DOF Renault driving simulator for

Driving simulators provide a repeatable safe environmefitotion with low frequency (not including vibration) [4]
for a wide range of research and industrial applications. TREaptive motion cueing algorithm implemented on a low-cost
virtual environment in the driving simulator may not bedriving simulator with 2DOF (longitudinal and seat rotation)
identical to real-world scenarios thshould provide the [5] Wwhile other studies suggest using optimized motion
necessary information for the driver to control the vehicl€ueing algorithm [6], used to investigate different motion
Most of this information is provided by the visual. Howevercueing algorithm for driving simulators. Another important

vestibular stimuli also found decisive in the perception dfueing system in the simulator is the proprioceptive cue that
distance and steering for the drivers2[1- provides the driver with the control load and feedback on the

o i N steering wheel, pedals and gear change. Investigation in the
Driving task requires perceptual, cognitive and sensoifteering feedback showed that the proprioceptive cue from
systems, which provides information on the traffic and roaghe steering gives drivers information about the road and tire

infrastructure. Therefore, various cueing systems in ”’d%/namics which helps them in curve negotiation [7]
driving simulator have to ensure that the participant perceives

the correct cues and feedback for driving. Visual cues The gear shifting behaviour studied in the literature was
provide the driver with the information required to detect th@ostly for fuel consumption, since the correct gear
road, obstacles, road width and markings, that enables @ignificantly influences the combustion engine speed and
driver to guide the vehicle during the simulation an&O2 emission. The gear shift operation indicates as optimal
generally agreed upon as the primary sensory feedbathien the driver senses a comfortable shifting event [8].
However, the driving experience is dominated by the the gtydy used @DOF motion driving simulator to
sensation of the motion, which, by providing the correghestigate the driver response for simple driving tasks. Three
vestibular cue, can enhance driver immersion in the d”V"ﬁbar shifting scenario implemented in the experiment to
S|ml_JIator. .ThIS feedpapk oﬁe.ressentlal mformatlon_ .for investigate the effect of the gear changing strategy for users
vehicle guidance, collision avoidance and road Cond't'on[%ﬂ the driving simulator with the experienced motion. Driver
The vestibular cues in driving simulator found crucial foggntrol input such as steering angle, braking pedal,
accurate vehicle speed and distance perception in a drivifigee|eration pedal and gear changed observed during the
simulator study [2]A study of the motion scaling for the gimyiation. The motion feedback of the platform evaluated

slalom driving task using the human perception limitation qfy narticipants with the use of a questionnaire and objective
measures were compared using statistical analysis.

The paper is organized into five sections. Secfion
describes the microsimulation modelling of the vehicle,
followed by section lll, where the simulation scenario and the
driving task is presented in detailhen the results of the
registered variables and questionnaire are reported with the

* DICAM, University of Bologna, lItaly, (Tel: +39 51%25; e-
mail:Navid.ghasemi3@unibo.it)

**| EPSIS, The French institute of science and technpfog transport,
development and networks (IFSTTAR), Paris, Francée-
mail:hocine.imine@ifsttar.fr)



statistical analysis in 1V, and finally, in section V, the The motion cueing platform is composed of two separate
conclusion of the study is discussed with the possible futuseructure and drivers; The longitudinal rail and the rotating

applications. circular platform. The longitudinal upper structwan move
linearly along the rail, that is mounted, on the rotating
II. .METHODOLOGY structure. A pulley-belts system used to move the cabin with
o ) ] a brushless servo motor (SMB 80). The rotating structure
A. Driving simulator Simu-Lacet provides yaw angle cabin rotation by using a circular

7KH 36LPXODFHW’  GULY L QsldegigriedX CpaterirmUn whichXheHservomotor directly rotate the upper
with a 2 DOF motion cueing platform to study the yawstructure with wheel support in the front of the cabin.
motion vehicle control and simulator sickness in the virtual
environment in LEPSIS (IFSTTAR)[9]. The choices of th
structure and motion platform are motivated by the negess;
to produce sufficient motion and while considering financi
constraints to develop a low-cost driving simulatdhe

The vehicle model implemented in MATLAB-
IMULINK is calculating the vehicle states in real-time
sing the input from the cabin (steering wheel, pedals)
11][1]. The model first computes the torque of the engine

simulator designed as a two degree of freedom in motigr?sfgntgnezﬁégﬁg rﬁg?iof;c}g ?:ncseg? ?r:e%r;] tir:e?ttajg sprsc?v%
platform. The cabin consists of a real car dashboard, steerﬁﬁ 9 q y gine,

wheel, clutch, brake, throttle pedal, gears change hano‘l@ igure 1[12].

hand break, blinking handle and a switch. The steering wheel The gear shifting of the vehicle is implemented as a
feedback is integrated with the steering wheel. The cabin alsgbrid model that can be used with automatic or manual gear
provides information such as vehicle speed, engine round peinsmission mode; the gear number will apply a gain factor
minutes (rpm), fuel indicator and other vehicle states on tl the torque from the engine modskhown in Table 1.
dashboard.

The image is provided to the driver in the cabin with three Figure 2. . Engine Torque graph used in vehicle model
fixed screens in front of the seat. The visual system provides
4K resolution witha capacity of 100 Hz providing 180
degrees of horizontal and 36° of vertical field of view for the
participant in the simulator cabin. A rear-view mirror and two 20
side-view mirror implemented on each screen with a plasticz
frame isolating the screen from the front view. Visual z 10
rendering unit consists of three computers connected angd
broadcasts the images displayed on three mounted screers.
The sound cue is provided by a sound system with fourg
speakers 30 W (50 Hz), reproducing the engine noise, winff" o
sound, rolling noise and other traffic with the possibility to 100
regulate thewdio cue intensity.

50
The acquisition system is composed of an industrial

. . L : : . Throttle Pedal 9 RPM

input/output board with the bidirectional information ot Eetalie 00

exchange of 1000 Hz. This board is transferring data in real-

time between the cabin and the computer in charge of the TABLE 1. GEAR NUMBER AND THETRANSMISSION GAIN

vehicle dynamics simulation (XPC Target). The XPC targetse;, one Ttwo 1 three T four Five

PC also controls the actuators in the desired position angznsmission Gain 325 | 1.78 | 1.19 | 087 0.70

communicates the position of the vehicle to the visual
rendering system. The Traffic simulation PC launches the The calculated torque from the transmission will be

visual scenario according the position of the vehicle and igyipyted on the wheels. Using the wheel coordinate system
simulates the road traffic using Archisim multi-actors trafflciRW) and applying the wheel rotation dynamic equations of

simulation model [10]. rotation one arrives at to calculate the angular velocity of the
Figure 1.Simulacet driving simulator architecture wheel:

e NBL (GF By F (ue® &4

In formula 1, gis traction torque from the engine, y4is
the breaking Torque, ,is the wheel rotation inertia, .
effective rolling radius of the wheel 4 friction force andXg
is the wheel angular velocity. The wheel slip coefficient was
found using Burckhardt formula for braking and driving
condition:
n“®‘£"ﬁ;%’ FR E:RsP figs® 4 't

5 L




Ay® g <o fUs input of the vehicle dynamic model is illustrated and figure 4

AL R, EReP My® 4 ‘U is the output of the vehicle dynamic model.
RF Rg® ... "ty . .
5L R, E:RysO Ms® & v,
— £} =l = N B . Figure 3. Input of the vehicle dynamic model
3 L-fd ERLO @4 ‘W
5; L § 5A6 E 56 =400 Braking pedal% (blue),Trottle Pedal % red
ac <
Here pand yare the side sleep and longitudinal whe §
slip and  ,,is Burckhardt friction coefficient,X,is the o o
wheel velocity and”y is the wheel contact speed. Th 0 %0 100 Tinﬁo(s) 200 250 300
approximated Burckhardt model was used by considering Goar Nutriber

dry asphalt with coefficient of(C1=1.28, C2=23.9¢ 5
C3=0.52). the tyre forces are calculated with the formule §

considering the reaction forcg; 0
B L ( @%®s F A% E %@ 5 0 50 100 150 200 250 300
(: \éaq (i 5 RS ) % ® ; Time [s]
‘g,T Steering wheel angle
7KH 3V-MQUDFN- PRGHO RU 3ELF\F 8%
lateral vehicle behaviour and forces [13]. e WM——ML
©
- ‘@fﬁ 5% 50 100 150 200 250 300
S LAFEA Time (s)
RENG6 Figure 4. Output of the vehicle dynamic model
GLF Q P Vehicle velocity
R 2100M
. £ |
UL=N?PA @ sr; =
Q 0 50 100 150 200 250 300
- R Time (s)
Where Uis the wheel turn angle of the wheeld, front Longitudinal Acceleration

side sleep anglelk rear side slip angle(body slip angle, %
Ns@he yaw rate andR & &e longitudinal and lateral spee: ¢ OP“MV‘NM/\F“’”_‘\W
5

in vehicle centre of gravity frame. The equilibrium must ho

in lateral, longitudinal and yaw direction with the forc 0 % 190 Tir;io(s) 200 20 %00
applied on tyres and the moment acting on the vehic _ Yaw Rate
therefore three equations derived from equilibrium; § 10
2 0 » l H J
) &-10 , , ,
| :Q6 F RIANYE G5 ss = 50 100 150 200 250 300
Time (s)

| 'R6 EQLAN, ® ...« U3E ( st; :
B. Motion cueing algorithm (MCA)
i ® NG ®F B®;f sy o . _
Motion cueing algorithms (MCA) reproduce the motion

Where (44 (s4 are the front wheel and rear whee[CUES of the simulated vehicle from the calculated

o= el léa accelerations and rotation. However, since the platform is
longitudinal force, {(yand (; 4 the front wheel and rear wheel |imjted, MCA has to filter the movement and reproduce some
lateral force, Hdistance from COG to front axléd distance movement that gives the driver the perception of the right
from COG to rear axle and m is the mass of the Peugeot 406otion cues. During the simulation, The MCA goal is to:

TABLE 2. VEHICLE MODEL PARAMETERS x Keep the platform within the physical limitations;

Vehicle parameters Value Unit X Reproduce movement ;

m 1714 Kg "

Z 0.944 m X Return the platform to zero position for the next
Z 1.756 m movement (under the human perception threshold);
* 3015 Kg.m2 In this study, the classical motion cueing algorithm

. . L (figure 5) used to develop the third-order motion cgein

The output of the vehicle acceleration and rotation in the algorithm and adjusted with the two DOF motion

centre of gravity coordinate used to reproduce the pjatform limitations. In Table 3 the limitations of the
longitudinal movement and rotation of the cabin in real-time pjatform and the actuators are shown. The developed
with the use of the motion cueing algorithm. In figure 3 the motion cueing algorithm reproduces transient components



of the vehicle acceleration with the use of the high passfamiliarization is dedicated to scenario to the experiment
filters. The tilt rotation is not used due to the platform with 5 minutes duration.

architecture. The motion cueing algorithm takes tl‘r:% . K and .

longitudinal acceleration and yaw rate rotation as thg: Driving task and scenario

input and gives as output the position of the actuators The scenario was motivated with the observation of the
responsible for reproducing and yaw rotation and Ppre-experimentatiord HVXOWV WKDW SDUWLFLS
longitudinal motion of the platform. of the motion cues in the driving simulator found affected

by their gear shifting behaviour. Therefore three different

Figure 5 Classical motion cueing algorithm gear shifting scenarios were implemented:

Vehicle Longitudinal 1. Manual gear change;
2. Sound assist gear shift;

3. Automatic gear change;

—DI Scaling ‘4D| HP filter i4> 1/5-2 —
acceleration position

»| LP filter |—»| Tiltrate
Vehicle

angular speed —b| Scaling ‘4’| HP filter |

Angular

1/5 —> position

TABLE 3. MOTION PLATFORM AND ACTUATOR LIMITATIONS

The manual gear change scenario implemented as a five
gear shifting system which the user had to use the clutch.
The sound assisted gear shift session aimed to assist the
driver when the wrong gear is being used based on the

A. Familiarisation

Motion Manoeuvre Maximum Maximum rpm, therefore if the driver is using low gear with a high
cue Limits Speed Acceleration rpm (more than 4800), a warning sound plays for the
Surge | *0.3m 245 mis 0408 g participant, suggesting that the driver should upshift the
Yaw | #23° 29.075 °Is 51.151s2 gear. In the automatic gear scenario, the driver does not
need to change the gears and only use accelerator and
braking pedal.
0 g gp
=%:0; :OEta&isE §; U:0 E;i SV Figure 6. Driving task and sections

The third-order motion cueing algorithm developed fc o0 o
longitudinal and yaw motion cue with the use of two hig :
pass filter7 KH FXWWLQJhdU H@X &lgerithms -
control the acceleration or yaw rate frequency to | ! : g
ILOWHUHG ZLWK GDPGSLZJGLGRH\IN”K. oo.-ooooooooof =~ L nee e
IUHTXHQRQFWHIXODWHY WKH VSHH . : .
return to the initial position, Which is absolutely essentii Section A Section B

for the reproduction of the next motion. The choice of the The driving task implemented in a two-lane high way with
parameters for the experiment is shown in table 4. 3.5 meters width and an emergency line. At the beginning of
the simulation, the driver is located in the highway as shown
in figure 7 with a lead vehicle in front with 70 meters of

TABLE 4. MOTION CUEING ALGORITHM PARAMETERS

MCA Oy Oy E distance. Vertical cones placed along the road at every 15
Surge 2.65 0.2 3 meters in the road that prevents the driver from taking over
Yaw 0.1 0.25 1 the lead vehicle. Driving task includes three braking phases

with different speed in section A. The participants asked to
1. SIMULATION DESCRIPTION follow the lead vehicle and brake or accelerate while
The experiment carried out with 19 subjects (16 male amdaintaining a safe distance with the lead vehicle.
3 female) with an average age of 32 (SD= 10). They ha
valid driving licence and had an average drivir
experience of 11 years (AD = 9) and drive 4600 km/ye
on average (SD= 6300). 6 of them were affected by moti
sickness on car, bus or boat, while 5 of them ha
experience with a car featuring an automatic gear cha
system.

Figure 7.Simulator cabin and road scenario

The subjects first introduced to the simulator with a shd
briefing of the participants. The famitigation took ten
minutes. In the first five minutes, the subjects familiari
with the motion of the simulator and cabin controls. T
participants asked to try brake and acceleration pedals
to get familiar with the visual, auditory, and motion cue
The subjects are also asked to overtake some cars in

scenario, to familiarise with the yaw motion. The second afier the third braking phase, the participants were asked
to take over the lead vehicle in section B (by a takeover



command that pops up on the screen). In section B, ttese whe simulator for the automatic session, while for the
two ISO chicane implemented in the scenario with verticahovement on the second chicane higher speed and helping
cones, as shown in figure 6. Before the chicane, two truclee control of the vehicle for the manual and assisted
with amber lights and direction sign implemented in thscenario most of the users were undecided.

scenario to guide the vehicle through the chicane. The

participants were asked to perform the chicane at speed of 50 TABLE 6. DRIVING SIMULATION EVALUATION QUESTIONNAIRE

km/h. Questions session
. . . . . . - 1123
Figure 8.Motion platform position during simulation (cabin ftos) 1. 1 had a realistic driving experience 21212
— Cabin longitudinal position 2. I drove as | normally would 41 4| 4
E02 3. Cabin movements were realistic 4144
5 o 4. Cabin movements helped control the car 3/3]4
'§ 5. In the overtaking manoeuvre, the movements of| 4 | 4| 4
a-02 cabin were realistic
0 50 100 Tir;seo(s) e 250 300 6. The movements of the cabin did not cause me| 4| 4| 4
i : ) = problem when | had to go back to the straight linerahe
g 10 Cabin yaw-axis position chicane _ . .
& 7. The movements of the cabin in the first chicane w 4| 4 | 4
= ‘M realistic
b 10 8. The movements of the cabin in the second chicane| 3 | 3| 4
§ 0 50 100 150 200 250 300 realistic

Time (s) 9. The movements of the cabin in turning were | 4| 4| 4
. exaggerated compared to those of a real car
An example of the motion platform feedback for the yaw1o. while accelerating, the movements were realistic

4144
angle and longitudinal motion platform position is shown in 11. While braking, the movements were realistic 41 4] 4
figure 8. The cabin reaches the minimum platform limitatior|s12. When accelerating and braking immediately, tierc| 4 | 4 | 4
at the end of each braking phase and returns to the zeRpvements were realistic

pOSitiOI’l for the next manoeuvre. 13. When braking an(_j gcceleratlng immediately, titdrc| 4 | 4| 4
movements were realistic
C. Driving task and visual scenario 14. The movements were pleasant and not troublesom{ 4 | 4 | 4

The participants evaluated the simulation session wif Motion sickness results

reference to motion cueing feedback usiag set of The result of the simulator sickness questionnaire (SSQ)
guestionnaires, the first questionnaire asked the participastdculated with SSQ scoring described by Kennedy [15]

to specify their satisfaction level for the motion cues duringhown in table 7. All Sessions belongs to no symptoms
specific manoeuvres, Then participants filled in a simulataategory regarding the median. Considering the mean, the,
sickness questionnaire developed by Kennedy [Mprder 3$VVLVWHG™ DQG 3$XWRPDWLF" 6HVVLR
to investigate motion sickness on the participants. The 4\PSWRPV ZKHUHDV WKH 30DQXDO" VHYV
point Likert scale used for the simulator sicknessimulation sickness symptoms.

guestionnaire and the 5-point Likert scale for driving

simulation session evaluation is shown in Table 5. TABLE 7. SMULATOR SICKNESS QUESTIONNAIRE RESULTS
Manual
TABLE 5. LIKERT SCALE NUMERICAL TRANSPOSAL Score N o) D TS
Simulator Sickness | Driving simulation evaluation Mean 9.04 | 9.57 19.8 136
Questionnaire guestionnaire Median 0 0_ 0 0
Assisted
None: 0 Totally Disagree: 1 Score N o D TS
S||ght 1 Disagree: 2 Mean 5.02 3.19 2.93 4.33
Moderate: 2 Undecided: 3 Median 0 I 0
Severe: 3 Agree: 4 Automatic
- Totally Agree: 5 Score N o D TS
Mean 2.01 1.20 2.20 1.97
Median 0 0 0 0
IV. SIMULATION RESULTS N* Nausea (9.54), O*Oculomotor Disturbances (7.58),

D* Disorientation (13.92), TS*: Total Score (3.74)

A. Results of the questionnaire . . .
q C. Vehicle dgamics and motion platform results

The driving simulation evaluation questionnaires with 14 , . . .
e simulated vehicle data used to investigate the effect of

guestions are shown in table 6 with the median of the ans .
to the 5-point liker scale. The questionnaire aims to evalu erent gear change strategy for the requested driving task.

WKH VXEMHFWYV PRWLRQ SHuFHSN@%Q%;E:SQWRHV%%ma?Q%VS{&eDWRPU?&LPYK

may be subjective to the experience and expectation of #l th_e outliers fo , lake over an Icane
drivers. manoeuvre. Figure 9 shows the revolutions per minute

(RPM) of the engine when the vehicle is entering to the

The answers to the session evaluation questionnair%%cane' although there is no sign_ifiqant difference qsing
shows that the participants were satisfied with the motions ks Lambda test (Table 8}he variations of the rpm is



much lower in automatic gear shifting system comparing to

. h Figure 11. Maximum lateral acceleration in section B
the other sessions. HoweveWy KH : L O NI¥ fesDIiP idE o xim ont !

showing a significant difference between sessions. : 58
TABLE 8. MAXIMUM ENGINE RPM IN SECTIONB - 1.00 i
_ LWKLQ VXEMHFWYVY :LON ~ 0757 i
Variable - S
DF e.DF | F Sig. 0.507
Max engine rpm 2 16 1.698 0.214 0.257
. . . . 0.00+ , , ,
Figure 9. Maximum engine RPM in section B Manual Assistod Automatic
4,500
V. CONCLUSION
4,000
S 35001 The increasing demand for driving simulation in the
& ’ design of vehicle and driver assistant systems needs powerful
3,000 ; simulators that can provide full stimuli for the drivers. This
2 5001 stgdy aimed to inve_stiga}te the motion cueing feedlimtke
= driving simulator with different gear changing system. The
2.000 developed vehicle dynamics model in Matlab-Simulink

described in detail together with the specifications of the
2DOF simulator and the motion cueing algorithm.

The maximum deceleration in the first braking phase was
found significantly different between the scenarios as shown Driving simulator experimentation with 19 participants
in Table 9 with the Wilks Lambda test. The results suggegas conducted in the car following/braking scenario,
that the maximum deceleration is different in the first bl’akingverpassing and chicane manoeuvre. The Subjective
phase (Fig. 10). Therefore the participants brake harder whepaluation of the motion feedback on participants carried out
using automatic gear change in the first braking phase, Rth the use of the simulator evaluation questionnaire and the
then user adopts to the vehicle, and therefore for the otk@iulator sickness questionnaire. The simulator sickness
braking phases The maximum deceleration is not differegéores showed no symptoms of sickness during the sessions,
and remain in the same range. and the result of the session evaluation questionnaire showed
that the motion cueing feedback was favourable by most of
the participants and increased the immersion in the virtual
environment.

T T T
Manual Assisted Automatic

TABLE 9. MAX LONGITUDINAL DECELERATION IN SECTIONA

. :LWKLQ VXEMHFWV :LOJ
Variable Phase DE o DF F Sig.

Maximum 1 2 17 3.870 | 0.044 The investigation of the motion platform accelerations
; 2 2 13 2.464 | 0.124 L . . . :
deceleration i — 5 036 T 0375 showed no significant difference in driver control input and

15 L 37 output of the vehicle model with different gear shifting

scenario. Only the maximum deceleration for the first
braking phase found different by comparing three scenarios,
but ths effect did not continue over the whole simulation.
From the results of this study, one may conclude that

Figure10. Maximum deceleration in braking in Section A

-2 different gear change system did not significantly affect the
v 3 GULYHUYV EH K pefteptkriJofDHg GoWgrK ¢dieing
-~ feedback.
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Summary:

Human driver perceives the environment throughrtbensory systems. Driving is a complex task

that needs constant feedback from the vehicle la@@nvironment, this information mostly time is

coming from the visual stimuli and sometimes fromarsd cue (traffic) or motion stimuli (made by

vehicle). In this case-study, 3 motion cueing atham scenario used to investigate the effect of the

motion in the driving simulator experimentationtbe longitudinal control of the drivers. The driving

task is the following of a lead vehicle and difigrelriving performance such as velocity, braking

time, distance with the lead vehicle, time to ®bdiihn and reaction time of the drivers were

investigated. The results of this case study igortant to validate (behavioural validity) of the

motion cueing system of the Simu-Lacet driving siabod.

Objective: Motion cueing influence on driver longitudinal ¢oni

Driving Task: Following lead vehicle in the high way/ 3 hard brak

scenario: 3 different motion cueing algorithm

Investigated measures:

Velocity, intravehicular distance, Time to collisidReaction Time, Braking time

Physiological Measurement [ ] Eye-tracking [ ] electroencephalogram (EEG

Vehicle Position [ ] GPS B Traffic simulation [l IMU
Vehicle States [ oD W Simuate vehicle state
[l Simulator study [] Real Roagkt
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$EVWUDFW

'ULYLQJ VLPXODWRU SURYLGHV D VDIEHKQYILBRKQ PEHPHNOVWIRH @MB U X BN HLWQLY L Q

VIVWHPV WKDW HQKDQFH WKH GH QYRHQUMN QWP PHKH PRQVLRQWAMHYQUWX\DWHP LQ GULY
VLPXODWRU SURYLGWHKHL @ HKLEDWMLRRN ROHQ WV PRWIKR QY KXHLQJ DOJRULWKPV 7KH
SUHVHQW VWXG\ DLPV WR LQYH VW LFDDHLID WE 6 JHRIUVH AW FRM GQ IDHEHWD W 6 RWIZRQJ DQG E
WDVN 7KH DOJRURWK®G VL QHIBH /G ¥ YEH® X QL IWWIHGGEXHUBDUWLFLSDQWY LQ D GULYLQ
VLPXODWRU 7KHHWM X®BWRURQICAN@XDIWQ R Q/ TXWIVRVQL RIGQDLUH ZHUH XVHG WR HYD
WKH VLPXODWRU H[SHULHQFH 7KH SDUWLFLSDQWY ZHUH DEOH WR UDWH WKH GUL
SHUFHLYHG PRWLR®@J @Y LLYGHH \E\W K DDRAXKEDOUU QW WD QFHKLKDY FKDQJHG ZLWK PRWLR
VFHQDULRV ,QGLFDWRUV VXFK DRQWLPG K RHE WD FW LERUD N QR HWY RHF ROOM VH[DPLQH G
VWDWLVWLFDO WHVW EXW QR GLIIPRWQORE ZDWVGEB¥NUYKE YWXIG\GILOIGIX\HQWD W H G
GLIIHUHQW PRWLRQ FXHV LQ GULYLQJ VLPXODWRU GLG QRW DIIHFW WKH FRJQLWL
KRZHYHU LW LQIOXHQFHG WKH GUWYDHF I3 HQFW & W LFRUD RL QOWKWFHIQODWR YH GL

Keywords — surge motion perception, driving simulaktotion Cueing Algorithm, braking behaviour, time
to collision, reaction time

,QWURGXFWLRQ

'ULYLQJ VLPXODWRRRO LDQSKRZAMHLQ XEISSW R B BKUIIRWHDWER&\LQJ WKH GULYLQJ
EHKDYLRXU /LNHZLVH LQ URDG VDIRW\LHWQUHQOHFW PG DOMA DY E R @ YWLLPHKLADIW
VXEVWLWXWH IRU WKH QDWXUD O MM ER QW/XREQ HRY UL QW KH LWWR REI H WV FIRIPFS
SURYLGHV DFFXUDWH PHDVXUHV RYH@ WKHF Y ®WL PGH DIFE PWIQAV \G WIQY H U
WHFKQRORJ\ IDFLOLWDWHG W K H XWH S RIBXVDVQ RHG RV FADKVR Y L B W B D@J UH B O HW
+RZHYHU GULYHU UHTXLUHV PXOWLBQHD QGS SMLWI RWURP SMHKIHF HELUYLHY MOKIH WV WANX
DFFRUGLQJO\ 9LV XD GXIHWH B URYV I8 RV DEWV ROIRWRDWLRQ WR GHWHFW W
YHKLFOH SRVLWLRQ DQG WR JXLGH WKW GHKIYEQH GWX WGRPIL QHKW HA FEX OMDKAH.
VHQVDWLRQ RI WKH PRWLRQ DQG WKMN RRHHBHMQWHRI ZWWHK WNKHRWH B5Q R
LQIRUPDWLRQ |IRBHYBRIGFPROIXIL\GIRY ®WRLGDIQFIHP X@WLRQ PRWLRQ FXHLQ
DOJRULWKP LV LQ FKDUJH RI UHJXK XWHQRI WRM PRQV MBSO F A RIDOWGU B € OLLGLIQ W
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WKH VSHHG Rl WKH PRWLRQ SODWIRUWP PRWH R(HBGMNAWQ R ® @IR® WWKPLQY RI
VWURQJO\ UHODWHG WR WKH SODWYRQB WIQMNPLF DQG WR WKH UHTXLUHG ¢

,Q WKLV VWXG\ WKH HIIHFW RI GRQHIHQW PP EWKBQLRXHLDQ ® & HOU LRARKAPL R
SHUFHSWLRQ LQ D FDU IROORZLQJ DGIG KWDRUQUXEMHFIMLIYYR [PH D QX BINW L
TXHVWLRQQDLUHV DQG REMHFWLY RV IPRHD WKRJ HF\R O/XIFKL BY D 8 B FBALIRNL QUL |
EHKDYLRXU

/ILWHUDWXUH UHYLHZ
2.1. Human and moving environment

ORYLQJ HQYLURQPHQW LV NQRZQ WR DRIHWFMHKWBDQVSREBW WWHWERYLQQL
6HDVLFNQHVV LV D FRPPRQ V\PSWR PHR HPFOVVR@® BHXW HPS HOUVYH Q AMYLGD XK H D
GXH WR WKH PRYHPHQW RI WKH YHVMED R'XWIQH VSDFH HYSORUDONCLIRQY [P
GHPRQVWUDWHG PRWLRQ VLFNQHV\D WY R SWR FV RBHIUDLYLIWW KHR U ILUVW GD\V

7KH KXPDQ YHVWLEXODU V\VWHP LW WG RHU BISWH \RER DRALFEO HVI R &R FADKWH P
LQ WKH LQQHU HDU 7KLV RUJDQ FIRQK LWKH/ DRE L\OH M\ FLR FEXHOUIFB LFDHD D QY XZT
PRWLRQ DQG RWROLWK RUJDQV WKDW DUH DEOH WR GHWHFW OLQHDU PRW

7KH HITHFWV Rl PRYLQJ HQYLURQPHQWR RWZ K ¥XPMWH FRQLEN RODMQHILBG L«
DQG VSHFLILF *HQHUDO HIIHFWVIRUPDWKH REAKX DW IHDWILIXHWRLBR® SWV DC
ORVV RI EDODQFHIIERW® HDV SIHW KR FRVEKHHYV LOMODMWH QHQFH ZLWK KXPDQ PHQW
DFWLYLWLHV VXFK DV SHUFHSW L RKF LA RB G WHR) PIQWE KBF WRW QR @ Q 7TKXPD R
PHQWDO SHUIRUPDQFH FDQ DIIHFW WERWMH @Y LA QV PHPR U& RDIQE WSLDWIH WA ) DI
UHFRJQLWLRQ ORWRU WDVNV P DHXPWLWQ DB RIGQS H UFHS VEX VAV R/ Q \SNIH VYL U
RU DXGLWRU\ GHWHFWLRQ

5HJDUGLQJ JHQHUDO HIIHFWV RI WKHVPRNQBY\HYMDRDWVRQP HPQ WP DMKRK PR W L
WKHRU\ H[SODLQV WKDW PRWLRQ VLBSOHYDWFFXSUM YKGEBVWKHO ¥ RRWLRXC
LQIRUPDWLRQ WKDW GRHV QRW PDWYIKVXDWK RAUK B KWK HW N[5V RUAGY \V R P
SUHYLRXV H[SHULHQFH RI WKH XVIHQUF#H S@R B&HPL\F DO H IO I0IX M QRQEMRON LR ¢
LQGXFHG LQWHUUXSWLRQV 2QH VWXGAJELQHUWRMLO JVHQXYHWWRQ PHIQDW ZR |
PLIJKW EH WZLFH IDWLJXLQJ WKDQ VWDEOH HQYLURQPHQW > @

BWXGLHYV RQ WKH VSHFLILF HITHFWWWRRQVRBD PRWQURQLM K VEILWBE® Q&G A GO
HIITHFWV RQ WKH PRWRU VNLOOV RIGUERH SBURHFWXDQWWDWRYHYRIRH UH
SDUWLFLSDQWVY EHKDYLRXU ZDV LGN KWQEFE GLE\YMRWILE QWS & WG ER IQQ W
PHPRU\ VNLOOV RI SDUWLFLSDQWYV WXERM QRWWHIG OLRLWKGW IGILSI RBMN & PH Q\WQ
SHUIRUPDQFH KDV EHHQ REVHUY H GK H LUWAH\OXCOMWW R G LRMRWIROV R FRIQ IR Q 8 H 8 X
QR GLIIHUHQFH LQ SBDLRULPLLGPH) VI W REW HEQ/ G @R SWMKDUGLQJ WKH
SHUFHSWXDO SHUIRUPDQFH RI WKH RRRD R PLRMWIR B RFARSOM RACD WK B/ M i K IMYVL DH L
VKRZHG UHGXFHG SHUIRKUWP EQFYHOMLWRGBGOWR FELRBM AKRRQW LQGLUHFWO\ DU
DIIHFWHG E\ WKH PRWLRQ > @

ORWLRQ SHUFHSWLRQ LQ GULYLQJ RILPXYIDWRW URQHRIY RARKWKHP BM UG BI SV
REMHFWY LQ WKH YLUWXDO HQYLURRWHR® RZ KNHKUH WXKIH BXQE HS W RE ® HRF WM
GRPLQDWHG E\ WKH YLVXDO VWLPX\OLR® @ H BCGCW KRHQ VIHIH UIPIRIMDLCR § WSLHPUXFRH.S
WKH YLVXDO VWLPXOL > @ 7KH P®WLRRUFKHE VY GEHHIQHFW RQWAUDWHG EHRD Q
UHVHDUFKHUV +RJHPD HW DO XVHGWRIWEH/AR QYD ULHRKYD BRK M@ XFXHW R U
DOJRULWKP IRU WKH XUEDQ FXUYHKEULDYUW L ALG® QWKW \| RRQG ONXIGH & LW K D W
ZLWK ORQJLWXGLQDO PRWLRQ PRUK BHDIDNWUWYHOS @ Q, D 2 QIRMGEK ML QM V H I
PRWLRQ WRRY HRIQGWR ZHUH IRXQGVQ/HFHMYIDWAQIR H [B HUHDHMIFH > @
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2.2. Motion cueing simulation

7KH NH\ UHTXLVLWH LQ GULYLQJ VLIPRK@ DRVLWRHL YYD FIVXD DOW KHKQ FIORS UR C
HQYLURQPHQW DQGUWKH RRWLKRIU $i0 RKIRHSIUHROXIFRQJIVHOI PRWLRQ RI WKH#
YHKLFOH +RZHYHU VLQFH VLPXODWLQ®&H WHKH LIFXGDHD VADRHU PR YKPHQWYV R
ZRUNVSDFH PRVW RI WKH DYDLODE QH $&MWLIR/QH S\® B W IHR[DFEW [DUFHF FK@HDUED\M L\P
RU URWDWLRQV FDOFXODWHG IURPWIRK ¥MNKLPEOHDPRBUIOW KA\H ZHHIRH H
GHVLJQHG WR FRQVLGHU WKH SK\NLFODWOR P PWIRY HPGOWPG WR FRQWURO
ORWLRQ FXHLQJ DOJRULWKPV 0&$ XDDWNVRG PRUWMR QS /KW | RIULRFKW VLP

@ &ODVVLFDO 0&$ FRRUGLQDWHG DO/MSEHNE BRES®QQ REKWLIFDLOKOMS$ KD
VLPXODWRUV DQG ODWHU ZHUH DGDSWHG IRU RWKHU PRWLRQ SODWIRUPV
&ODVVLFDO PRWLRQ FXHLQJ DOJRULWMPDLIXUKD XNOWN RGIX\FHRG BAKFHKGE J
SDVV ILOWHU WRVWUHS®L BFWHOW K BOW BERQR H RVRKH. YHMKH ORZ IUHTXHQF\
FRPSRQHQWY DQG VV.AXOWD GBDRXVIQRHNEH VWR QUHBBRIBXHUDWLRQV ZLWK W
WLOW URWDWLRQ 7KH UHVXOWLQJ VLJQDO ZDV XVHG WR FDOFXODWH WK
SDUDPHWHUV KDYH WR EH DGM XV \WHX \ALFB G DU R L) DRVLGRHLY WR R W K N SSHOFDW V
ZKLOH UHSURGXFLQJ KLJK ILGHOLW)\ YAR \WRR/Q RRX H\X H & & R IDGOLIRW W& PD G D S
LQWURGXFHG E\ 3DUULVK > @ SURSDGENMLFRMWLERY KIREZ K WWHKHWK/HH SRD KDLB K W |
DUH QRW IL[HG DV LQ FODVVLFDO W&$ HDE\GPZ B U P LFD@F B ORVMG | X Q FIH.IRA
RI SODWIRUP MHUNV DQG OLPLWDWHKR G URS\RVMBOER BWYRQ AMHDOQJ POHRUL
KLIJIKHU RUGHU KLJK SDVV ILOWH UW \Z# WK R SAXIPAI0 YAHR/QWAL B K O DAH 8 H.UG MSK/DL
WKUHVKROG WR PLQLPL]H WKH HUWRDQ® WRRALIR @ BHUIFFHLWHG R Q WWKKH SALROW
SODWIRUP > @

+H[DSRG 6WHZDUW SODWIRUP LV DWVRERPREWRNWLRQ G ©DWWRIB HA K DWW WKA
WKH SODWIRUP SRVLWLRQ 7KH 6WH ZH UMK SHOH VWDIRWHPD UV PBEEAHWW VUH S U
ORQJLWXGLQDO ODWHUDO DQG YWRO FDQGDRB WKWRIYH G RGID WL RE®H/JI U
RI IUHHGRP ,Q RUGHU WR UHSURGXFBOWRUYWKRVERGLWHKW WRW LRIV E X H GC
PRWLRQ FXHV ZLWKLQ WKH SK\VLFGRQMH. PLLWWW RE \ WK GIO@MWDRIGPO I RLW LLYJ \
PRYHPHQWY IURP WKH YHKLFOH PRGREWLR Q HF&XVH TAKKH GPOIMW WG IR IRW KVHK
PRWLRQ FXHV KIEWHRRXEH R L MLKWH S \ZILADIO VOK IR DYWBIWRIRD WHFKQLTXH NQRZ
DV 3ZDVKRXW’  7KH ZDVKRXW UHWXBRYVWLRI SIGRIW RRALR IV R KMK W LLEQ WLLHDQT
PRWLRQ FXH ZLWKRXW WKH GULYHUSE B VWRIUPHE] VOREZY P RAKDRHEYKH KEDM. YNHRJ F\H
PRWLRQ SHUFHSWLRQ WKUHVKROGQI \@ P X<LIDW RW K HD & BIMRUL G.D WMWK FR B\ W HEZ D |
SODWIRUP WKH FKRLFH RI WKH PRWAL\R® BL.FVWD RGP REMSHFRNEY R R Y\MKHF O
LOQYHVWLIJDWLRQ

Vehicle linear —] Scale High-pass filter High-pass filter Translational

acceleration factor F1 52 Washout F2 motion

Scale
factor

Low-pass | | Rate

filter limiter

f— ——

velocity factor Fi1 s Washout F2 motion

Vehicle rotational| |  scale High-pass filter 1 | High-passfilter .| Rotational

)LJ &ODVVLFBIOQIRMIURQ LAAXKP VWUXFWXUH
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7KH QDWXUH Rl FDU PRWLRQ LV QRW RV GH WMDBHWKH LRRWKRQDEXHUQJIW [
DOJRULWKP IRU GULYLQJ VLPXODW LRQL RAK 8 HYUHFKHLSAOIHR G\ Q R BLIF /S HEVP D\Y LR
KDYH WR EH FRQVLGHUHG > @ ,Q® FOUGHW DWR. R QD WA WHH @ LW B C5 S DR/FR Y\
WUHDWPHQW LV QHFHVVDU\ VFDQUIQNK D IPRRWLRQ PRFEP RRIXKVSDVYV ILOWHUL

([SHULPHQWDWLRQ

7KH H[SHULPHQW KDV EHHQ GHVLJQ H3NIWRQ VANHGE\Q W O HR UHLMWK FR IL @V K U H
EUDNLQJ VFHQDULRHLAKIHD @ JRRWWK® \A B HUH 0SS ©% BHOXWOLQN 7KH
VHVVLRQV ZHUH UDQGRPO\ DVVLJQHGHDR QWQI $IDILHW WF R DY M S\DRJ WY R L DX
EHKDYLRXU $ FRQWURO VHVVLRQ 1R IPRWLR® HFNWDWPLHGNVRXW VIHG B U DWW
VFHQDULR

3.1. Participants

$ WRWDO RI YROXQWHHUYV PHQ DQ®I ZRHABQVZL&AWK DQ DYHUDJH D.
SDUWLFLSDWHG BQ WKL H$DIQW\P Q@ DO[SNHUMDQAHGRIL \HDUV DQG GURYH
NP \HDU RQ DYHUDJH 6' 7KH\ ZHUH QRW SDLG

3.2. Apparatus

7KH 6,08 /$&(7 GULYLRW V(FBXODWRUIS$5 G ZIGHK/ DIPRWLRQ SODWIRUP
ZLWK WKH SULPDU\ DLP WR VWXG\ WKHPRRWWRY RQFNHKLADO H QF RIK\W UYR.Q \U B
HQYLURQPHQW > @ KHKMWHKREWKY HR DR GRRRWHKR G ,90D%R (7 GULYLQJ
VLPXODWRU LV WR SURGXFH VXIILFYHREQ \OLRHIU MOXIGIL@DE PLIRADL R R VDAW Z:H 0@

7KUHH . IL[HG VFUHHQV SURYLGH WRK®GWILE 000G F XH RZIL WHKU W If FRIOKIR. IO G
RI YLHZ > @ 7KHVUMPEODRRHQRUN\G LRRQVWEBUWIFWHBQURRWKH IURQW YLHZ E\
XVLQJ D SODVWLF IUDPH RQ WKH VEUWR QV ZIXWHDW & DR AX/HDIEO M L\W R OCHBH® G
WKH VRXQG RI WKH HQJLQH UROOLQUKWVKH X\ RIDRG DWYMDLURL ¥ \GR/IHPH 2
FRQVLVWLQJ RI IRXU VSHDNHUV DQG L5 YNEZRRVK WD ¥ D PHENODWRWU LPO MW |
EUDNLQJ SHGDOV VWHHULQJ ZKHH®@ L\H B UER$ THIG ZK D/& GCE BD M K6 DAKKHE RDE G
VKRZLQJ WKH QHFHVVDU\ LQIRUPDWL@K UBB GQGYHWHOVRAK DY YBHHEH HQ

7KH PRWLRQ SODWIRUP LV FRPSRVHE RHPKDR) IPFHDAOD O DQ R VAW D WF VG O R ZA/L \
WKH FDELQ WR PRYH OLQHDUO\ DOW®S ORI I IVWOG LTKHO ZRRWLRQ Y %D Q APl
8VLQJ WKLV FRQILIXUDWLRQ WKH P RW QR QWSXEL\Y [RQ M FHO H H B WR 6 RF XIS WA

J ZLWK PD[LPXP DQJXODU VSHH® X¥XXKMLRJ JFOWURU @V KK I PRAXICFOWHV W K

SODWIRUP SRVLWLRQ LQ UHDO W HRJH \EL RWX R | XWKHRV LK Q DIMWAWCG Y. BIOLCF O IF RG
> @ 7KH 3HXJHRW YHKLF O HL PARIGHOVIV. WK PP DX X HG DR UV W K H
UHDO WLPH VLPXODWLRQ

)LJ 6LPXODWRU VLPXOFDVW SODHMHIRWP DQG YLVXDO IL[HG WKUHH VF
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IN DU TEST

yLJ BWDUW RI WKH VLPXOQQWGLRQ WEBNWRPQRVFHQDU)RJ

3.3. Familiarization

7KH IDPLOLDUL]DWLRQ WR WKH G UL Y3QDVWL PPKGD M B VW DNF FODULR @ RK W
GLIIHUHQW IURP WK & DHISRI IDLGPGH G W UNHIGF MESRD GW VYZHHWK HDYHKLFOH DYRLGLQ.
FROOLVLRQ ZLWK WKH WUDIILF LQLWAKM MFH@LDIUR |TWHRX SERVH RDWKWHR D
WKH XVHU WR WKH VLPXODWRU FDELXD SCDUWRQP FRQOWKRIOVHFG@GGWKH |
IDPLOLDUL]DWLRQ SKDVH WKH VXPMRRWVED\YD DRQMRIRGEFBHGNWE W R HI R DHRL
WKH OHDG YHKLFOH PDLQWDLQLQJ ®KVVIH FKELNDWDQEB U LIDWQ R @/ KW KWHPR QG |
SODWIRUP ZDV GHDFWLYDWHG

3.4. Task and scenario description

7KH URDG LQ WKHKZFAH@MWKR LODMKMYZRGWKFHWMHDQ HPHUJHQF\ ODQH
RI PHWHUV ZKRHQUHY ZHWW LSO DFFH @& KHQ PLKIE ¥H GHDQRIWR DYRLG WKH VXEM
IURP RYHUWDNLQJ ILIJXUHV DQG | EIQHVERHWREGSDMW ORXDE KLRAMHD |
YHKLFOH OHDG YHKLFOH LQ IURQWYDEGFOH Z&VO/H PPW B @& DALR) L R ® MR ¥ DW}
GLVWDQFH )LJXUH 7KH SHUIRUPDRHFH WK HVRH DG PHHKDL WO B X BIK LAO H
WKHUHIRUH WKDWR IR FIHDXENDFFHY VKD ELHADAHK YWKUHH B HDUO NLQJ SKDVHV ZHUH
LPSOHPHQWHG LQ WKH VFHQDULR GHPNQEUSWDYH |LlURPWK ONHDIG WRKLFOH
NP KLQ VHFRQGV EUDNLQJ SKDVHFHOHUDKLHFK WK GEDBJRAKLFIOM IG WR

NP KLQ VHFRQGV EUDNLQJ SKDOMH GH FIHD B K DFKHW K H RIPH D G i KKK WIR
NP KLQ VHFRQGY 7KH SDUWLFLSQ®@WODWKHG MARVBRIQW)L DXH WKRT GULYH X
DSSHDUV RQ WKH VFAKHH@FHDDULR ZQYV GHISHDMGWE RRWLRQ FXHLQJ
DOJRULWKP

3.5. Motion Cueing Algorithm design

7KUHH GLIITHUHQW PRWLRQ FXHLQJ DOIROELMWKFPLOZNUMRGHOYHGBROHG LQ 0%
0&% XVHG WKH VDPH VFDOLQJ IDFWRB OMR HQE VN HD VKK BKL SB\QW LLFIDWH IUQ & RV
UHSURGXFH WKH WW QY LW IQN YHRAPRI@EHKDP F K R KW DDMLIRQ LWKP 7KH PRWLRQ
FXHLQJ DOJRULWK®D MHQH LDOGWRX DWHRINGWQBXWRH BEXRBEFQSWLRQ OLPLWY DQG
SODWIRUP G\QDPLFYV

6FDOH IDFWRU

,Q WKLV H[SHULPNGWO P DPEQ RPU XHRWE WHO GRWYULGWGEGLQDO PRWLRQ 7KL
VFDOLQJ IDFWRU DSSOLHV D PD][LPKHPOWHRIDOWLIQRIQRD Q G IRLLQ WRMHP KLRBKORK J R

IRU WKH ORZ DFFHOHUDWLRQ LQSRWVR QK \OFQ B[ R QLHSW WD (R UX Q F AH QR
WKH PD[LPXP DFRHQBUDWURRL® WDVN DV IROORZLQJ
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f L oW
5G=06a Bulsdg= L ALUS
ZKHUH
RBo;LV HTXDO WR J
6oLV HTXDO WR
3[" LV HTXDO WR
30 LV WKH DFFHOHUDWLRQ LQSXW

6. LV WKH VFDOH IDEFWRU IRU D
3D LV VFDOHG DWERQHRXH QR D CPIIRULWKP LQSXW

0&% )RXUWK RUGHU V\VWHP

7KH 0&%$ LV FRPSRVHGGRR UGAHRU VIKHIERS STOMMO \ LIOQWHHY VBIUDYW.H G E\
ORKHOOHEL > @ 7KH ILUVW KLJKD S/DNMVILIDFWW W K HD WHIF @ QIGHRWG LIS R Q V|
DFFHOHUDWLRQ LQSXW ZKLOH WKW R FFRHQ GQILW IWHY SRV YW QD WAKTH B R DW |1
IRU WKH QH[W PDQRHXYUH 7KH 0&$ WPRHO/HDD WLRH LRJSWWH W KX @ BDIHHEG
YHKLFOH DQG FDOFXODWHV WKH BRW.WKRDQRLQVKH XSO W I RIJIPU H ICLS LD W F
WKH SODWIRUP SRVLWLRQ 3D’ LV WKHD VHAD®MBES DG F HFRHHU DRLIHROOV V2 DQ G G
3& * DQG & ~ DUH WK IF®WLRM RI WKH ILOWHUYV

0&% 3RVW DGDSWLYH IRXUWK RUGHU V\VWHP

7KH 0&% XVHV D QRQ OLQHDU DGDSMIRWHEREWS HA\GREO G LR DB GXBEHWKP S
WKH HIITHFW Rl WKH EDFNODVK PRWANRQ £Q@VKH LW @DXEWL®/WKIPY X§ H W MWPZFRO |
KLJK SDVV ILOWHUV ZLWK D QRQ O/IKRHULYRMWXDIEGID S V8 QYEH LBVO I R UKLWHIGP VDR/
UHGXFH WKH VXGGHQ FKDQJHV LQ WK@ DFFHOHUMDMWIR QY Q XRHY HHY D ISAOHHU
EUDNLQJ ZKHQMKHRQFFBOXHYV FKDQYHWMRER R\PK @ HSIDWLIMYLHY M D O X

7TKH QRQ OLQHDU SRVW DGDSWLYH DRXXIHRW ISWRB XAHY WR PUWEXFH WMWH 1D
KLJK SDVV ILOWHUWW B FHSOLOHWMHDVKIMVR WEHLRE®B XW RI WKH ILUVW KLJK S|
ILOWHU 31 D"  DOQHERPFINWRWKHIBRL® IDFWWKRHEY ®GHFUHDVHY WKH RXWSXW |
ZKHQ WKH QHZ HUURU 3_*I D D_URM IOBV\DWKGBQVWIKWFKUANYROPASBHPHQWHG
LQ WKH DOJRULWKP WR FKRRVH EHWIZHMRU 3% DV @HYIGQF)G DEV VRKKHV S X'
K\SHUEROLF WDQJHQW WDQK ORMWWLWRKQEQYERIQDIVYEW Y WK HD DFARIRW L @/ KRR
UREXVWQHVYV WHRLWQVNMLWRMW LYPINW DFFHOHUDWLRQ

¢] S ¢] R
—_— N Al
D= O E &g E §i; > 0 “l O E te@ E &R o I
JLJ JRXUWK RUGHU PRWLRQ FXHLQJ DOJRULWKP
s s ¢]
Sl o4 o4 - — > = - X s
> (G+2§.w.+w5|‘5t'a 87 O|7| (CE t& E &
JLJ 3RVW DGDSWLYH PRWLRQ FXHLQJ DOJRULWKP
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=ecL GBE:s F;BB:=;
) L ¥ 38 'B=FFG =
G Lraw® :)Bs;E-Ff)»rBS F F B= F f

0&% 7KLUG RUGHU V\VWHP

7KH 0&%$ LV DGRSWH® IPRW LFRODFXHLW K H @ WRUNFAWOPUB QB/ VKRZQ LQ WKH
ILJXUH 7KLV DOJRULWKP XVHV B VHBR®G RAH WK HK M i DSDM\H QO \B A BHW® H U [
IROORZHG E\ D ILUVW RUGHU KLJKD®/DRYPZIVRKW KW QHODWU D I9WSRIQ W MR IRC
QH[W PDQRHXYUH

7KH FXWWLQJIXJUHQPXMIQIFY D OJR ULDFKER GRQIWUIRROY MWKAXHQF\ LQSXW Z
GDPSLQJ FRHIILFLHQW RI ® * ZKXsOH WIKIO IFWWW MQKIH I UHWXHIGF VS HHG RI W
SODWIRUP WR UHWXUQ WR WKH LQLWLDO SRVLWLRQ

3.6. Motion Cueing Algorithm implementation

7KH SDUDPHWHU DGMXVWPHQW RI WIKSH) RRMVHR @ HFAKAHH I9Q VAR LLIGMIORL WY D
DQG WKH SK\VLFDWKFRORWURQQINOL RWOFWHR RDK W HNWH S/ UJQDO ZDV XVHG WR
FRPSDUH WKH PRWLRQ FXHLQJ DO JRWIWLKRQ RIJWKH PROMWARWIDOIWHNR WK A LY
PD[LPXP DFFHOHUDWLR®&H/WHPRWOBXWPHRLRK HDODRBUMWK WPHQW RI W]
SDUDPHWHUV KDV EHHQ GRQH FRQVLMEKH MFH Q/XWLRHEX WK IRDORZX QAU
WKUHH PDLQ FULWHULD

x avoiding false cues due to the hunaaeeleration perceptin limits (0.17 mAfor surge);

X using the maximum longitudinal working span of 60 cm;

X minimizing washout time (returning the fitaam to a position for the next manoeuvre

JLIXUH LOOXVWUDWHY WKH FDOFRODWHEKSGVILWURQ W I0WKH IRRWLERQ S
HQWLUH VLPXODVWURRQVEFNNHR G UDXWKYJ DA VGIRHWKBHEUDNLQJ WKH PRWLRC
SODWIRUP SRVLW QRWYPKD B WH RR VI MAHHDRXGHIYLWRWKH SDUWLFLSDQW 0&$
RQ WKH RWKHU KDQG HOLPLQDW HYWWK/HDI DRZHV F B IOV PRRELGRHP ¥ REPYXSD U H G HA
WKH RWKHU WZR DOJRULWKPV

D > d 5 .E > —— > =
(G E t_:ﬁg: E fﬁ” » :O e E I%, ’
)LJ 3RVW DGDSWLYH PRWLRQ FXHLQJ DOJRULWKP

—MCA1
MCA2
—MCA3

m)

Cabin Position (

30 40 50 60
Time (s)

yLJ 0&% UHVSRQVH WR WKH VWHS IXQFWLRQ
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Cabin Position (

0 50 100 150 200 250 300
Time (s)

)LJ &DELQ SRVGEWLWE FDKAHHD D AVRHIGH WILE@ X OVDKW LRIQ

7KLY QRWLFHG PRUH GXULQJ DFFHOHIUDSWIRREX FHIGHUYUHJIJXHH\ ORZKRRWLRQ
0&% UHGXFHV WKH SUREOHP RI WKH IROGXHL Q3 HM RIHWKMHILENY PRWIOHR @ U
WKDQ WKH 0&$ ,Q JHQHUDO 0&$ SDRYLBGHQRMHKY IKHVKHZKWOM HWNSY IRU
PLQLPL]JHV WKH MHUNV DSSOLHG WR WKH SDUWLFLSDQWYV

3.7. Subjective evaluation

$00 WKUHH VHVVPRQW RIHWHK HH M PSOHIUBLWSDEQ BAV WKHH BDD&IWQ J WKH PRWLRQ
SHUFHLYHG E\ WKH VXEMHFWYV 7KHUIRXBNSRL\OWTHHHWMWR YEDOUHV L4 O D W
GHYHORSHG E\ .HQQHG\ ZDV XVHG W®JHWBID XSDW M WK IS DVQ WS/WIRIRWH D | HDARACL
VHVVLRQ > @ 7KH PRWLRQ HYDOXDWLRQ TXHVWLRHQODLUH ZDV GHVLJQF
PRWLRQ ZKHUH WKH HQG RI WKH HESWWRLPGE QW W K M/ K/BX ESNUHHF MWU HKBU YAIHIY WM F
ZLWK UHIPRMQAR WHRHGEDFN

3.8. Measurements

7TKH LQWHU YHKLFXODU GLVWDQFHYG WSHDHGV LW DRPWLWR EROBLAVDLERXOD 8 HI
IRUDOO WKH HY® OM ¥ H 7A0HY URHHCDOFRAMAIOMWV B 8 DG RFIHKKHQH VW DUWY WR EUHDN
WKH SDUWLFLSDQWISGB @ \DQ & HWEKRHDW IDRH Al R MORECOW IMRSHDUOMH T XLUHG
WZR YHKLFOHV WR FROOLGH LI WKHY FR@WLRXB® DWKWRKHLUYIDQW WD @ R\
FDOFXODWHG IRU HDFK EUDNLQJ S&DXWH\W D § & DWKIH WH 7 X /G ZS-HRUHV DIQROFO W

5HVXOWY DQG GLVFXVVLRQ
4.1. Motion sickness resultsefgeral motion ceing effect)

7KH UHVXOWY RI WKH VLPXODWRU VODENQWMME KXHQWLRQFEFRULKYWIKDYH E
SURFHGXUH GHVFULEHG E\ . HQQHG&OH @ WHWMHLWF RV H\ OXW \8 U O WHIBQW) FFTW L
VLFEFNQHVV VAIPSWRPV VXFK DV 1DXVHDWILRQFXOR®@E WRRIWV 20 VIRRRIH. HABW
ZHUH DOO EHORZ WKH OLPLW RI QHIJ@LIJLEOBHPRWH RQRVVENQHIV ¥ D@V L V
VIPSWRPV ZHUH REWHRIY ABWH\RWQ KFHOPWA[R B B LAPXHOVY J WKW VXIIHVWYV WKDW
FRQVLGHULQJ WKH PRWLRQ VLFNQRVYWHKRWBUHEDY DO®LOG BR\W GRDQMKX BIH Q H UM
QHJOLJLEOH V\PSWRPV +RZHYHU WKRHQPING VDQ JKQ DAKKILIRHRRWKRQ WHHV I
RWKHU VHVVLRQV ZLWK PRWLRQ ZKLFK ZDV H[SHFWHG

7DE 6LPXNTFDNWRYY UHVXOWYV
0&$ 0&$ 0&% 1R PRWLRQ
6 FR UH 1 2 ' 1 2 ' 1 2 ' 1 2 '
OHDQ
0 Ham
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7TDE 6HVVLRQ SUHIHUHQFH UHJDUGLQJ PRWLRQ

0&$ 0&$ 0&$
%HVW VHVVLRQ| SUHIHUUHG
:RUVW VHVVLR(Q

7DE JULHGPDQ DQG :LOFRYJR/@ WLYOHGE BOQWN WHVWYV
. 2 p-value (
Question Test = 0.05)
JULHGPDQ
SUHIHUUH 1,088, + 0&$
VHVVLRq&§;$[RQ 10&% 7+ 0&%
0&$ + 0&$

4.2. Questionnaire results

3DUWLFLSDQWY ZHUH UDQNHG WKRIWAKN IPRRY EPNE® ROQ WHKHH VU A S B WIRHQ
ORUH WKDQ RI WK H ISRV WK VOINML FBQ 1 BHU DV/GWWHVVLRQ 7DEOH W
LV LPSRUWDQW WR QRWH WKDW WKHEMHFRHVHY HHEQ B\ PDK HE IS LWOWQ K HRF O W \E \
WKHLU GULYLQJ H[SHULHQFH H[SHFWDWLRQ DJH DQG GULYLQJ VWUDWH J\

JULHGPDQ QRQ S D UDWHIGV WIRF WWHAAMW VEB L @/DKOWW KKA SRWIKGIX/H VLIQLILFDQFH
OHYHO RI 7DEOH 3RVW KRF DQDO\VEDVXAHG WR ERPRV WILIQKG] UD Q!
WKH UHODWLRQ ENWRHEMQVWHK HZ IURBED BB & 9 W HHQVY LR Q

4.3. Objective results comparison

,QWHU YHKLFXODUWGIPHWIR FROWBLWHBQ DQG UHDFWLRQ WLPH ZHUH XVHG
DOO VHVVLRQV 8VLQJ UHSHDWHG PHDMMQHYS$KIFORY DWKH GDVMWBQFH El
LQGLFDWRU VWDWLVWLFDOO\ VL YOUDQFMQMQ UBHK\DX/HW,V DRAG W.K HK P Y 8 LPKIR QG
IRXQG RXW 7KH SRVW KRF DQDO\VLWUHQEKWWH DUKXQGHQQLIFFDWQ WKLFK GL

7DE 5HSHDWH GHS$ L DY$HIB Y MIKVAXDQ F H
_5HSHDWHG PHDVXUH $129%

3DUDPHWHU A S VboxXa .

OLQLPXP 16

'LVWDQFH

7DE 3RVW KRB HSHIOWVWIG/ $RAP$ EWINL QJ 3KDVH ,,
OLQLPXP $OJRULWKPN W S WYDOXH
'LVWDQFH
3KDVH 0&$ + 0&S$

0&$% + 0&$%
0&$ =+ 0&$
3KDVH 0&$ + 0&$
0&$% + 0&$%
0&% =+ 0&$
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YLIXUH LOOXVWUDWHY WKH PHDQV DQG WKH FRQILGHQFH LQWHUYDC
GLVWDQFH ,W FDQ EH VHHQ W K DA \& K HOHX E XIEHNF MRAMVR.EDLIQW/RD D @ $O H.\QVE G DWW Q
3KDVH ,, DQG 3KDVH ,,, DQG WKH B DALWIKF WKMHQ /WDGHDHKIL PR H H &RLQ/GWTFOFL ¢

LQGHSHQGHQW 7 WHVW WKHUH ZDV @WDLLI@®H EL 6 D QW D®RLA HVUIFRQF Bl OLA) WWKHH \PH
ZLWK PRWLRQ DQG WKH FRQWURO VHVVLRQ 1R PRWLRQPRWHRIES$ 0

0 6' IRXQG VLIJQLILFDQWOR@GVLIMUHQFH ZEWK FRQZEDWLDV
IRU 0&$ O 6' DQG 1R PRWLRQ ZLWKSFRQGL@GR@$ W
0 6' DQG 1R PRWLRQ ZLWK FBQGLWLRKH YWKLFXODU

GLVWDQFH ZDV IRXQG VLJQLILFDQWO\ KLIJKHU ZKHQJHWALYHU ZHUH QRW HJ!
WKDW WKH PRWLRQ DIIHFWV WKH SHUG HABRAH. /G QR WB K GJ RO DWKLHY N HKLL\FVD B
ZKLFK LV YHU\ LPSRUWDQW LQ WKH EUDNLQJ PDQHXYHUHU

7KH 7LPH WR FROOLVLRQ 77& UHVXORNVRQRWK I KRIZ/ DL R QM ZLVFR PR W L F
GLIITHUHQFH XVLQJ WKUHH PRWLRQ DRIRUMMK PXVDE VKRG B SIHD GLHQ W H7
WHVW IRU WKH VHVVLRQV XVLQJ FPPRWLR® Y Q G W KRX DREQRXIR &/ K/BIW W R B 0B

0 6' DQG 1R PRWLRQ 0 6' QWOYZIBUHHWUHQW LZADNK FRQGLWLRQV
W S DV ZHOO DV IRU 0&% ® PRWA'RQ ZID/MIG FIRQGLWLRQV
W s 7KH 0&$ O 6' V WRIHHGS VEK W K/ RRHPRWLRQ ZLWK
FRQGLWLRQV W 7KHUHIRUH LQ @QOOKWKHMWHNVEBDN & ZDV VLIJQLILFDQWO\

KLJKHU LQ 1R PRWLRQ 7KLV LV GXH DR WRH H DEFIW WIKQW MK M/ IGH VHY/WY. R
ZLWKRXW PRWLRQ DQG FRQILUPV WKH GLNAWD/QRH VEKIHK DPYR\R XRQRR QV KIHH O D'
SDUWLFLSDQWYV
SHDFWLRQ WLPH RILQ IGH I$1BWUMQ WL EDQMHQIKREZIOQIDY ) RJI X U H 7KHUH

ZHUH QR VLJQLILFDQW GLIIHUHQFRQ D@ G LF RWHIRD WHAWWLLRRQV Z K WAK KPRRAMALY F
FRQILUPV WKH ILQGLQJ RI %OHV DQW WKHVRRWRRQ L@ Q\RVD D IIRRQYGQW KDK
FRIJQLWLYH DQG PRWRU VNLOOV RI WKH SDUWLFLSDQWY DQG WKH VXEMHFV
VLIJQLILFDQW LQIOXHQFH RI PRWLRQ

80.007 Wucal
Wica2

2
3

M NoMotion

::::D]J;ﬁﬁ “@* fh o

T T T
Phase 1 Phase 2 Phase 3

)LJ OLQLPXP GLVWDQFH PHWHU OPHDQV DQG FRQILGHQFH LQWHUYD

Distance

12.007 WMcAl
EMCA?
10.007 [JMCA3
HNolMotion
.00

I TTI |

2.007

TTC (s)

T T T
Phase 1 Phase 2 Phase 3

yLJ 7LPH WR RRROOPMDRY D@6 FRDOLGHQFH LQWHU
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10.00- WMcAl
EMCcA2
| [CMCA3
A00 Mo Moton
6.00-]
4.00 ;
2.00- é
T

.00

Reaction Time (s)

T T
Phase 1 Phase 2 Phase 3

)LJ 5HDFWLRQVWLPGEH FRQPH®HQFH LQWHUYDOV

&RQFOXVLRQV

,Q WKLV VWXG\ WKH SHUFHSWLRQWUJWWHG/HQIPRWURI@KDRNZEGHDPQGY
EUDNLQJ WDVN 7KH VFHQDULRYV ZMUHGE HE UEQWD B/BDDN LGHVRE DQRE XWR W DXQ
FRQVHTXHQWO\ PRWLRQ 7KH UHVXQWVHVUKRBGH® KHK B WH WRK HD S\D KI MIULG- LRSUDEM
FODVVLFDO PRWLRQOR%H L RIUDWDHRUR BKRVDXNGWEBOORRWLRQ $ VLPLODU
PRWLRQ LV FXHLQJ DOJRULWKP VXJIJHVWH® B\ @ULYQ H[SAPHQWWRW E\ 5
VFDOLQJ ZDV SURBIRWPHG WRYHOS DRBEQBU PWMWA®Y $HEPQHVYV WKH PRWLRQ
GLG QRW SURGXFH DQ\ VIPSWRPV DPRQJ SDUWLFLSDQWV

7KH DQDO\VLV Rl UHDFWLRQ WLPH RILS$SQUIWEDB RS\D GWN HE H® FHR WKWIQRZ D
VXEMHFWV ZHUH H[SBEBWLPARWLEAD GTIKEYV WHKDWORRWRRIQDIQG FRIJQLWLYH VNLC
DUH QRW GLUBHFWG®WHDARWMRHG> @

7KH DQDO\VLV R DMKHI WHKHRLZAHOGH VG LRMH VFIDQ@ B UBIN LIPUHS KDVHY ZLWK DQG
ZLWKRXW PRWLRQ 7KLV VXJJHVW VHWEFWDR\Q WKK-H PGRIWMRIQ K Bl VS HRISRISWD R @ Rl
XVHUV LQ WKH EUDINL R B UFD W KRIO DREM. @ PHORIDVEKWMRPRQ XQGHUHVWLPDWLRQ
WKH GLVWDQFH

SHIHUHQFHV

JLVKHU '/ S5LPRS 0- . &DHH -Handbook of Driving Simulation for Engineering,

Medicine

9LOOD & %UpPRQG 5 *LUDUG H 'LVSOBLVKLPRWUDRYH BWVMXGHIUHDOLVP RI PRWLRQ
FXHV LQ QLIJKW G WDispldyQJ VEBXORBRWRUYV

&DUR 6 &DYDOOR 9 ODUHQGD] & %WPUKHDGEZDALHR@KFWLRQ LQ IRJ EH
H[SODLQHG E\ LP\SICRQ IRG SHHW BIWRIY FacRRW L i@ *

IDFNQHUL=LR 3 6 SDFH 0RExdriRéntd BiaiN Rddeaih, SS *

:HUWKHLP $ + SHUMRXPDR FH LQ DR APHEXYWIOAdQYLURSS

5HDVRQ - 7 ORWLRQ VLFNRWHRDWIEDBREEHDE Reyal Socigty XUDO P
of Medicine, SS *

% O HV : % RV - ( *UDDd#+ % "HORWURM QLEFNQHVW 2 K\ HR.GPH
SURYRFDWLYH BBQIOkEFW

/REMRLV 5 6QBIUUHY , $ (IIKPWVURIOVLRQ@VYRE HDW® JFRQEHKDYLRU LQ
D PR W R U F\F OHanshdrtation"RAsBdch Part Fraffic Psychology and Behaviour, S S +

+RJHPD - "HQWRQOALQL %HUW DHAOHRMMLRQ RQ 'ULYLQJ %HKDYLRXU &RPIRUW

D QG 5 HDrihg/Stmulation ConferencDULY )J)UDQFH SS =
/IDNHUYHOG 3 5 '®PPROGIOGO +YDQYGKWU3IPDVVHQ 00 O0OXOGHU O 7KH
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(IIHFWV Rl <DZ DQG 6ZD\ ORWLRQ &XHVFAGQP&XEONHNEULYSRJI LPXODWLRQ

5HLG [/ 1D KR Q HightSimulation Motion-Base Driv&lgorithms: Part 1 - Developing
and Testing the EquationsS8s QLYHUVLW\ Rl 7TRURQWR &DQDGD
6LYDQ 5 , VK+KIOMARP - SQARGWWLROBSSURDFK WR WKH "HVLJQ RI ORYLQJ

)OLJKW 6 LIEREOTEans&Ctibds on Systems, Man and Cybernetics, S S +

3DUULVK 5 "LHX@GHRWQ GBH 0DUBMWR.Q &BRUGLQDWHG DGDSWLYH ZDVKRXW
V L P X O\0idvaRdnd/Motion Simulation ConferencB DOR $OWR &DOLIRUQLD 8 6 $

1HKDRXD / $PRXUL $ $ULRXL SWLYH ZBROBPRXWFFRESDWEVYRQ IRU D ORZ FRV\
GULYLQJ ProeecrigsvRie 20th IEEE Internatioi®imposium on Intelligent Control, ISIC '05
and the 13th Mediterranean Conference on Control and Automati®rs +

7HOEDQ 5 - &DUGXOOR ) GOHRM DR FFEX@IWQ J YORIDJ® FIVQKPH UHG OLQHDU D
QR QOLQHD UNASSTe®Rep#rHOR-2005-213747

1IHKDRXD / $ULRXL + (VSLH 6 ORKHOOHEL +

ORWLRQ &XHLQJ $0OJRUL
6 L P X QEE®W/IRt&fnational Conference Robotics and Automation ICRAO6BRUODQGR )ORULGD 8QLWHG
6WDWHV SS +

9LHQQH ) &DUR SXEWVOHW - 0'XBRQMA ( 'ULYLQJ VLPXODWRU DQ
LQQRYDW LW HVWR® ®ZWIR D GTRAQ MDSpom RASEANIXAIGY3DULY )JUDQFH
$ULRXL + +LPD 6 1HKDRXD /RAGRWMRUP |RULPXODWAU% 'HVLJQ DQG

ORGHOLQJ IBREENBMERMernational Conference on Advanced Intelligent Mechatroni8sS
+

IRU PRW

5R_VH\ ) $LOQ@BUBH 9LHQWH )HU EHKDYNRXU LQ IRJ LV QRW RQO\ D TXHVWLR(
GHJUDGHG YLVLELOLWsafetySciéhde XOBWRU VWXG\

,PLQH + 2EVHUYDWLRQ G U OWPWVWE AIDXWL R@KER XSRS ROXGDQV OHV WUDI
URXOHPHQW H KRV H RFEQIHWWDR MPOGIN 6 W 4XHQWLQ HQ <YHOLQHV )UDQFH

,PLQH + 'HODQQH < 0 fVLUGUWHP . "\QDPLPHKRP@HSAIRILOH LQSXW HVWLPDWL

LQ YHKLFOH G\QDPLFV VLPXODWLRQ BRIDIG GH R3 L@IHP LVeNERA PEKNOW MVALIRQPLRQ LQ
System Dynamics, SS +

BSLHURQL $ /POQ\H.HYUJL 6&8PRQH JEW YHKLUEOH PRGHO IRU G\QDPLF FDU VLPXODW
Transport, SS +

6LPRQH $ &DUSAVQIRQHL@ /P 'HYHORSPHQW DQG YDOLGDWLRQ RI
PRGHO IRU ORZ FRV WA@&htes inQdiangioRatianSivdRsl V S S

ORKHOOHEL + &RQFHSWLRQGHWUH p W@ MWVOMWLRY GH PRYXWHPHYW HW GH UHYV
KDSWLTXH SRXU XQ VLPXODWHXU GH FRQGXLWH j IDLEOH FR€EW GpGLp j OfpWXGH
7KgVH ORKHOOHEL 8@ HIHWWR GHHYUDQFH

5H\PRQG * .HPHQ\ % ORWLRY &XHYIQQJ LAJeRsteCHYIIRQ D X O

Dynamics, SS +

.HQQHG\ 5 6 /BIHQ1 6( /LOLHQWKEDGXODWRU 6LFNQHVYV 4XHVWLRQQDLUHXx $

(QKDQFHG OHWKRG IRU 4 XD QWThe In@rdatdn& Jo0rbahbRAViaGdnFPEyQHalvay,
SS *

D SRZHUWU

/IDXUHVK\Q $ *RHGH 0O 'H 6DXQLHU 1 JA\KUL $ &URVV FRPSDULVRQ RI
PHWKRGV WR GLDJQRS/WHR EOHPLWV VD W CLIGW Y B Bccidew LARAYSIs lagl
Prevention., SS +

.HQQHG\ 5 6 'UH[OHU - 0 &RPSWRIDQKDP '6WDQQMHIP." ' /
&RQILIXUDO VFRUVQBENQHRAMP X\B W BDUH.H ND@GHD\SW MVQICR YSVIQGURPH

GLIIHUHW®iaHand Adaptive Environents Applications Implications and Human Performance
Issues SS

6LPLODULWLHYV |
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Summary:

The urban highways consist of ramps, roundabouisetements which may increase the accident
probabilities, considering the high-speed passafyghe drivers. The Urban Arterial Roads
investigated in this case study by the traditiowald safety review, accident analysis and site test
with different participants. By analyzing the veli trajectory and velocity of the participants it
found out that the driver exceeded the velocityitnof the road in major part of the road and
considering the identified critical points, thewdnis did not perceive the risk in the road or dat n
feel the necessity to reduce the velocity. Thetlaldvieasurement Unit used to investigate the quali

of the pavement. The vibrations of the verticalsawiere much higher when there is damaged
pavement and it, therefore, the site experimentatan be used to identify the damaged pavement
from the accelerometer.

The eye-tracking data in this paper was used tosiigage the visual driver behaviour toward the
road. In particular, the fixation duration of thevers on road sign with low visibility was studied
and the results showed that the presence of tmegs/@getation reduced significantly the driver
fixation on the sign.

The behaviour of the drivers in the proximity of ggeed trap showed that drivers were increasing
their velocity just after the speed trap and therapng velocity was remain higher than what was
suggested by the road design. Also, the cameraavdistractive element for the drivers since they

might look at the camera.
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The overall visual attention was investigated by wlke of frame by frame analysis eye-tracking

videos and an attention indicator was introducegltantify the visual behaviour of the drivers based
on their gaze.

Objective: Road safety review upgrade using innovative tegres

Driving Task: Driving in an urban arterial road

scenario: ---

Investigated measures:

Velocity, vertical acceleration, gaze positionatioon duration, road sign recognition distance

Physiological Measurement [l Eye-tracking [] electroencephalogram (EEG

Vehicle Position B GPS [] Traffic simulation |l IMU
Vehicle States B oBDI [ Simuate vehicle state
[] Simulator study B Real Roaakt
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Abstract

Urban arterial roads provide high-speed passage to improve traffic mandmshowever, unlike freeways, they consist of ramps,
roundabouts and unique characteristics due to the limited sp#uoe imban (semi-urban) environment. The existing studies use
the Road Safety Review to evaluate road geometry, identifyingdaigjdents concentrations sections and classifying the network
based on the expert's point of view, therefore the classicabdwtigy does not consider the interaction between driver and
infrastructure. The present study aims to investigate the road safetyudfan arterial motorway, integrating traditional checklist
with innovative solutions applied in an experimental site test. The disugail behaviour has been recorded by head-mounted eye
tracker that is used to find the gaze behaviour on different elemérsehicle used for the test was equipped wisiatellite
positioning system (GPS), inertial measurement unit (IMU), vehicle CAllrdader (OBD2) and video recorder, to monitor the
driver behaviour and vehicle parameters during the track. The rebolts that the use of theinnovative techniques could
improve the Road Safety Review, by identifying new hazardougbased on the driver's response to the road environment.

© 2020 The Authors. Published by Elsevier Ltd. This is an open aadteds under the CC BYNC-ND license
(https://creativecommons.org/licensestiynd/4.0/)
Peer-review under responsibility of the scientific committee of TIS ROMA 201

Keywords:Driver Behavour; Road Safety Review; Eye Tracker; Vehicle MonitorBystems; GPS; IMU

1. Introduction

Approximately 1.35 million people die each year as a result ofaoeidents around the world, which makes road
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traffic crashes the first cause of death for children and young abtulise European Union, more than 1 million
crashes were reported in 2016 and 1.4 million people were left injuredp@an Commission, 2018; Wang et al.,
2018. Many researchers have anagisoad fatalities and serious injuries (Rothengatter, 1982; Vaa, 199 Thein
correlations with driver behaviour. These studies have considered legislatmoearent and education as the main
factors in avoiding road crashes and road users are mainly blamed ffoolfem. Therefore, the solutions aimed at
improving road user behaviaur

Road infrastructure safety is strongly linked to collisions risk and ewticeverity, therefore the improvement of
the road condition is critical for the safety of the road users. While detgdards already exist in most of the
countries, regular inspection has still to be made in order to ensurddateafdahe existing road infrastructure. The
road infrastructure management appraacthe standard method to technically evaluate the safety, classifies the design
characteristics of the infrastructure project and covers allstiigs planning to intervention. However, these safety
measures only consider the expert point of view and not the driveepgvep

The Road Safety Review is an analysis of the current state of the raeadrirdture by identifying the significant
critical issues in order to plan the type of intervention for improviag#iety level of the infrastructure. Considering
the ltalian legislation (European Commission, 201he operating methodology of the Road Safety Review is
composed of four steps: network analysis, inspections, classificatioimtenvention. The network analysis consists
of the state of the motorway, road type, traffic data and accident analyisisvill be followed by an examination of
the geometrical and functional structure of the road. The inspection pragrasists of the programming and
assigning the expert for the realization of the examination. During this Heaseal parameters of the infrastructure
will be investigated depending on the stage of the projbese parameters consist of geographical location, junctions,
number of lanes, meteorological conditions, driving speed, horizontaleatichl signs, road signing, etc.

%DVHG RQ WKH H[SHUWMIIDE classiffdd HiIZing Widictokd RMaiG types of indicatosed forthe
ranking are accident rate and accident frequency. The classification o&theamtains the priority list of corrective
actions, economical evaluation (cost-benefit analysis) and progranfarimterventions. According to the type of
problem and network priorities, the intervention will be seléfiom the list of standard actions. Therefore, the final
report must contain all the identified problems, possible solutions andrmgaon the interventions.

The road safety assessment, however, depends on the integratedmgobelx o@lationship between various
components: the driver behavigtine vehicle and the road infrastructure (Bucchi et28l1,2) Indeed, the scope of
the problem can be achieved by analysing several issues, linked one tthesicthe status of the infrastructure, the
behaviour of drivers and the vehicle characteristics. These aspects areistthigegdaper with the use of innovative
instrumentation that allows monitoring the driver and the vehicle, sengral cameras and sensors. The objective is
to introduce a methodology for the human-centered road safetysimesesby investigating the driver behaviour
vehicle feedback and accident history.

In the paper, the experimental methodology will be discussed alontheitst procedure, instrumentation, studied
road segments and traffic condition. The data analysis chapter cotisédexperiment site and confronts the accident
analysis on each road section with the driver visual behaviouthengarticipan® effective speed variation. The
results contains identified sections that are described by Road Safety Revews-investigated with the use of
innovative technologies and follows by discussion and conclusion.

2. Experimentation Methodology
2.1.Subjects

Nine volunteer drivers were involved in the study, 3 njig,e=28; SD=7.07) and 6 fema(#.4e32.33; SD=6.42)
The participants had prior driving experience and were in possesfsitype B driving license. Participants had
normal eye vision and none of them wore eyeglasses, to avoid artefamts-tracking monitoring. During the
experimentation, the participants were not inforrmedV K H V &lgjEcBVey but were told that the experiment aimed
to test the mobile eye tracking device during driving sesslone of the participants were familiar with the road.
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2.2.Task and procedure

The experimentation was carried out during the day with sunny weaihdition between 8:30 and 13:00 in 2
separate days, in order to avoid peak traffic hodlkH GULYHUV VWDUWHG WKH WUDFN IURP
WKH\ UHDFKHG URXQGDERXW %8 K HZ¥dHthEehbamickpeits datriat>out Ghel amé &rcuit with
a duration of about 10 minutes. During the experimentation, noamtsidccurred and all the drivers were able to
perform the driving task without significant difficulties.

Fig. 1. The studied road: track subdivision (blagigrsections (red), speed camera (yellow) and studi¢idalesigns (red triangles)

2.3.Experimental site

The urban arterial roads are high capacity roads that deliver traffic from caléztihe highways. These roads
are characterized by high traffic load, speed variation and significaetetitfe between peak and off-peak periods
due to the large proportion of commuter traffic and have several interseafithrurban or non-urban roads.

The studied urban arterial road is a single carriageway with two lareesh direction with a total length of 4.2
Km (category D), except in the track of 850 m before the roundab®uf which is one lane. The traffic for the year
2018 in terms of annual average daily traffic (AADT) is of 12000 in fhtéctions. The speed limit is set at 70 km/h
in the track unless where there is an entrance to the road section wheeethéraitis reduced to 50 km/Araking
into account the "Guidelines for the management of infrastructure 'sedggrding the purpose of assessing the safety
of the road it was subdivided into homogeneous tracks, consisting of 12 seeti@hs3 roundabouts with 4
intersections (Figure 1).

2.4.Apparatus and data collection

A Ford Fiesta with manual gear shifting was used for all the participhmtsset of devices were used during the
experimentation: Mobile Eye XG was used for recording the visual miranf the drivers and Vbox HD2 to monitor
the vehicle states and trajectory. The vehicle trajectory was registerebfyraaunted GPS antenna with 10 Hz
frequency, while the front scene of the vehicle was recorded withameras fixed on the front windshield with 1080
HD resolution aB0 frames per second (Lantieri et al., 2015; Costa et al., 2014, 20#3drtial measurement unit
(IMU) was used to collect data on the acceleration of the vehicle. Thepifdldded highly accurate measurements
of pitch, roll and yaw rate, using three rate gyros with a dyneamige of + 450 (°/s), as well as X, y, z acceleration
with a range of = 5(g). When the vehicle passes through altanarea suffering from GPS signal, the data from the
vehicle CAN data (OBD2) were used to reproduce the velocity profile. Thielg&DAN reader (OBD2) captured
some data from vehicle electronic control unit, such as: engine rpm, sdmeselr, cabin information, pedal position.

The eye tracking instrument used to monitor the driver visual behaviongdhe experimentation washead-
mounted Mobile Eye XG from ASL (Applied Science Laboratory). The eye tr&pestacle Mounted Unit consesk
of two cameras, the eye camera records the movement of the righielhile the camera dedicated to the external
scene (camera scene) records the surrounding environment agdlsetive user (Costa et al., 2018). Data recording
sampling rate is used during the experimentation is 30 Hz with an aagualamacy of 0.58°. ASL softwards used
later to create a video for each participant, in which eye-fixations were dhotte intersection between a vertical
and horizontal red lines. These lines were added to the video of tiee cmera and present the gaze point of the
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participant The visual fixation of the users was used to investigate the drivel\ashaviour during the tracks, in
proximity to the intersections and the speed camera (Vignali et al., 2018).

Driver visual behaviour of the users has been analyzed from theM®Bile Eye-XG video. Areas of interest
(AOI) were defined to measure attention and distraction of the driveretaodd environment. The elements
considered as attention were: pavement, vehicles, car mirrors, traffic divieltigal and horizontal signals,
intersections and road signals. The elements considered as distracBonetdgle interior, environment (tree, sky,
etc.) and speed camera. Visual behaviour of drivers was analyneel isaframe in the dynamic scenario to verify
the visualized elements by the user at each fra@e.d0 UHDO GULYLQJ WDVN FDU PRYHPHQV
RI WKH G\QDPLFDO YLVXDO VF H.QHerEfBr @ @rdefxokavseid th®iscluSiorg ¢sa¢dariQeye
movement, an element was considered fixated if at least the user focufes elements for more than two
consecutive frames (66 ms) (Costa et al., 2017, 2019; Di Flumeri eti8), 20

3. Data analysis

The driving behaviour analysisreported together with the historical accident data from the urban arteriaffroad o
Faenza. Municipal Police of Faenza have provided the accident data for a time irftéevay@ars (from 2006 to
May 2017. These accidents were localisusing the reports and werenfmnted with the driver visual behaviour
and speed variations on each track in Figures 2, 3 and 4.
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Fig. 2. (a). Accidents frequency and type toward Inf2G092017) ; (b) Accidents frequency and type toward Foi0@-2017)
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64 incidents were reported from 2006 to 2017, 2 of which mor@lda@rreported with injuries23 accidents
occurred at roundabouts, one of which was fatal, and 13 accidemtegepo correspondence of the entries or
diversions present along the route. Therefore, more than half efctidents were located near intersections. By
analysing the type of accidents, it found out that the majority cdi¢biglent was lane departure (run-off-road ) with
a frequency 087% 7KH 3ODWHUDO DFFL G BbhQad\pladddHrSoRtlyY W thérodridaibsuts, 20% of the
accidents were reporte®V 3SLOHXS™ DFFLGH @S in 2h¢ kdudaBdus XAohsld&ing the accidents
frequency in the various sections of the raheé highest number of the accident was reported at roundé&fout
(Figure 2).

The S D U W L misi&IbENAVMYF in term of attention towards the road environment shuogledttention rate at
the roundabouts, while the minimum attention of the drivers to thibtoveards Imolavasobserved inW U OE'N 3
with 65% of attention rate and traélk ~ Z L W f visual attention rate. On the Forli direction, the driattention
rate dropped at track7 =~ ZLWK atientivrHan| bn tracks7 ~ D Q G tRe7attention rate reported as low
as75% (Figure 3).

The GULYHUVY VSHHG LQ W K Hvag vépdideld highivith Budden Raridtiokid-in thR eGion near to
the roundaboutéFigure 4). The maximunG U L Welddifi/Was at the track of 7 , just before the intersectioh?
with a registered velocity of more than 100 km/h in the direction towarddalnThe maximum speed of the
participants for the road towakd )RUOL LV UHSRUW HGB kib/WF@uke @ Bidwsthé spded/variation of
all the participantsE\ XV LQJ W K HTR&@Rrk®I0dboXshows50% interval of the G U L WelddifyWalues in
each track, while the light blugox is the maximum and minimum interval of the driflev V Sddirg@achtrack.

The median value of the velocities also reported with the black line.

4, Results

In this section, the critical points identifibgt the Road Safety Review are investigated using the results of the road
experimentation to improve the Road Safety Review. The Road SafagwRdentified critical points based on the
expert$ review. The report outlined necessary intervention for diffgpesttlems such as: presence of traes
building in lateral bends, low visibility of intersections, low visibiliof vertical signs, road safety barriers
deformation, damaged road pavement, inconsistency in speed limitatisufficient vertical signs, high effective
speed, insufficient road markings, sudden presence of barrienswimay of the road and etc. Howevarthe update
of the Road Safety Review, three main problems have iedamestigated using innovative technologies:

X 'ULYHUTYV dpeeHFWLYH
x Pavement condition;
X Insufficient visibility.

4.1.Driver 1 \ffektive speed

One of the main problems addressed by the Road Safety Revievhigliheffective speed of the drivers, which
has been mentioned with medium gravity, in particular where there msarme of intersectisnThe normalized
G U L YeHddthy® speed with respect to the maximum allowed velocity in eack s presented in Figure 5. The
drivers never respected the speed limits (0%)ack T8° ORFDWHG EHIRUH 3, ~ avepager/&lociey F W L F
R NP K 7KH DOORZHG YHORFLW\ RQOW KRIUWith[2f &lerag)@ sp2dd bf &BHkivi/B H F \
DQG LQ WUDFN 37 ~ RQO\ RlI WKH Gummmana\xeragbl@ndaywalzmmm EHORZ
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Fig. 6 Speed profile of the users at speed trap

The speed of the participants towards Fori wa@ YHVWLIJDWHG DQG WKH GUdndHU,just HI T H |
EHIRUH 3, L QWwdydexdte&dvthe Rn@t value, with an average speed of 68 kiah/R0akm/h respectively.
Regardingtracké7 =~ MEXHVIWUH 3, ~ L QWWHAAVeHdRNE tratithe velocity limits was respected with an
average speed of 75 km/h.

The behaviour of the drivers intt @eUR[LPLW\ Rl VSHHG WUDS LQ WUDKH HTIHKW VYH
of the speed radar. The average velocity of the users at 100 meter bdfafteathe speed trap was investigated and
presented in Figure 6. The average velocity of the user 100 meter befopedidetmp was measured 62,2 km/h
(SD=6.65), while the average speed at 100 meters after the speed trapupaol@&0 km/h (SD=5.02). Considering
the recorded average velocity of the user at the speed trap of 61,630r/#6.08), the users increased the speed right
after the speed trap for an average of 7.5 Km/h. As presentedure fig the majority of the drivers decidax
accelerate right after passing the speed trap.

The visual behaviour of the drivers wiasestigated by the visualization duration and visualization frequency of
the users towards the speed trap. The drivers looked at leastodieespeed trap withn average visualization
duration of 1.32 s (SD=1.05) and they were distracted from the roaement. This shows that the speed trap is
only effective in a very short part of the track T6, where o0Bt®f the users respected the velocity limits.

4.2.Pavement condition

The road pavement condition is reported with defects in the Road afeitgw in many sections?7 =~ 37 ~
3y © 37 7 37 7 37 7 37 7 FI27 with @Hhegh3gravity indicator. According to the expert report, the
distress in the pavement is not regular and cannot guaranty an adecetgtéesaf. By considering the vertical
acceleration measured by the inertial measurement unit (IMElpime 7, it is possible to confirm that the pavement
conditions caused very high vertical acceleration for the vehiglR U H[DPSOH LQ3WUBFNWXZDUG
Imola with maximum of 3 mP{Figure 7.a) and on the road towards Imola, the vertical acceleration wasretka
more than 2 mfsD W12 and around 2/ DW 37 377 737 ~ 37 ~ D Q Gratks (Figure 7.b). The vertical
acceleration values can provide additional information to plan for corrective actiom Road Safety Review.
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4.3. Insufficient visibility

The Road Safety Review addressed several problems regarding the visibitlig vertical signs and the
intersections with high gravity issue. The visibility is mostly poomised because of the presence of trees, high
vegetation and vertical signage. This loss of visual could involve aaferestry in the principal road and increase
the risk of accidents in this intersection. The use of eye trackivigedenables to monitor the eye movement of the
participant during the experimentation, the speed of the vehicle was also investigatddr to study the driver
behaviour near a place where there is insufficient visibility.

Looking at the driver behaviour in the proximttythe studied intersections (Table 1), it can be noticedhat
intersection was visible for the majority of the participants (67%) fitmtance of 87,25 m (SD=64.63}hile driving
with an average speed of 72 kmHowever, intersectiod2 " was perceived only by 2 users (22%), from a distance
of 92 m (SD=41.2), while the posted speed was never respetteth SHUFHSWLRQ GLV W Dedteld R1 L C
as 68,5 m (SD=35), which is lowest and could be dangerous accordhmgdwerage high speed of the participants
which is (75,7 km/h), QW HUVHFWLRQ 3, ~ ZDV YLVLEOH |Rith #&R\eYdgddpeskofi6&ED U W

km/h.

Table 1 Investigated parameters on the intersection

Driver behaviour parameters 11 12 13 14
Visibility percentage among users % 66,67% 22,22% 55,56% 66,67%
Average visibility duration of the driver (s) 0,75 0,16 0,29 0,37
Average attention rate on the track (%) 84% 91% 80% 84%
Median Intersection perception distance(m) 99,25 92,50 68,50 85,75
Average velocity on the track (Km/h) 72,00 71,96 75,71 68,44
Standard deviation of velocity (Km/h) 4,07 8,86 8,91 6,41
Respected Velocity limit (50Km/h) % 0,00% 0,00% 3,68% 66,11%
Number of accidents in 10 years (64 total) 2 3 1 1

Fig.8. D GULYHUTV JD]H D\Wb} 56U L WHWIWL FDERCADMIIG)E ULYHU TV JD]H Dsigh 356 "YHUWLF

Regarding the visibility of the vertical signs, 7 vertical signs have beastigated, 4 in the direction towards
Imola and 3 on the direction towards Forli. The eye tracking results deatedsthat none of the participants looked
atthe RS7” D Q BSE vertical sign that are presentedrigure 8 (b) and (c), whiléRS2 “ vertical sign in figure 8
(a) was seen only by 1 user (11%). The visibility of other vertigak$s shown below in Table 2, with the speed of
WKH XVHUTV LQ WKH WUDFN B®itGs Wistrdte the yresence biMgds GedDoatvihel sibilityRof)

the vertical signs antiV KH G U lual HdhdWibuly, tovifirming the Road Safety Review report.

Table 2 Investigated Parameters on the vertical signs

Driver behaviour parameters RS1 RS2 RS3 RS4 RS5 RS6 RS7
Visibility percentage among users (%) 22% 11% 55% 22% 22% 0% 0%
Average visibility duration of the driver (s) 0,28 0,23 0,29 0,47 0,50 - -
Average attention rate on the track (%) 88% 79% 79% 80% 84% 67% 70%
Average velocity on the track (Km/h) 69,14 3857 60,51 77,53 75,72 73,95 45,61
9,03 5,30 7,69

Standard deviation of the velocity (Km/h) 7,41 18,88 7,20 6,26
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Discussion and Conclusions

In this paper, several problems indicated by the Road Safety Reviewidfaamarterial road were integrated with
the result of experimentation using innovative techniques. Detailed andlrssdviver behaviour not only confirmed
the identified sections of the road, but provided additional measurd®fassessment of the existing problem and to
plan the required interventions. The use of satellite positioning devicelatetdrmodules made it possible to measure
the effective speed of the drivers in all the track and to identify the seatioviich the drivers tend to drive with a
higher velocity. Also in the track where there was a speed tragptied profile of the users demonstrated that the
driver tends to increase their speed only 100 m after the radar lo@dt®mmehicle vertical acceleration investigated
by the use of IMU sensor, measuring the vertical acceleration dalfitite tracksconfirmed the identified section
of the Road Safety Review where the pavement is damaged. Théaysetracking device allowed to monitor the
driver visual behaviour during the entire road. The driver attentstrédtion indicator towards the road environment,
analyzed frame by frame for all the users and the part of the road thieeaittention of the driver was Idhwavebeen
identified. The vertical signs which were not visible for the users havedetified and the average fixation duration
was also compared in different vertical signs. The presence of several intesseetsoreported in the Road Safety
ReviewDV RQH RI WKH PDMRU KD]J]DUGRXV SRLQWAKDM W R I BEOJ LK HRU TW KH
very high near the intersections and the visual behavior of the drim@edhhat some drivers were unable to see the
intersections, because of the lack of visibility caused by high vegetation.
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attention should also be paid to vulnerable road users at roundabouts. According to acci-
dent statistics, in fact, accessibility of pedestrians and cyclists is not always ensured.

This paper has evaluated the effects on the visibility of pedestrian crossing before and
after the displacement of zebra markings, moved before intersections, and the introduction
of media refuge islands and OOYield here to pedestriansO vertical signs. The above effects
have been assessed by before-after analysis of speed and visual behaviour of drivers
approaching the crosswalk.

Keywords:

Eye tracking
Pedestrians
Driver behavior

Roundabout Moreover, the analysis of the driversO eye movements has highlighted the most salient
Median refuge island elements of the pedestrian crossing. The relation between the driversO visual behaviour
Zebra markings and the vehicle speed have also been calculated. Results have conbPrmed that the interven-
Urban road tion carried out has increased both visibility and safety of the studied pedestrian cross-
Conspicuity walks.

Road safety

Zebra markings and the median refuge island have turned out to be the most glanced ele-
ments, respectively seen by 93.75% and 56.25% of the drivers, followed by the OOYield here
to pedestriansO vertical sign. The mean distance of brst bxation of the crosswalk increased
from 21.98 m before the intervention, to 40.69 m after it. The drivers perceived the pedes-
trian crossings from a longer distance after the intervention, and they continued to glance
at the crosswalk while approaching it, enhancing their visual attention.

2019 Elsevier Ltd. All rights reserved.

Vertical sign

1. Introduction

Road safety is inRuenced by road design and signalling which affect the driversO perception of the external environment
and the possible dangerous situations ( Bucchi, Sangiorgi, & Vignali, 2012; Dondi, Simone, Lantieri, & Vignali, 2011 ). In recent
years an increasing attention has been paid to trafbc problems which could modify the drivers® cognitive and emotional con-
dition ( Chu, Wu, Atombo, Zhang, & ...zkan, 2019). Driving is a complex situation, requiring a constant attention and prompt
reactions to fast changes. During long trips, the drivers® behaviour might result into stressful responses due to an excessive
cognitive workload ( Ringhand & Vollrath, 2019 ).

Corresponding author.

https://doi.org/10.1016/j.trf.2019.12.007
1369-8478/ 2019 Elsevier Ltd. All rights reserved.
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In order to increase safety, Ruidity of road trafbc and to reduce the velocity, roundabouts are often built especially in
urban areas (HydZn & Virhelyi, 2000 ). They allow a higher entry capacity than grade intersections and a reduction of conRict
points, from 32 for a grade intersection, to 8 in case of aroundabout (  Gross, Lyon, Persaud, & Srinivasan, 2013; Turner, 2011).
In addition to facilitating the trafbc Bow, roundabouts also reduce the velocity and the driversO stress ( HydZn & Virhelyi,
2000). The negative aspects of roundabouts are linked to crosswalks which reduce the roundabout capability and are critical
points as far as pedestrian safety is concerned ( Bergman, Olstam, & AllstrSm, 2011; Meneguzzer & Rossi, 2011;
Vijayawargiya & Rokade, 2017 ). Studies related to roundabout safety have generally focused on drivers, overlooking the
importance of safety of the vulnerable users, pedestrians and cyclists ( Perdomo, Rezaei, Patterson, Saunier, & Miranda-
Moreno, 2014 ). In urban areas, pedestrians need to cross at intersections, and zebra crossings are often present close to
access and exit ramps of roundabouts. Pedestrian crosswalks at roundabouts are useful for pedestrians and increase safety.
They should be placed in a proper way both to attract the maximum number of pedestrians, who would otherwise cross the
street at random, and to give drivers enough time to stop safely ( Cohen, Bar-Gera, Parmet, & Ronen, 2013).

Recent studies have shown the importance of a correct design for pedestrian crossings at the intersections. More atten-
tion should be paid to pedestrian safety, as the number of victims among people crossing at intersections is constantly
increasing year after year ( Bungum, Day, & Henry, 2005; Olszewski, Szaga-a, Wolan«ski, & Zielirkska, 2015). Literature does
not suggest many countermeasures aimed at reducing the problems for pedestrians crossing at roundabouts ( Perdomo
et al., 2014). Anyway, a signibcant reduction of speed of vehicles in a complex road environment, such as collector roads
provided with signalled intersections, roundabouts, road circles or stop signs, would be highly recommended and it can only
be obtained with different multi-purpose countermeasures.

A refuge island, for example, makes the road narrower thus slowing the trafbc. It also helps drivers to realize that pedes-
trians are crossing the road. Pedestrians may also stop on a refuge island and cross the road in two stages, increasing the
attention paid at the trafbc in both directions. Refuge islands are widely self-explaining, and they immediately give the idea
of a not fast trafbc road ( Leden, GErder, & Johansson, 2006; Sanca, 2002 Literature shows evidence of a signibPcant speed
reduction of vehicles in the presence of a refuge island ( Fildes, Fletcher, & Corrigan, 1987; Kolsrud, 1985; Vey & Ferreri,
1968; Yagar & Van Aerde, 1983). Mako (2015) has shown that implementation of refuge islands at pedestrian crossings
has reduced the number of fatalities for pedestrians by 64%. Without a refuge island the drivers® movement is 4% more irreg-
ular than in presence of a refuge island. As for pedestrians, without a refuge island they tend to cross irregularly instead of
waiting for a vehicle to stop giving them the priority.

Curb extensions may also help vehicles to slow down while approaching a pedestrian crossing. Extensions of a sidewalk
edge are commonly present along roads with parking areas on the lane side. These extensions increase the visibility of pedes-
trians and reduce the driversO speed behaviour inducing prompt yielding (  Hawley, Henson, Hulse, & Brindle, 1992; Huang &
Cynecki, 2001; Macbeth, 1995; Replogle, 1992 ). Bella and Silvestri (2015) have proved that more than 80% of the drivers they
tested clearly perceived the effectiveness of curb extensions. This means that, in presence of curb extensions, the drivers
were much more prompt to yield since pedestrian crossings were better seen.

Prompt yielding is often the response to OOYield here to pedestriansO vertical signs. These are mounted on poles on the
right side at crosswalks or on supporting arms over the trafpc lanes ( Beeber, 2011). To improve their visibility, LED Rashes
with an irregular Bash pattern can be mounted, too.  Van Houten, Ellis, and Marmolejo (2008) showed that LED Rashers
installed on simple pedestrian signs, increased the driversQ yielding and reduced evasive manoeuvres as well as the number
of pedestrians trapped in crosswalks at the centre of the road without a refuge island. Sherbutt, Van Houten, Turner, and
Huitema (2009) carried out three different experiments on the effects of Rashing pedestrian vertical signs on driversO beha-
viour. The results showed an increase of yielding from 18.2% to 81.2%. Bram De Brabander Lode Vereeck have shown that the
number of accidents with serious injuries involving vulnerable road users increased at intersections with no signalization
before the roundabout.

A further countermeasure may be guardrails at roundabouts. These direct pedestrians to safe crossing areas and prevent
bursting into the road ( Retting, Ferguson, & McCartt, 2003 ). The main benebts of installing guardrails are channeling pedes-
trians to the crossing ( Stewart, 2007 ) and making footpaths safer. Cohen et al. (2013) have shown that the number of pedes-
trians jaywalking with no guardrails at a roundabout exceeds 20D30% the number of pedestrians committing the same
violation when guardrails are installed.

Although any countermeasures aiming at increasing safety of pedestrian crossings are very important, the driversO beha-
viour should also be taken into consideration. Getting closer to a roundabout, drivers are often distracted and do not pay
attention to the road environment, including crosswalks. Inattention of drivers causes most of the accidents ( Xu et al.,
2018). Electronic and radio devices present inside the vehicle and used while driving, in addition to other distractors includ-
ing the road environment, are the main causes of the driversO inattention and carelessness ( Oviedo-Trespalacios, Haque, King,
& Washington, 2017 ). High speed of vehicles approaching a roundabout along with driversO lack of attention represent the
main problems for the safety of pedestrians crossing at roundabouts ( Fortuijn, 2003; Gross et al., 2013; Vijayawargiya &
Rokade, 2017). Speed reduction of vehicles is one of the key elements to reduce the probability of death of pedestrians
involved in an accident ( Gonzalo-Orden, PZrez-Acebo, Unamunzaga, & Arce, 2018; Guo, Liu, Liang, & Wang, 2016;
Hakkert, Gitelman, & Ben-Shabat, 2002; Haleem, Alluri, & Gan, 2015; Krdyer, Jonsson, & Virhelyi, 2014; RosZn & Sander,
2009:; RosZn, Stigson, & Sander, 2011; Tefft, 2013; Zeeger & Bushell, 2012 ).

However, the present trafpc safety laws (road safety measures) are not to be the only instrument capable of reducing the
number of accidents and fatalities ( Ward, Linkenbach, Keller, & Otto, 2010 ). In fact, a road safety culture should be estab-
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lished, both for drivers and pedestrians ( Chu et al., 2019; Obeng-Atuah, Poku-Boansi, & Cobbinah, 2017 ). A road safety cul-
ture, deep-rooted in society, sounds like a long-term project not easy to be achieved, anyway. On the contrary, road infras-
tructure, especially at crosswalks near roundabouts, might be immediately improved in order to increase pedestrian safety

and driversO perception of the risk. Many studies with positive results have been taken into account aiming at improving road
safety while reducing driversO speed in proximity of pedestrian crossings ( Bella & Silvestri, 2015; Gonzalo-Orden et al., 2018 ).
These studies usually rely on motion parameters, such as the operating speed or the stopping distance. They do not consider
the driversO behaviour in terms of detection and perception of crosswalk elements at the roundabout, whereas these param-
eters are very important to assess the driversO attention level and hazard anticipation. An eye-movement recording tool can

be very useful for this purpose since it allows a quantitative assessment of the driversO risk anticipation when approaching a
roundabout ( Costa et al., 2017; Ghasemi, Acerra, Vignali, Lantieri, Simone, & Imine, 2019; Kapitaniak, Walczak, Kosobudzki,
Jozwiak, & Bortkiewicz, 2015; Taylor et al., 2013; Topol ek, Areh, & Cvahte, 2016 ).

Assessing the driverOs vision may be useful to point out safe or unsafe behaviours on roads. Eye tracking is used to eval-
uate the drivers® perception and acknowledgments of the road elements as well as to develop driving strategies and prevent
crashes. According to several studies, the drivers® visual inattention is responsible for a large amount of trafbc accidents
(Bongiorno, Bosurgi, Pellegrino, & Sollazzo, 2017; Costa, Bichicchi, et al., 2019; Costa, Boneti, et al., 2019; Costa et al.,
2014; Costa, Bonetti, Vignali, Lantieri, & Simone, 2018; Costa, Simone, Vignali, Lantieri, & Palena, 2018; Di Flumeri et al.,
2018; Inman, 2012; Kapitaniak et al., 2015; Lantieri et al., 2015; Mantuano, Bernardi, & Rupi, 2017; Vignali, Cuppi, et al.,
2019; Vignali, Bichicchi, et al., 2019 ). In order to prevent those accidents, some studies have been carried out about the driv-
ing behaviour using the mobile eye tracking tool. This methodology is particularly interesting when analysing the driver-
pedestrian interaction. Only a few studies have applied this method by now ( Trefzger, Blascheck, Raschke, Hausmann, &
Schlegel, 2018) most of which take only the pedestrian behaviour into consideration ( Biassoni, Confalonieri, & Ciceri,
2018; Bock, Brustio, & Borisova, 2015; Davoudian & Raynham, 2012; Fotios, Uttley, & Hara, 2013; Trefzger et al., 2018;
Zito et al., 2015). An exam of the driversO behaviour when approaching a crosswalk was carried out by  Ciceri, Ruscio,
Confalonieri, Vangi, and Virga (2013) . They set different road situations and the outcome was that a complex street environ-
ment, with a lot of road signs, resulted into a lack of attention from the driver towards the pedestrian. The driver, in fact,
realized the movement of pedestrians on the crosswalks quite late.

Moreover, using the eye tracking measurements  GrYner and Ansorge (2017) studied the difference between the driverOs
behaviour in urban and rural roads. The results showed a higher number of driverOs eye movements in residential areas com-
pared to city roads. This means that the less the trafbc is, the higher the driverOs expectation of a careless behaviour of pedes-
trians when crossing roads will be.

In addition to this, according to the studies carried out by Dukic, Ahlstrom, Patten, Kettwich, and Kircher (2013) and
Maxera, Kledus, and Semela (2015), eye tracking measurement proved that drivers always detected pedestrians late when
driving at night. Increasing size and visibility of an object, making it more illuminated and salient for example, proved to be
useful to avoid the problem. This can be applied both to objects and pedestrians by using different marking patterns
(Crescenzo et al., 2019; Muttart, Dinakar, Vandenberg, & Yosko, 2016 ).

Using a simulator, Fisher and Garay-Vega (2012) compared the driversO behaviour at crosswalks signalized by mid-blocks,
advanced yield markings and OOYield here to pedestriansO vertical signs to crosswalks showing just standard markings. In the
former situations the drivers® behaviour consistently changed reducing pedestrian-vehicle crashes and increasing the dri-
versO attention towards pedestrians. The distance at which a pedestrian was brst seen increased and the drivers performed
a prompt yielding. G—mez, Siby, Romoser, Gerardino, Knodler, Collura, and Fisher (2013) conbrmed the above issues. With
advance yielding markings fewer accidents occurred and drivers payed a higher attention to pedestrians. Most of these stud-
ies, anyway, used eye-movement tracking with simulators but not in real trafbc environments. Moreover, while using the
same methodology, these research studies have analysed the detection of pedestrians by drivers but only few of them
focused the attention on factors improving the real crosswalk conspicuity.

The aim of the present study, on the contrary, was a before-after evaluation of a combined intervention on pedestrian
crossings near roundabouts in a real road context, assessing both vehicle speed and eye-movements approaching a sequence
of crosswalks before and after the intervention.

Four crosswalks were included in the study. Specibcally, the crosswalks were moved further before the intersection, med-
ian islands were added, and a ©OYield here to pedestriansO vertical sign was added. This intervention at roundabouts is of sim-
ple installation and it may be of high effectiveness on the driversO behaviour.

2. Materials and methods
2.1. The experimental protocol

Ten drivers, 3 males (M 54 = 28.87 years, range: 23D39, SD = 8.96) and 7 females (M 54 = 35.86 years, range: 25D52,
SD = 10.79), were recruited and involved on a voluntary basis in this study. They had normal vision and none of them wore
eyeglasses or lenses, to avoid artefacts in eye-movement monitoring. All participants had a Category-B driving license (for
cars) and no prior driving experience on the road segment object of study, in order to control the effect of familiarization
with the road environment.
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The experiment was conducted following the principles outlined in the Declaration of Helsinki of 1975, as revised in 2000.
Informed consent and authorization to use the video graphical material were obtained from each subject on paper, after the
explanation of the study. One car was used for the experiment, with diesel engine and manual transmission. The subjects had
to drive the car along a circuit designed to include the four pedestrian crossings object of study placed along the routes via
Testi and via Fornarina, a single carriageway-two lanes road, located in Faenza in the north of Italy, in the Emilia Romagna
region. These two roads connect the centre of the town to its suburbs. The circuit was 1.52 km long, with a width of about
9.00 m (two 3.00 m wide lanes and one 1.50 m wide sidewalk) and the speed limit was bxed at 50 km/h ( Fig. 1). The route
also included two mini roundabouts, spaced at 340 m, the brst one located between via Testi and via Cesarolo and the second
one between via Fornarina and via Saviotti. The pedestrian crossings were placed on straight sections before and after the
two roundabouts, at an average mutual distance of about 22 m.

The route was characterized by the highest number of accidents in the Province of Faenza in the years 200992011, with
12 injured, number which involved very high social costs. The main accident causes were the driversO distraction and high-
speed driving which increased both vulnerability of weak users and car-pedestrian crashes. To solve this problem, different
safety countermeasures had been installed in order to slow down vehicles approaching the four pedestrian crossings object
of study.

Before the works, all crosswalks had white zebra markings, with stripes which were 1.50 m long, 0.50 m wide and spaced
0.50 m from each other according to the Italian Highway Code (  Ministry of Infrastructures and Transports (1992) (1992),
1992). These zebra markings were positioned after the roundabout stop line. Only two of them had standard vertical OOYield
here to pedestriansO signs, one for each side, placed on the sidewalk of the road in proximity of the markings ( Fig. 2).

After the works, all crosswalks were characterized by ( Fig. 3):

median refuge island, allowing a safer and easier two-stage crossing for pedestrians. According to the Italian Highway
Code (Ministry of Infrastructures and Transports (1992) (1992), 1992 ), it was 4 m long and it had a continuous boundary
marking and a 0.10 m high curb. A yellow reRective obstacle delineator, coupled with the sign OOpassage allowed to the
rightO, was installed on the curb nose;

white zebra markings, which were moved in advance of the intersection and positioned 10 m before the roundabout stop
line, in order to increase pedestrian safety with vehicles approaching the intersection;

kerb ramps, improving mobility of people with disability, on both sides of the road;

OObyYield here to pedestriansO vertical signs, on the right side of the road, one on each side.

Apart from the introduction of median refuge island, zebra markings displacement in advance of the intersection, and the
improvement of OOYield here to pedestriansO vertical sign, the design of pedestrian crossings was the same as before. Each
subject had to repeat the driving task two times on different days, before and after the works ( Fig. 4).

Data collection started at 9 a.m. and Pnished at 1 p.m. on two different days, always in summer, in a period with low
trafbc and good meteorological conditions. The two driving tasks were conducted in the same conditions in terms of
weather, visibility conditions and trafpc driving scenario. In this study the pedestrian presence near the crosswalk was
not considered.

Participants didnOt know the route in advance. At the beginning of the OOafterO study, participants were asked whether they
remembered of the OObeforeO task and nobody identibed any elements of the route.

During the whole experimentation, an ET device recorded the eye gazes while a professional device mounted on the car (a
Video VBOX Pro) detected data about the driversO behavior. Eye movements of participants were recorded through an ASL
Mobile Eye-XG device (ET), a system based on lightweight eyeglasses equipped with two digital high-resolution cameras,
one recording the right eye movements, and the second one recording the visual scene. Not to obscure the normal beld
of view of the drivers, a mirror capable of reRecting the infrared light was installed in the eye camera recording the activity

Fig. 1. Outline of the experimental route. In red the mini roundabouts object of study. (For interpretation of the references to colour in this bgure legend,
the reader is referred to the web version of this article.)
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Fig. 2. Pedestrian crossing design before the works.

Fig. 3. Pedestrian crossing design after the works.

Subject

briefing and I ; i H BEFORE WORKS H FIRST LAP
preparation H :
@ N I : H : AFTER WORKS : SECOND LAP

Fig. 4. Overview of the experimental protocol, consisting of two driving tasks, 1.5 km from via Testi to the end of via Fornarina, performed before and after

the works.

of the right eye. As already tested in Costa et al. (2014), the sampling rate for the eye-movement recording was 30 Hz (33 ms
time resolution) with an accuracy of 0.5b1  (approximating the angular width of the fovea).
A preliminary calibration procedure was carried out for each subject inside the car before starting driving, asking them to

Px their gaze on thirty bPxed visual points spread across the whole scene, in order to get a good accuracy of the eye movement
recorder. A video for each participant was created using the ASL software with a cross superimposed to the scene showing
the eye bxations. This allowed researchers to detect the sequence of points of the scene bxed by the driver. The car was
equipped with a Video VBOX Pro (Racelogic Ltd), a system able to continuously monitor the cinematic parameters of the
car, integrated with GPS data and videos from four high-resolution cameras. The system was bxed inside the car, in the cen-
ter of the back Roor, in order to put it as close as possible to the car barycentre, while two cameras were bxed over the top of
the car. The system recorded speed (accuracy: 0.1 km/h), acceleration (1% accuracy), and distance with a 20 Hz sample rate.
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The ET and the Video VBOX Pro devices were installed on the back seats of the car, monitored by one of the researchers, who
was asked not to talk to the driver except for giving instructions about the direction or assistance in case of necessity.

2.2. Performed analysis

The performed analysis aimed to evaluate the effect on safety and visibility of the studied pedestrian crossings produced
by the introduction of median refuge island, the displacement of zebra markings in advance of the intersection, and the
improvement of OOYield here to pedestriansO vertical sign. To this end, both vehicle speed and drivers® eye-movements
approaching crosswalks were analysed and compared before and after the works.

The recording of driverOs eye-movement allowed an assessment of the more salient visual elements along the road and
near the pedestrian crossing as well as an evaluation of the driverOs visual behaviour related to the vehicle speed. The exper-
imental route was a back-and-forth trip, so each of the four crosswalks was crossed twice and the average value between the
two directions for each crosswalk was taken into consideration.

A before-after operating speed comparison is commonly used to evaluate the safety of a road modibcation ( World Road
Association (PIARC), 2003 (PIARC), 2003, 2003. Therefore, in the present study, the Video VBOX Pro output video was anal-
ysed for each participant before and after the works in order to evaluate the operating speed. The ET video, on the contrary,
was analysed frame-by-frame, in order to verify the target bxed by each participant. The targets under analysis were OOYield
here to pedestriansO vertical sign, zebra markings and median refuge island (only in the after-intervention condition). For
each target the number of bxations and the duration of bxation were computed, multiplying by 33 ms the number of frames
in which a single target object was pxated.

An object was considered as bxated when it was bxed for a minimum duration of two frames (66 ms), as debned by the
intersection area of the cross on the video ( Fig. 5). The threshold of 66 ms, which is lower in comparison to a common bl-
tering of 100 ms or higher as usually found in eye-tracking studies (  Holmqvist et al., 2015 ), was dictated by the specibc set-
ting of this study that involved the recording of eye movements while driving. Although lower values are shown in literature
(Velichkovsky, Domhoefer, Pannasch, & Unema, 2000 ; Domhoefer et al., 2000; Sodhi, Reimer, Cohen, Vastenburg, Kaars, &
Kirschenbaum, 2002 ), Lantieri et al. (2015), Costa, Bonetti, et al. (2018) and Costa, Simone, et al. (2018) reported that in real
trafbc situations, that are highly dynamic driving contexts, bxation duration is much lower than in other contexts or in
experimental settings. In a real driving setting with a dynamic visual scene, as in the case of the present study, rapid bxations
may occur. Since the distribution of bxation duration is positively skewed and not normal, medians are reported instead of
means (Costa, Bonetti, et al., 2018; Costa, Simone, et al., 2018). For each studied pedestrian crossing target the distance of
brst bxation was computed, considering any element of the crosswalk (zebra markings, OQYield here to pedestriansO vertical
sign, or median refuge island). The Prst bxation for each crosswalk was assessed thanks to the synchronization of the speed
data and the ET data, obtained by the methodology used in  Costa, Bonetti, et al. (2018) and in Costa, Simone, et al. (2018)
(Fig. 5). The obtained values were compared to the operative stopping distance which was computed using a mathematical
equation in accordance with the Italian regulations ( Ministry of Infrastructures and Transports (2001) (2001), 2001 ). The
operative stopping distance depended on the travelling speed (the vehicle speed at the brst-bxation position), on coefpcient
of available friction, and on road average longitudinal slope (4%).

In order to avoid conRicts between vehicles and pedestrians entering the road area from any side of it, the brst bxation
distance should be longer than the operative stopping distance so that the driver has enough space for a prompt yielding. The
comparison between the distance of brst bxation and the operative stopping distance allows a correct evaluation of the
yielding space under safe conditions ( Jurecki & Stanczyk, 2014; World Road Association (PIARC), 2003 (PIARC), 2003,
2003). When the distance of brst bxation was shorter than the stopping distance, the driverOs behaviour was classibed as

Fig. 5. Synchronization of the ASL eye-tracking mobile video output with the VBOX PRO video output.
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OOunsafeO, while when the distance of brst bxation of the crosswalk was longer than the operative stopping distance the dri-
verOs behaviour was considered as O0safeO.

To assess the behaviour of drivers in the two situations before and after the combined intervention of pedestrian cross-
ings near the roundabouts, univariate ANOVA was used. The parameters that were evaluated with the univariate ANOVA are
the difference in median bxation duration of each pedestrian crossing element, the distance of brst bxation of crosswalks and
the operating stopping distance at each single crosswalk and for each participant.

3. Results

The Video VBOX Pro results showed that the drivers® average speed when approaching the crosswalk (0 m distance con-
dition) was 32.64 km/h (SD = 6.35, N = 74) before and 27.04 km/h (SD = 9.19, N = 48) after the intervention, with a reduction
of 5.6 km/h. An ANOVA tested a signibcant difference: F (1, 138) = 2.97, p = .04, g2 =0.02.

Fig. 6 shows the results of the comparison between the percentage of drivers that looked at zebra markings, at OOYield here
to pedestriansO vertical sign and at median refuge island, before and after the works.

The results were determined by 80 observations (10 participants 4 crosswalks 2 sides).

The performed statistical analysis revealed a signiPcant increasing of drivers that looked at zebra markings (+31.25%,
v2 = 7.11, p = .002) and at OOYield here to pedestriansO vertical sign (+8.75%y? = 6.32, p = .002). After the intervention
56.25% of drivers glanced at median refuge island which was not part of the crosswalk design before the works.

Univariate ANOVAs were applied in order to test the difference in median bxation duration of each pedestrian crossing
element before and after the works ( Fig. 7). The difference was signibcant for OOYield here to pedestriansO vertical sign: F(1,
27) = 4.02, p=.02, g% = 0.12. The average bxation time was 150 ms (SD = 46) before and 300 ms (SD = 200) after the works.

The difference was also signibcant for zebra markings: F(1, 62) = 9.17, p=.002, g2 = 0.12. Before the median bxation was
267 ms (SD = 122), after the works it increased to 700 ms (SD = 317).

The average bxation time at the median refuge island was 700 ms (SD = 62).

Univariate ANOVAs were also applied in order to test and compare distance of pbrst bxation of the crosswalks in before
and after conditions. The mean distance increased from 21.98 m (SD = 16.76, N = 48) to 40.69 m (SD = 19.66, N = 73), showing
a signibcant difference: F (1, 85) = 108.19, p < .001, g2 =0.37.

The operative stopping distance at each single crosswalk and for each participant was tested using ANOVA. The average
operative stopping distance before was 39.30 m (SD = 17.22), while after the works it was 34.42 m (SD = 13.97), with a sig-
nibcant difference: F (1, 73) = 3.59, p = .02, g2 = 0.04.

Obtained values showed that before the intervention 78.1% of the cases were OOunsafeO, with operative stopping distances
far exceeding the distance of brst-bxation. After the intervention the OOunsafeO cases decreased to 30.1%, with a signibcant
reduction of 48.0%. The difference was tested by a Chi-square test as follows: V2 = 18.02, p < .001. After the zebra markings
displacement and the installation of the median refuge island and of the OQYield here to pedestriansO vertical sign the cross-
walk conspicuity and visibility increased and the driversO brst-bxation was at a distance that allowed a safe stop in case of
pedestrians entering the crossing area.

Fig. 6. Percentage of drivers that looked at zebra markings, at OOYield here to pedestriansO vertical sign and at median refuge island, before and after the
works, N = 80 observations (10 participants 4 crosswalks 2 sides).
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Fig. 7. Before-after analysis of median Pxation duration at the pedestrian crossing elements (standard deviation and number of observations are reported
between parentheses).

At the moment of brst bxation of the crosswalk, the drivers® mean speed changed was 37.94 km/h (SD = 10.91, N = 74)
before and 31.03 km/h (SD = 11.25, N = 48) after the works, with a reduction of 7 km/h. The difference was signipcant: F (1,

85) = 4.73, p = .02, g2 = 0.04.

The effect of driving speed on brst-bxation distance was tested with a linear regression considering operating speed as
independent variable and distance as dependent variable. The regression value was signibcant: t = 2.004, p < 0.001,
R? = 0.067. The standardized coefbcient between the two variables amounted to b = 0.21, showing that the less speed
was, the longer the distance at which the drivers saw the crosswalk was.

4. Discussion

In the present study different engineering countermeasures, aimed to increase conspicuity and visibility of pedestrian
crossings at roundabouts, have been tested in order to assess their impact on road safety. These countermeasures included
installation of a median refuge island, displacement of zebra markings in advance of the intersection, and placement of
OOyYield here to pedestriansO vertical signs. The safety evaluation was performed by a beforeDafter analysis of both speed
and driversO visual behaviour approaching the crosswalks in a real road experimental setting. All obtained results conbrmed
that adopted countermeasures increased conspicuity and safety at pedestrian crosswalks, because driversO attention to the
road increased and the speed decreased accordingly. The analysis of the driversO eye movements was very useful to assess the
visibility of pedestrian crossings as well as to study the driversO behaviour and the data obtained may help to improve the
crosswalk design in order to prevent accidents.

Statistical analysis of the number and duration of pPxations conbrmed that they were signibcantly higher after the new
elements had been installed near the crosswalks. The driversO attention focused on the roadway with a decrease of distrac-
tion caused by the surrounding road environment. According to Bichicchi et al. (2017) , zebra markings and median refuge
island were the best perceived elements by all drivers, with a median bxation duration respectively of 700 ms, followed
by OOYield here to pedestriansO vertical sign (300 ms).

The elements near the centre of the road were bxated longer than the vertical sign, probably because of their position and
their angular distance from the line straight ahead the driver. This was also conbPrmed by Costa et al. (2014), Costa, Bonetti,
et al. (2018), Costa, Simone, et al. (2018) and by Yuan, Fu, Ma, and Guo (2011), who found that vertical signs, falling outside
the foveal visual beld of the driver, required specibc saccadic movements or peripheral vision to be seen. The more the angu-
lar distance increased, the poorer the visibility was, since the sign was seen at a shorter distance. On the contrary, zebra
markings and median refuge island were placed on the road, directly in front of the drivers, and so they had a higher effec-
tiveness in inRuencing the drivers® behaviour.

These data are more signibcant considering that participants had never driven along the study route before. Previous
studies, in fact, have shown that novice drivers have a longer eye-bxation duration than expert drivers, but the bxation loca-
tion is differed between novice and expert drivers. Novice drivers tend to focus on roadside longer than expert drivers, to
determine the position of their vehicles ( Laya, 1992; Mourant & Rockwell, 1972; Satoh, 1993; Shinohara and Nishizaki,
2017a, 2017b). Drivers who are familiar with the route spend more time looking ahead and can better detect events that
may lead to situations that affect trafbc Bow or cause collisions. The results lend support to the hypothesis that the periph-
eral area of the eye is used to monitor other vehicles and the road lane markers in order to direct the fovea for closer exam-
inations when the situation demands it ( Shinohara and Nishizaki, 2017a, 2017b ).
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After the intervention all the drivers detected the crosswalks in advance, since the mean distance of prst bxation of cross-
walk increased accordingly. They were seen at a longer distance increasing hazard anticipation and detection. Before the
works, drivers saw the crosswalk at a very shorter distance (21.98 m), which didnOt allow them to adjust speed and slow
down their velocity. After the countermeasures, drivers perceived the pedestrian crossings from a longer distance
(40.69 m), and they continued to glance at the crosswalks while approaching them, enhancing their visual attention. This
was due also to the average speed reduction approaching the crosswalk. After the works, in fact, the drivers perceived in
advance the crosswalk presence and therefore they decelerated earlier reducing the probability of fatal accidents. The dri-
versO average speed reduction was of 5.6 km/h after the intervention.

The lower the speed, the longer the distance of crosswalks detection was. At a low speed the driver may tend to look at
and monitor the road more carefully than at a high speed, better perceiving any critical element placed ahead. The longer the
distance of brst bxation of crosswalk, the longer the operative stopping distance of the drivers was. After the works, a reduc-
tion of 48.0% of the OOunsafeO cases were obtained.

As said above, these data are very interesting considering that participants had never driven the study route before.
Several previous studies, in fact, have found that familiarity with the driving situation has a great inBuence on the driving
speed. Expert drivers tend to drive faster than the novice drivers and, under increased speed conditions, subject tended to

bxate relevant items near the centre of the road with increased frequency ( Spijkers, 1992). Drivers detect fewer elements in
the central visual beld when driving slowly and they detect fewer elements in peripheral vision when driving fast ( Kayser &
Hess, 1991; Miura, 1985, 1987; RogZ et al., 2004 ).

A relatively small sample of drivers and situations was considered in this study and future studies will test the effects of a
similar intervention on a larger sample. Nevertheless, the signibcant variations in the drivers® behaviour recorded after the
works were particularly remarkable in terms of crosswalk visibility and conspicuity. Future researches might evaluate dri-
versO behaviour in the presence of a pedestrian on the crosswalk area.
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ABSTRACT

Bicycle is a sustainable means of transport for medium and short distance journeys in urban areas. With the
growing number of cyclists, the need for bicycle-friendly infrastructure is more evident. In many cities, separate
lanes for cyclists are frequently being used. However, the grade junctions between motorized vehicles and
cyclists are highly dangerous areas. This paper aims to investigate the driver behaviour when confronted with
a cyclist at a bicycle priority crossing. The effect of the crossing elements on the G U L Yvi$uhf] dehaviour
approaching an intersection is studied by using a head-mounted eye-tracking device. Besides, the GULYHU TV
choice of speed and trajectory is monitored by using a satellite positioning system and an integrated Inertial
Measurement Unit (IMU). The driver { kéaction time, speed, braking distance, and other driving performance
measures are investigated in several experiments involving two cyclist crossings and 18 participants. Traffic
Conflict Techniques (TCTs) are used to calculate road safety indicators, and the two bicycle crossings are
evaluated based on the calculated surrogacy measures. More specifically, we apply the non-crash events at
bicycle crossing characterized by speed and reaction time of the drivers and time to collision (TTC) using TCTs
to classify the safety of cyclist crossings. By comparing the two cyclist crossings, we show that the presence
of an over-head yielding sign increases the detection of the crossing (perception distance, fixation duration)
and a significant reduction iQ W KH G UL Y.Hhefrdactidh rhkeGand braking distance are not significantly
different for the two crossings, providing useful measures for estimating the actual braking distance of drivers
to improve design parameters.

Keywords:
Bicycle Priority Crossing, TTC, Reaction Time, Eye tracking, Driver Yielding Behaviour

1. Introduction

The growing problem of air pollution, carbon emission, traffic congestion, and high fuel price are encouraging
elements for individuals and public policymakers towards the use of the bicycle as a sustainable mode of
transport. The bicycle transport modal share is about 8 % in most of the European cities (Eurobarometer,
2014) with some cities such as Amsterdam that people are using the bike for more than 30 % of their journeys.
Despite many benefits of the use of the bicycle, cyclists remain among vulnerable road users with an average
fatality rate 8% of in the year 2016. The majority of these accidents were registered in urban areas, where the
bicycle is being used for daily trips (ROSPA, 2017) (Traffic and Facts, 2018).

Despite the availability of various guidelines for F\F O linft&gtfucture, in many cities, there is no standard for
the design of bicycle-friendly roads. This is due to the fact that the application of the bicycle infrastructure is
influenced mainly by the existing road that is designed for motorized vehicles (World Health Organization,
2018). Cycling routes mainly classifies into three main categories of bicycle path (exclusively for cyclists),
bicycle tracks (separated track from the road) and bicycle lane (on the main road) which is separated only by
a road marking on the pavement (Morrison et al., 2019). However at grade junction make mixed traffic zone,
which is very risky for cyclists. On European roads, Rl F\AFOLVWVY IDWDOLWLHY KDSSHQHG D
Road Safety Observatory, 2015). In Italy, about 40 % of the bicycle crashes happened near or at the junctions
in 2016 (ISTAT, 2017).

The human factor plays a crucial role in road safety. According to an estimation by NHTSA in 2015, the critical
reason for more than 70 % of road crashes in the motorways is driver recognition, decision, and performance
error (Singh, 2015). Investigation of more than a thousand accidents involving a bicycle in Europe proved that
WKH GULYHUSYV SUHP D W Ké&JrHairRoistekb WrHhiDtp& bfRaridents. The incorrect diagnosis
missed observation, and insufficient interaction between the driver and the cyclist are common driver-related
errors (Traffic Facts, 2018). Therefore study driver behaviour plays an important role in preventing bicycle-
related crashes.

In this paper, two un-signalised bicycle priority crossings in the urban area of Bologna with different road
marking (coloured pavement) and vertical road signs were. The visual attention and driver performance
measures were investigated using traffic conflict techniques and surrogacy measures. Innovative observation
techniques such as eye-tracking, satellite positioning system and inertial measurement unit (IMU) were used



to monitor the driver 1V E H K Di¥rin® tkéJexperiment. The paper aims to investigate the effects of different
design choices and quantify the risk of the bicycle crossing using the non-crash traffic conflict technique.

1.1. Bicycle crossings design and characteristics

The type of bicycle crossing depends on the main road traffic condition and the number of passing bicycles.
Different types of un-signalized crossing and signal-controlled bicycle passage can be used as a design
solution. The signal-controlled crossings are recommended at high traffic intersections, while the uncontrolled
crossing is used at low traffic zones when the crossing is relatively less used. This type of passage is often
designed together with refugee island and additional road markings to reduce the speed of the passing
vehicles.

The priority bicycle crossing is a type of un-signalized crossing, which is marked with elephant footprint
designed for the cyclist passage and "<LHOG WR F\F O Lsigwsh&id GeHngtalledlbbfQré the crossing.
The design of the crossing must ensure that the speed of the passing vehicle does not exceed 30 km/h,
(London Cycling Design Standards, 2016). The Italian highway code provides three different road signs, which
indicates the presence of cyclist on the road; first, the "cycle path" sign, used at the beginning of an exclusive
cycling track; second, the"cycle lane adjacent to the sidewalk" sign, which identifies a track reserved for
bicycles but parallel to the path reserved for pedestrians; third, the "Pedestrian and cycle path” signal that is a
shared path between pedestrians and bicycles. The design features of the crossings have an important effect
on the driver § behaviour. A study on the effect of curb extension in the crosswalk showed a decrease in the
G UL Y HU Tanhdvreiddse€s pedestrian visibility (Bella et al., 2015). The use of flashing LED atthe yup<LHO G WR
SHGHVWULDQV’® VLJQ DQG Estk&unh dedtddsd-ib iRe/peeDd 6f the drivers (Samuel et al.,
2013).

The correct application of the road signs and markings ensures road safety and increases the situational
awareness of road users. Road marking is characterised by retroreflection, colour, skid resistance, and
durability. According to EN1436 standard (1 xonly white, yellow, and amber colour can be used
for the zebra crossing, to ensure the adequate contrast with the asphalt pavement. Based on the recent study
in Switzerland, where the yellow marking was used at the zebra crossings, it has been shown that the use of
glass beads material in the road marking can improve the retro-reflectivity of the zebra crossing at night
(Burghardt et al., 2019). The colour of the road markings and the retro-reflectivity of the pavement materials
also can improve the conspicuity level of the vulnerable user (Costa et al., 2018). In Portland, the use of blue
bike-lane pavement ZLWK 3\LHOG W R slrowe® 20vparsent \herdade in the yielding of the motorists
(Hunter et al., 1999). In another study on the effects of coloured pavement in the city of Austin, where green
pavement colour used ZLWK 3\LHOG WR F\FOLVW/’, I¥{adtQt péduked inCa\Wolttiph Whith DvBsS
significantly useful in terms of yielding of the motorists. The study of the cyclist behaviour showed that cyclists
used more coloured pavement to negotiate the crossing (Brady et al., 2010). According to national association
of city transportation official (NACTO), the coloured bike lane promotes the multi-modal nature of a corridor,
increases the visibility of cyclists, discourages illegal parking, increase motorist yielding and reduces bicycle
conflict with turning motorist.

1.2. Surrogate safety measures and traffic conflict techniques

The conventional method for road infrastructure safety management is based on the ranking of the roads
based on accident statistics and crash records. This method has several drawbacks, such as under-reporting
accidents and lack of details in the police report and requires long observation periods. Another issue is that
bicycle crashes reports are rarely available. A study on the bicycle-related crashes in 17 countries illustrated
that more than 65 % of accidents were never reported. In Italy, for instance, less than 9% of all bicycle-related
accidents were reported to the police (Shinar, 2018).

The fundamental idea of using surrogate measures is to use conflict events instead of crashes to investigate
road safety. The term conflict defined as when two or more road users approach each other in a way that a
collision is about to happen if their movements remain unchanged. These conflicts can be recorded stationary
or in-vehicle by using video-based observation by semi-automated or fully automated video analysis
(Laureshyn, 2010).

Time to collision (TTC) is one of the most used time-based indicators for classifying the conflicts, which is the
time required for two moving objects to collide if they continue at their speed with the same trajectory. The
lower TTC value corresponds to a higher conflict severity (Laureshyn et al., 2017), (Laureshyn, Svensson, and
Hydén 2010). These time-based indicators are essential for identifying conflict severity and being used in traffic
simulation and vehicle control systems. According to the Swedish conflict technique, an event is considered
critical when the minimum TTC is less than 1.5s (Amundsen et al., 1977). Other researchers proposed the use
of an intersection conflict index (ICI) that assigned TTC thresholds to the risk-of-collision by the use of computer
model using three level of conflict severity: potential (1.5s < TTC < 2s), slight (1s < TTC < 1.5s), and severe
conflict (TTC < 0.5s) (Sayed, 2000). Another method to classify the near-crash event proposed with the idea
Rl D uVDIHW\ S\UDPLGY ZKLFK WKH ORZHU SDXQ\D B |L\W K/HH & DF DVR_IRG) & HDVQFGU |
the pyramid, the most severe conflicts with fatal or injury accidents are represented (Hydén, 1987). Two



indicators of Time-to-collision (TTC) and speed were used to classify the serious and non-serious conflicts.
According to this classification method, a diagram with a function of TTC and velocity was presented with the
30 conflict severity level, and conflicts with a severity level of 26 and above were considered as serious
conflicts. However, this classification was based on the vehicle to vehicle conflict and later researchers
suggested to use a lower threshold for identifying the events of the conflict involving vulnerable road user
(Svensson, 1998).

1.3. Driver behaviour and road safety

Driving is a complex control task, in which the driver has to control the longitudinal and lateral position of the
vehicle in the road, plan the trajectory, and actively monitor the environment and to interact with other road
users. Michon (1985) divided the driving behaviour model into three levels of skill and control; planning
(strategic), manoeuvring (tactical), and operational (control) level. The planning level includes the overall
objective of the trip and is being used for navigation and choosing trajectory. The manoeuvring level is the
action to negotiate situations, such as obstacle avoidance, gap acceptance, speed choice, and the operational
level is related to the lateral and longitudinal control of the vehicle in the trajectory (Michon, 1985). These skills
are not entirely separated from each other and drivers learn to adapt their skills based on their experience, a
study on operational and manoeuvring behaviour showed that drivers with reduced control skills, choose higher
safety margins for headway time to compensate their reaction delay (Winsum, 1996).

Vision is the primary sensory input for perceiving information for controlling the vehicle. The eye-tracking
system provides measurements to study the driver's response to the visual stimuli by monitoring the eye
movements. Various parameters, such as gaze position, fixation duration, pupil diameter, and blinking
frequency, can show driver attention and reaction to the road environment. The eye-tracking information could
be used to identifythe GULYHUfV IDWLJXH ZRUNORDG DQG GURZVLQHYVV\V@®G PRU G
WKDW FDQ SUHGLFW D Q G slintehrtienl QtudiesGhowedth#d thé pattethiof eye fixations reflects
the cognitive state of the driver, the gaze behaviour of drivers in the driving simulator found out that the gaze
guidance can lead to significantly reduced the number of collisions in a pedestrian crossing scenario
(Pomarjanschi et al., 2012).

7KH SDUWLFLSDQWTV ILIDWLRQ GLVWDQrRdtking @riél eack leBméntRoRthevieadd URDG
environment are important indicators to evaluate the driver's attention to the road environment. It is assumed
that a road sign is visible for the driver from the maximum visibility distance prescribed by highway standards.
In Italy, these regulations mandate a visibility distance of 150 meters for warning signs on motorways, 100
meters on secondary roads, and a visibility distance of 50 meters on the residential roads (ltalian Highway
Code 1992). However, many studies illustrated that road signs are widely being ignored by drivers, a study on
the road sign in an ecological driving showed that drivers saw only 25% of vertical traffic signs with the median
first-fixation distance of 51 m and average considering the minimum fixation of 66 ms (Costa et al., 2014). The
gaze behaviour analysis of the drivers in the residential area when approaching a crosswalk showed that
expectation of careless pedestrians is higher since participant's eye movements were frequently monitoring
the roadsides (Gruner etal., 2017). n'WHVWLIJDWLRQ RQ WKH UHODWLRQ RI GULYHUTfV H\H
in a driving simulator showed advance yield markings caused fewer crashes, and drivers looked more
frequently to the pedestrians (Gémez et al., 2013).

A crucial human performance measure is the reaction time or reaction delay that depends on task demands,
motivation, workload, and human fatigue. The driver reaction process consists of perception, recognition,
decision, and physical response (Boer et al., 1998). Real road studies, driving simulator, and psycho-technical
test can be used to evaluate the human reaction time. A survey of braking of drivers to an unexpected object
on the road showed that the participants had a perception-brake delay mean of 1.1 s and a maximum of 2.0
s (Fambro et al.,1998). Another VW X G\ RI GULYHUYVY EUDNH UHDFWLRQ WLPH WR WKF
subjects showed similar braking reaction values from 0.2 s to 2 s, with a median value of 66 ms (Johansson
et al., 1971). Driver reaction time to lateral entering pedestrian in a crash simulated environment showed that
drivers were more prone to brake when a pedestrian appeared from the right side of the road and the reaction
time found as a function of time to the collision in the range of 0.6 s to 1.6 s (Jurecki et al., 2014). The driver's
reaction time in three typical collision scenarios with controlled TTC illustrated that the drivers' steering
manoeuvre reaction was significantly faster than the brake reaction time with the mean of 0.86 s with
comparison to 2.29 s for braking reaction (Li et al., 2019). Another study in the driving simulator for the takeover
action (TOR) of truck drivers in autonomous driving (level 3) by using eye tracker from 755 TOR found braking
pedal reaction time lower than 1.7 s (Lotz et al., 2019). The initial reaction braking delay of 2.8 s is being
considered in the calculation of the braking distance in the Italian road design code, which decreases 1% with
the speed of the driver.



2. Methods

2.1. Participants

Eighteen participants, nine males, and nine females volunteered for the study with an average age of 28 years
old (SD=5.96). All participant had a valid driving license, and they were able to drive without glass or contact
lenses that were required for the accuracy of the eye-tracking data. Participants were volunteered for the
research and were not paid. The aim of the experiment was not explained to them, and they were not aware
of the aim of the study.

2.2. Test procedure and measurements

The experiment carried out on two separate days between 9:00 a.m. and 5:00 p.m. in the daylight. The vehicle
used for the research was a Ford fiesta with manual gear transmission, and it was not equipped with a driving
assistant, emergency braking, or warning system. Each participant completed two laps of the circuit with a
total length of 7.5 km and passed two times from each bicycle crossing. Once with a cyclist present at the
crossing from the right and once without any cyclist.

The two bicycle crossings were located in the urban area of Bologna. Bicycle-pedestrian crossings ¥ “which
islocatedin 9LD $]]XUUD FQ & \»WiaPiktio®ainoldi, are shown in Figure 1. The two crossings had
different geometric characteristics. The ¥ ~ F U R Vi¥ je@Qektrian/bicycle priority crossing equipped with an
overhead bicycle and pedestrian yielding sign (with LED at night) and red coloured pavement at the cyclist
crossing with typical zebra crossing at the pedestrian crossing side. The 32~ FURVVLQJ ZDV HIAXLSSHG
pedestrian and cyclist yielding sign in the right edge of the road with 1 meter of advancement with respect to
the crossing. White elephant feet road markings were near the zebra crossing, and there was no coloured
pavement used.

Figure 1.a Cyclist crossing "I1" Azzurra; 1.b Cyclist crossing"12" Mainoldi

During the experimentation, the vehicle trajectory was recorded using a VBOX HD2 by satellite positioning
device with 10 HZ data recording rate with a resolution of 1 cm. The instrument can calculate the velocity of
the vehicle based on satellite positioning data with an accuracy of 0.1 Km/h. The VBOX HD2 was also used
to record videos from the front shield of the vehicle with 1080 HD quality (30 frames per second). Using an
additional 32 channel CAN input the data from the inertial measurement unit (IMU) and onboard diagnosis port
(OBD2). Real-time vehicle data during the experiment was being registered with the data from the central
cabin computer (i.e., engine rpm, wheel rotation, gas pedal, and engine temperature). The Inertial
measurement unit was also being used to register the acceleration and rotation of the vehicle.

The ASL Mobile Eye (ME) used for monitoring the S D U W L Flis8dD kekéfiaur during the experiment. The
ME used is a monocular eye tracker consists of a pair of glasses with two video cameras; one camera that
records videos from the left eye (eye camera) and the other takes video from the front (world camera). The
pupil position is detected by the eye-tracking technique known as "Pupil to Corneal reflection” tracing. The eye
tracker has to be calibrated for each participant before starting the experiment. At the end of the
experimentation, the video obtained from the ME was synchronized with the VBOX video using the video
frames at the red light. The synchronization enabled us to investigate driver gaze behaviour together with
vehicle trajectory data.

2.3. Data Analysis

Using the synchronized ME video with the satellite positioning, the driver performance measures such as
speed, braking distance, reaction time investigated when approaching the bicycle crossing with the presence
of the cyclist. In addition, the first eye fixation on zebra markings, yielding sign, and approaching cyclist were



found out using frame-by-frame video analysis with the corresponding distance from the crossing using the
minimum fixation of 66ms. In total The ME videos of more than 5400 frames were analysed from the video in
which the gaze position was registered. The driver reaction (RT) was found using the synchronized gaze
position from ME, and the trajectory data (VBOX). The reaction time (RT) was defined as the time between
the time visualization of the cyclist (TC), as shown in Figure 2, and the application of the brake (TB). The time
of application of the brake of the drivers was found from the speed profile (figure 2.c above) and verified with
the available data from the longitudinal acceleration (figure 2.c below) measured by the IMU.

Figure 2.a Fixation at cyclist in 3, = 7&b. Fixation at cyclistin 3, ~ 7&. Braking Time (TB)

3. Results and Discussion

3.1. Driver behaviour investigation at bicycle crossing without the presence of the cyclist

scanning of the road environment provides most of the necessary information for controlling the vehicle by the
driver. Considering the human visual field of approximately 60 degrees above and below the horizontal, and
90 degrees to the left and right, only a small area of the visual field allows an accurate vision (2 to 4 degrees
from the focal point). Therefore, targets can be detected better if they are closest to the focal point. Other
factors, such as brightness, colour, texture, and movement, can also influence the detection of an object.

In this study, the focal point of the participants was investigated by searching the eye-tracking videos (frame
by frame) for the 150 meters before the crossing. Seven Areas of interests (AOI) were defined based on the
visualized elements to classify the driver's visual gaze into the categories i.e. vehicle interior, environment,
parked cars, road marking, road sign, traffic, and pavement. Figure 3 shows the normalized fixations (minimum
66ms) IRU GLIIHU df@ghe/tvibxrdisgings. The most seen elements by participants were the pavement,
followed by the parked cars and the environment (tree, buildings, sky). The road sign was not seen for a long
duration. However, a threshold fixation of 66 ms is enough to identify the road sign (Costa et al., 2018).
Considering the vehicle interior, parked cars and environment as distraction elements, the drivers were
distracted for 45% of the time before arrivingat 31" LQWHU Whilé&2¥ L RRRU WKH 3, " LQWHUVHFWLRC(
to the eye-tracking results.



Figure 3. Driver visual gaze position percentages 150 meters before the crossing

The first fixation distance of the drivers towards road markings and road signs in the two cyclists crossing is

shown in figure 4 without the presence of a cyclist. The pavement colour and road marking did not have a

significant impact on the driver perception of the intersection. About 55 % of the drivers looked at the road

marking in the 3, ~ F U R Yfanit@eJmedian distance of 55.1 m (SD=25.9), DQG LQ 3, ~ F\AFOLVW FURVYV
of the participants looked at the horizontal sign with a median length of 55.5 m (SD=30.3). Theresult Rl GULYHU TV
visual gaze towards vertical yield sign in the proximity of the crossings showed that 66 % of the participants

looked at the overhead sign at the 3, ~ F U R YfafLa)dedian distance of 88 meters (SD=35.4), while in the

3, ,44% of the participants looked at the yield sign from 74 meters (SD=36.8), see figure 4. The results of the

paired sample t-test result did not show a significant difference in terms of perception distance of the vertical

road sign (P=0.27).

Driver visual fixation duration is dependent on various parameters such as sign category, clearance from the

road, and the number of medium size characters, which may influence the driver's visual attention (Costa et

al. 2018). The fixation duration on the road markings in the crossing 3, ~ ZLWK F R O R X U#asSolgdn¥tH P HQ W
967 ms (SD=868), while inthe 3, ~ FUR V V aucbldied/ rlavement the average fixation duration was 900

ms (SD=1176), and no significant difference found using the t-test. However, the result of the fixation duration

of drivers on the cyclist/pedestrian yielding vertical sign showed WKDW LQ WKH 3, " LQWHUVHFWLRQ
road sign, the average fixation duration of drivers was 467 ms (SD=228 ZKLOH LQ 3, ~ LQ&Vdidde HF WL R (
fixation duration was 383 ms (SD=113). The minimum fixation duration considered in the experiment was two

consecutive frames (66 ms).

Figure 4. a. Fixation distance on road sign and markings  ; b. Fixation duration on road sign and
markings

The visibility stopping distance is an important safety item for the design of the intersection that depends on

the travelling speed, friction coefficient, and pavement longitudinal slope (Ministry of Infrastructures and

Transports, 2001). & RPSDULQJ W K H -f@afianydistaric® td the StMyping visibility distance of 55 meter

considering the average speed of the 50km/h, it can be implied that 75% of the drivers could see the road sign,
before the stopping YLVLELOLW\ GLVWDQFH DW 3, " LQWHUVHFWDRBOQHDKRLAK WD H
to stop the vehicle under safe conditions. The comparison of the visual behaviour of the participants may

suggest that the use of an overhead sign, increased the visibility of the crossing DW 3, ~ F USnvlsrlcelults

for the vertical road sign position in pedestrian crossing was found by Costa (Costa et al., 2018).



3.2. Driver behaviour and reaction with the approach of the cyclist

The drivers' first fixation distance to the approaching cyclist (Drc) in the two crossings is shown in figure 5.a,
with the Violin plots. These plots show the data probability density calculated by a kernel density estimator
(Gaussian). Based on the results, drivers were able to see the cyclist from a median distance of 19 meters
(SD=11.1) DW and 22.4 (SD=10.3) DW W Kitdersection. The t-test, did not show a significant difference
between the fixation of drivers in two situations (P=0.35). Also, the distribution of the Drcis very similar for the
two crossings GHVSLWH WKH KLIJKHU YHORFLW\ DW 3, °

From the figure 5.b, it can be implied that the drivers brake at the distance of 14.3 m (SD=6.4) from the crossing
3, and at 13.9 m (SD=5.9)from the FU RV V L BBowing similar values. However, the drivers initiated to
brake too close to the cyclist in both intersections. The braking distance is much lower than the 22 meters
suggested by the Italian legislation in the emergency braking performance of the vehicle at 50km/h. It confirms
that drivers were could Q §Mld and let cyclists pass the crossing safely. , only 33% of the times when the
cyclists approached the crossings, they were allowed to pass the intersections, and in the rest of the conflicts,
the drivers did not yield to the cyclists.

Figure 5.a Bicycle fixation distance (D  t¢); b. Driver Braking Distance (D 1g)

Figure6.a '"ULYHUYV DSSURDFK LB DfiteOrBaetiontimeqRT)

The approaching velocities to the two crossings (11 and 12) before braking (Tp) are presented in Fig 6.a before

the driver starts to brake. The median velocity value before braking for 11 and 12 is 36.3 km/h and 40.5 km/h,
respectively, The paired sample t-test on velocity values of two intersections was significant (P=0.048).

Therefore, the drivers had onaverage NP K KLJKHU VSHHG DW 3, " FURVVLQJ

The driver 1V UH D F W presént®d inA-idg 6.b, was lowerinthe 3, " LOQWHUVHFWLRQ ZLWK D PHGLD
seconds (SD=0.19) comparing to the reaction timeinthe 3, ©~ LQWHUVHFW LR @ ((R4R), whick MigHR Q G

be because of the higher effective speed. However, the paired sample t-test result did not show a significant

difference between reaction time values (P=0.75).

3.3 Conflict severity measures
Time to collision (TTC) together with velocity was used as the measure to classify the surrogate events based



on the possible collision course between the vehicle and the cyclist. Therefore, events with higher approaching
velocity and lower TTC values are categorized with higher severity. In figure 7, the red line is separating the
serious conflict from the other events in a way that the events above the red line are considered as serious
conflicts (Svensson et al., 2006). By looking at the results, only 23 % of the events in Via Azzurra (11) classified
as high severity (figure 7.a) with a median TTC of 2.16 second (SD=1.02), while in via Mainoldi (12), 40 % of
the events were categorized as a severe conflict situation with a median value of 1.91 (SD=0.46), shown in
Figure 7.b. The classification for the conflict severity is assuming 30 levels of severity considering the speed
and the TTC value of the conflict. The red line is showing the severity level of 26, that is defined for the severe
conflict, Other researchers suggested using lower severity levels for defining the serious conflict in the case of
car cyclist incidents due to the low protection of the cyclist (Laureshyn et al., 2016).

Figure 7.a TTC versus velocity at via Azzurra (11); 4.b TTC and velocity at via Mainoldi (12)

Figure 8.a TTC Vs Reaction time at via Azzurra (11); 5.b TTC Vs reaction time at via Mainoldi (12)

SORWWLQJ WKH GULYHUTV U bl béTWC Rauesvir figbire BLiwgKt dudd&sSthiaE tdvels have
slower reaction time for events with low TTC values. This is because the drivers had to perform a faster reaction
to avoid an accident. On the contrary, during the events with higher TTC values, the driver has more time to
decide and the reaction time increases. In a similar investigation at a pedestrian crossing, with the lateral
entering of the pedestrian and controlled TTC values between 0.6 and 3 seconds, a linear distribution was
found between TTC and reaction time with the braking pedal reaction varying from 0.5 to 1.4 seconds (Jurecki
et al., 2014). Another study on the reaction time and speed of drivers showed that with increasing speeds of
the vehicle, reaction times for both braking and movement of the steering wheel was increased (Tornros,
1995). The linear correlation was not found in the current study; however, the results of the reaction time and
time to collision values remain in the same range. It worth mentioning that one should not always expect to
find a linear correlation between TTC and reaction time due to the differences in the road design and
characteristics.

4. Conclusion

With the increasing demand for VXVWDLQDEOH PHDQV RI WUDQVSRUWDWLRQFBXH F\F
issue. In doing so, the behaviour of drivers approaching bicycle priority crossing in an urban area has been

investigated based on driver performance measures and visual behaviour in this study. The effect of the

crossing HOHPHQWY RQ WKH GULY Wasfinvesigated byusihy & Begd-iRoxitted eye-tracking

device,and WKH GULYHUTV FKRLFH Rl VSHHG bt tBe batelitd/ipdsridhRd)ystevh énR QLW R U +
an integrated IMU. The GULYHUTV UHDFW L&R® bréking Histakcs Hte Gnvestigated in several
experiments involving 18 participants in two cyclist crossings. The traffic conflict techniques used to calculate

road safety indicators, and the two bicycle priority crossings are evaluated based on the calculated surrogacy



measures. Notably, we apply the non-crash events at bicycle crossing characterized by speed and reaction
time of the drivers and TTC, to classify the severity of the events at each of the cyclist crossings. The resulted
values of the perception distance and fixation duration have proven that the use of an over-head vertical sign
increases the detection of the crossing, while the reaction time of drivers is dependent on the design of the
crossing and road signs. In addition, from the results, it can be implied that there is a non-linear relationship
between the TTC and the reaction time. The visual fixation distances have proven that the participants can
perceive the crossing from a safe distance for braking and the visibility distance was confirmed. However, the
drivers yielding behaviour showed that the drivers have high speed and hit the braking pedal very close to the
crossing. Consequently, they did not have enough range to stop the vehicle for the cyclist. Indeed, only in
about 33% of the events when the cyclist was approaching, the driver let the bicycle to cross the street.
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enhanced LED lighting that increased lighting level from 70 to 120 Ix; (c) ashing orange
beacons on top of the backlit pedestrian crossing sign; (d) in-curb LED strips on the curb-
sides of the zebra crossing with steady light emission; (e) in-curb LED strips with ashing
light emission; (d) all previous devices activated with in-curb LED strips in steady mode;
(e) all previous devices activated with in-curb LED strips in ashing mode. For every con-
dition 100 trials were recorded with a staged pedestrian that initiated a standardized
crossing when a vehicle was approaching. The frequency of drivers’ yielding was computed

Keywords:
Pedestrian crossing
Pedestrian safety
Nighttime road safety

Driver's vision for each condition. A signicant increase for yielding compliance was recorded from
LED road lighting standard road lighting to enhanced dedicated lighting (19-38.21%), and from enhanced
Yielding dedicated lighting to the seventh condition with the ashing beacons and the ashing

in-curb LED strips activated (38.21-63.56%). The results showed that the integrated
lighting-warning system for pedestrian crossings was effective in increasing motorists’
yielding to pedestrians during nighttime.

2019 Elsevier Ltd. All rights reserved.

1. Introduction

Pedestrian risk in road crossing is a critical point in road safety. In 2016, for example, pedestrian fatalities in EU countries
accounted for nearly 21.2% of all road accident deaths ( European Road Safety Observatory, 2018). The percentage of pedes-
trian fatalities is particularly high for the elderly. In EU, for example, 47% of total pedestrian fatalities concerned persons with
an age greater than 64 ( European Road Safety Observatory, 2018). According to the same statistics, and in relation to the time
of the day, 50% of all pedestrian fatalities occurred between 4 pm and midnight, and 7% occurred between midnight and 4
am. Furthermore, pedestrian fatalities are higher during wintertime (35% in the interval October-December, and 25% in the
interval January-March) in comparison to spring- or summertime (18% in the interval April-June, and 22% in the interval
July-September) ( European Road Safety Observatory, 2018). This effect is probably due to the increase of darkness/twilight
in wintertime and to the higher risk for pedestrians during darkness ( Owens & Brooks, 1995; Owens & Sivak, 1996; Sullivan
& Flannagan, 2002). In fact, pedestrian fatalities are more seasonal than all road fatalities. Also if the volume of pedestrians is
much lower in the evening and night, 45% of pedestrian fatalities occurred during darkness ( European Road Safety
Observatory, 2018; Plainis & Murray, 2002 ).

Corresponding author at: Environmental Psychology Lab, Department of Psychology, University of Bologna, Viale Berti Pichat, 5, 1-40127 Bologna, ltaly.
E-mail address: marco.costa@unibo.it (M. Costa).

https://doi.org/10.1016/j.trf.2019.12.004
1369-8478/ 2019 Elsevier Ltd. All rights reserved.
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Late detection of pedestrians at night is often stated as a key causal factor in pedestrian fatalities (e.g., Rumar, 1990). Sivak
et al. (2007), in their analysis of ve major transportation safety issue facing the United States, reported safety of night driv-
ing, particularly reducing nighttime crashes involving pedestrians, as a “major opportunity” to advance road safety. The focal
visual functions that facilitate our ability to recognize and respond to infrequent, unexpected, and low-contrast hazards
(including pedestrians) are severely degraded under darkness conditions ( Brooks, Tyrrell, & Frank, 2005; Owens & Tyrrell,
1999).

Pedestrian safety in road crossing can be improved along three main actions: computer-aided systems for the automatic
recognition of pedestrians, the increase of pedestrian conspicuity and visibility, and crosswalk design and lighting ( Bichicchi
et al., 2017). Our study is focused on the last two actions, proposing an integrated lighting-warning system automatically
activated by the presence of a pedestrian, aimed at increasing pedestrian conspicuity and driver yielding compliance to
pedestrians.

The pedestrian-centered actions are mainly aimed at increasing pedestrian conspicuity and visibility. The drivers’ ability
to see and respond to pedestrians at night decreases signi cantly when pedestrians wear clothing that does not contrast

with the visual background and when they are illuminated by an approaching vehicle’s low beams ( Allen, Hazlett, Tacker,
& Graham, 1970; Balk, Tyrrell, Brooks, & Carpenter, 2008; Shinar, 1984; Wood, Tyrrell, & Carberry, 2005 ). Many studies have
highlighted the positive effect of wearing retrore ective markings on driver’s recognition of pedestrians at night ( Owens,

Wood, & Owens, 2007; Tyrrell, Wood, Owens, Whetsel Borzendowski, & Stafford Sewall, 2016; Venable & Hale, 1996 ). These
markings are particularly effective when positioned on limb joints since they move along a speci ¢ pattern, whereas if posi-
tioned on the torso they tend to be more stable, capturing lower visual attention ( Owens et al., 2007). The positive effect of
retrore ective markings in increasing conspicuity at night was also shown when applied to bicycle frames ( Costa et al., 2017)
in case of bicyclists.

Fekety, Edewaard, Stafford Sewall, and Tyrrell (2016) investigated the nighttime conspicuity bene ts of adding electro-
luminescent panels to pedestrian clothing that included retrore ective elements. A pedestrian wearing a garment that
included both electroluminescent panels and retrore ective materials is detected at a greater distance. Furthermore, emit-
ting light, electroluminescent panels are particularly effective in increasing the conspicuity of a pedestrian that is not directly
illuminated by the headlamps of an approaching driver.

The distance at which drivers are able to respond to pedestrians is also in uenced by the use of high beam headlights.
When low beams are used, drivers tend to respond to the presence of a pedestrian at an average distance of under 60 m,
whilst with high beams the mean response distance increased to over 90 m ( Wood et al., 2005 ). The use of high-beam head-
lights, however, is often impossible due to opposing and leading vehicles present. Drivers tend to use low beam headlights
far more often than high beam headlights even when in conditions that are ideal for high beam usage ( Buonarosa, Sayer, &
Flannagan, 2008). Pedestrian tend to overestimate their own conspicuity to drivers at night. Allen et al. (1970) found that
more than 95% of their participants overestimated their own visibility. Their estimates were up to three times greater than
their actual visibility distances.  Shinar (1984) also reported that pedestrians signi cantly overestimated their own visibility,
with estimated visibility distances averaging 20% longer than actual visibility distances. Whetsel Borzendowski, Rosenberg,
Sewall, and Tyrrell (2013) found that pedestrians’ estimate of their own conspicuity did not signi cantly varied with changes
in headlamp intensity even when only 3% of the illumination from the headlamps was present.

Focusing on crosswalk design previous studies have investigated the positive effect of introducing ashing beacons on the
“Yield here to pedestrian” vertical sign.  Shurbutt, Van Houten, Turner, and Huitema (2009) examined the effects of LED rect-
angular rapid- ash yellow beacons in uncontrolled marked crosswalks. The rectangular beacons were 15 6 cm and were
placed horizontally 23 cm apart. They illuminated in a wig-wag sequence, and they alternated slow volley (124 ms on and
76 ms off per ash) and rapid volley (25 ms on and 25 ms off per ash). The system was activated when the pedestrian call
button was pressed. This ash pattern violated driver's expectation and the results showed a marked increase in motorist
yielding behavior when the LED rectangular rapid- ash yellow beacons were active. The same authors found that a standard
overhead beacon equipment did not yield to a signi cant difference with a baseline condition. Turner, Fitzpatrick, Brewer,
and Park (2006) , presenting a summary of motorist yielding at innovative pedestrian crossing treatments reported an aver-
age yielding of 52% with the overhead ashing beacon, activated by push button by the pedestrian, with a high variability
between studies (13-91%).

In-roadway warning lights consists of amber lights embedded in the pavement along both sides of the crosswalk. The
lights could be activated by the pedestrian by pressing a button or through automated pedestrian detection. The lights ash
at a constant rate for a set period of time. Their effectiveness is highly variable between studies with an average yielding of
66% (range: 8—100%) (Turner et al., 2006 ). The high-intensity activated crosswalk (HAWK) system is composed by three
lamps spatially organized in an inverted triangle, that provides a sequence of ashing yellow, steady yellow, steady red,
and ashing red indications. It is an experimental traf ¢ control device that was tested by Nassi (2001), showing a yielding
rate of 93%. The HAWK system, however, tends to transform an unsignalized crosswalk in a signalized crosswalk due to the
steady red phase which enforces the driver to stop ( Turner et al., 2006 ).

A previous study by Van Houten, Ellis, and Marmolejo (2008) also showed that LED ashers with an irregular ash pattern
installed on pedestrian signs produced a marked increase in yielding behavior. The system was also tested in nighttime con-
dition. Vignali et al. (2019) investigated the integration of median refuge island and ashing vertical signs in unsignalized
crosswalks. Flashing beacons increased xations to the “Yield here to pedestrian” vertical sign, and the overall system
increased the distance of rst- xation to the crosswalk and the stopping distance.



134 M. Costa et al./ Transportation Research Part F 68 (2020) 132-143

Most of the previous literature has examined the effectiveness of engineering treatment during daytime and very few
studies have assessed the impact of conspicuity treatments during darkness. Our study was speci cally aimed at assessing
yielding behavior in motorists, testing an integrated lighting-warning system for improving crosswalk conspicuity and
pedestrian safety during nighttime. The system in the passive state, without a pedestrian, included a dedicated lighting
and backlit “Yield here to pedestrian” vertical signs placed on both sides. In the active phase, that was triggered by a move-
ment sensor that detected a pedestrian, there was a signi cant increase of the lightness level, and the activation of two
devices: side-mounted ashing beacons and in-curb LED strips. While beacons acted only as a warning device, in-curb
LED strips had the double function of both warning and lighting device. This is the rst study that tested the use of horizontal
LED strips embedded in the pedestrian crossing curbsides as a device for capturing the driver’s attention and increasing the
lightness level of the pedestrian.

The ef cacy of the lighting-warning system was tested focusing on motorists’ yielding compliance using staged pedestri-
ans as in Shurbutt et al. (2009), Turner et al. (2006) and Van Houten et al. (2008)

2. Method
2.1. The integrated lighting-warning system
The integrated system was composed by four elements:

— Movement sensor for the detection of pedestrians near the curbside area ( Fig. 1);

— Horizontal white LED strips embedded in the curb that were activated by the movement sensor. Light color temperature
was cold white (6000 K) with a spacing of 6 LED every 5 cm. The LED strips extended for 5 m for each side and were
located 2.5 m at the left and 2.5 m at the right of the zebra crossing ( Figs. 2 and 3). Light emission could be set either
steady or ashing. Due to their positioning light emission was tangent to the zebra crossing pavement. They had no light-
ing incremental effect on the pedestrian when he/she was on the sidewalk, whereas they increased the pedestrian con-
spicuity when he/she was crossing the road.

— Backlit pedestrian crossing sign 60 60 cm surmounted by two circular LED ashing beacons. One for each side. Diameter
was 10 cm. Flashing rate was 1 Hz with a 30% on and 70% off duty-cycle ( Figs. 1 and 3).

— Dedicated luminaires, one for each side, positioned on a cylindrical pole with an elevation of 6 m. Light sources were LED
lamps. The lighting level was enhanced when a pedestrian was detected by the sensor, increasing from 70 to 120 Ix at
street level (horizontal lighting measured at the center of the crosswalk, with the sensor facing up). The default horizontal
lighting level, in case of no pedestrian, was 70 Ix. Light temperature color was 5700 K. Light beam distribution was

Fig. 1. Section of the experimental pedestrian crossing with the components of the integrated lighting-warning system.
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Fig. 2. Plan of the experimental pedestrian crossing with highlighted the lit area and the in-curb LED strips positioning.

Fig. 3. Components of the integrated lighting-warning system: LED strips on both curbsides of the zebra crossing; backlit pedestrian crossing sign with
ashing orange lights; dedicated lighting that enhanced the light power when the sensor detected a pedestrian. (For interpretation of the references to color
in this gure legend, the reader is referred to the web version of this article.)

135
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asymmetric, inducing a positive contrast of the pedestrian. The standard road horizontal lighting level outside the exper-
imental pedestrian crossing was 16 Ix at street level, with measurement at the center of the road, directly perpendicular
to the luminaire pole, and with the sensor facing up ( Figs. 1 and 3).

Two alternative activations were available for the in-curb LED strips:

— The LED strips were off as default state and turned on when a pedestrian was sensed. They stay on for 15 s and then
turned off if no other pedestrians triggered the sensor.

— The LED strips were turned on with a steady emission as default state and started to ash when the sensor detected a
pedestrian. Flashing rate was 1 Hz with a duty-cycle of 50% on and 50% off. The activation stopped after 15 s if the sensor
did not detect other pedestrians.

2.2. Procedure

The system was installed on a pedestrian crossing along Via del Triumvirato in Bologna. The road connects one of the
main through road of Bologna (Via Emilia) with the bypass road system and the airport, and therefore the traf ¢ volume
is rather high. The pedestrian crossing is positioned along a straight segment of 653 m connecting a signalized intersection
with a roundabout ( Fig. 4). The road is a single carriageway with two lanes. Each lane width was 5.35 m for a total width of
10.7 m (Fig. 5). The pedestrian crossing serves a residential area and two bus stops, one in each direction.

Drivers’ yielding compliance to pedestrians was investigated considering the seven conditions summarized in Table 1. In
all conditions the standard road lighting and the backlighting of both pedestrian crossing signs were always activated.

In condition 1, which served as a control condition, only the standard road lighting and the backlighting of the lateral
pedestrian crossing signs were activated ( Video 1). The lighting level at the zebra crossing was 16 Ix. These devices were

Fig. 4. Urban context in which the crosswalk under study (red frame) was located. (For interpretation of the references to color in this gure legend, the
reader is referred to the web version of this article.)
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Fig. 5. Aerial view of the experimental pedestrian crossing considered in the study.

Table 1
On/off status of the pedestrian crossing components in the seven experimental conditions.

Condition Standard road lighting Enhanced dedicated lighting Orange ashing beacons In-curb LED lighting
1 Oon Off Off Off

2 On On Off Off

3 On On On Off

4 On On Off On (steady)

5 On On Off On (‘ashing)

6 On On On On (steady)

7 On On On On (ashing)

always active, independently from the presence of a pedestrian. In condition 2 the enhanced dedicated lighting was added to
the standard road lighting. The pedestrian crossing lighting level at the street level was 70 Ix in case of no pedestrian and
120 Ix in case the sensor was activated by a pedestrian ( Video 2). Fig. 6 displays an image of the crosswalk from the point
of view of the driver in condition 2.

Condition 3 included the lighting system of condition 2 with the only addition of the ashing orange beacons on top of the
pedestrian crossing signs ( Video 3). The beacons were activated by the sensor. Condition 4 included the setup of condition 2

with the additional activation of the in-curb LED strips with steady emission, without ashing ( Video 4). Fig. 7 shows an
image of the crosswalk from the point of view of the driver with the in-curb LED strips activated. Condition 5 mirrored con-
dition 4 with the exception of the modality of in-curb LED lighting that was ashing and not steady ( Video 5). Condition 6

mirrored condition 4 with the addition of the orange ashing lights ( Video 6). Similarly condition 7 mirrored condition 5
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Fig. 6. Pedestrian crossing in condition 2 (enhanced lighting) from the point of view of the incoming driver. The red cross shows an ocular xation of the
driver towards the pedestrian. (For interpretation of the references to color in this gure legend, the reader is referred to the web version of this article.)

Fig. 7. Driver's point of view of the crosswalk with enhanced lighting and in-curb LED strips activated. The red cross shows the position of an ocular xation
near the pedestrian. (For interpretation of the references to color in this gure legend, the reader is referred to the web version of this article.)
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with the addition of the orange ashing beacons ( Video 7). In conditions 6 and 7 all the devices were activated, with the only
difference that in condition 7 the in-curb LED light emission was intermittent whereas in condition 6 the emission was con-
tinuous. The ashing timing of the beacons and the in-curb LED strips was the same (1 Hz), they however operated on sep-
arate electronic timers with slightly different settings so that although they were in synchrony in the rst seconds after
activation, they progressively run out of phase ( Video 7).

The incremental activation of only one device between the conditions allowed a precise estimate of the effect of each sin-
gle element. Mean hourly traf c volume during the investigation (7—-10 p.m.) was 510 ( SD = 40.59) northward, and 240
(SD = 64.71) southward. V85 (85th percentile speed) during the investigation (7—10 p.m.) was 43 km/h northward and
68 km/h southward. A two-sample t-test that compared speed for all vehicles in the two directions was signi cant: t
(960) = 30.91, p < .001. The distribution of road users in speed classes in both directions is reported in Fig. 8.

In order to assess yielding compliance of incoming drivers to the experimental pedestrian crossing we run 100 valid trials
in each condition in which a staged pedestrian activated the sensor while a vehicle was approaching and tried to cross the
crosswalk according to a standardized procedure. The staged pedestrian was initially placed on the sidewalk in a rear posi-
tion so not to activate the sensor. When he was warned by an acoustical sign that a driver was approaching at a distance of
60 m, the confederate immediately walked toward the curbside activating the sensor, and entered with both feet in the
beginning of the pedestrian crossing, on the margin of the zebra crossing, gazing directly to the approaching driver.

If the driver slowed down and yielded to the confederate, then the pedestrian crossed the road. In case the driver did not
slow down and did not yield, then the confederate pedestrian stepped back to the sidewalk. Experimental crossings were
performed alternatively in both directions. A trial was considered valid if these conditions were met:

— Good weather conditions, without fog or rain that would adversely affect the pedestrian’s visibility;
— Only one pedestrian in the crosswalk;

— Driver not at a short distance from a vehicle ahead,;

— Low traf ¢ density in both directions without congestion;

— No buses stopping in the two bus stops near the pedestrian crossing;

— Driver not a bicyclist.

The pedestrian was dark dressed (dark brown, dark blue, dark gray clothes, see the Video 1 through 7 for an example) and
was chosen with rotation within a pool of ve confederates. The pedestrian was not blind to the experimental condition
since it could be inferred by the lighting-warning con guration. Every care was assured for each pedestrian to conform to
the standard protocol in each condition. All experimental crossings were recorded by a hidden high-resolution video camera
for further analysis. The experimental crossings were run in three separate sessions with similar traf c and whether
conditions.

2.3. Data analysis

Two independent researchers examined the video recordings of the experimental crossings for all the seven conditions.
For each trial and condition the two independent raters recorded if the trial met the conditions for being considered valid
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(i.e., correct behavior of the staged pedestrian, and correct context for the incoming driver), and if the driver yielded or not to
the pedestrian. The raters were not blind to the condition they were examining since the condition could be inferred by the
scene. Inter-rater reliability (Spearman correlation) was  r = 0.98. Finally, the mean frequency of yielding compliance for each
of the seven conditions and for each direction (North, South) was computed. The signi cance of the differences between
yielding compliance across the seven conditions was tested with a Chi-square test. The same test was also used to verify
if the yielding compliance in the different conditions was in uenced by the direction (drivers travelling southward vs. dri-

vers travelling northward). Two-proportion z-tests were computed for testing the relevant pairwise-comparisons, consider-
ing a one-sided hypothesis (the addition of a feature in the system was hypothesized to have an incremental effect in
yielding rate). A Bonferroni correction was applied for taking into account the multiple pairwise-comparisons. The signi -
cance level was therefore setto p =.007. Phi was computed for goodness of t and effect size proxy for the Chi-square tests.
For the pairwise-comparisons the odds ratio was computed as ratio between the two proportions of yielding compliance
between the two conditions under examination.

3. Results

The Chi-square test that contrasted yielding compliance in the two directions (northward and southward) and in the
seven conditions was not signi cant (  p =.10). Therefore, driver's approaching direction was not considered in the following
analyses.

The mean frequency of yielding compliance in the seven conditions examined in this study are showed in Fig. 9. The over-
all Chi-square test of the cross-tabulation table was signi cant: V2 = 46, p < .001, u = 0.24. Table 2 summarizes all the
pairwise-comparisons between the seven conditions, reporting the result of the two-proportion z-test along with p and
the odds ratio (ratio between the two yielding compliance ratios). In the baseline condition, with the standard road lighting
only 19.00% of drivers yielded to the pedestrian. The addition of the dedicated enhanced lighting increased the yielding com-
pliance to 38.21% (odds ratio: 2.01), and the difference between condition 1 and 2 was signi cant: v2 =8.86, p =.001.

Adding the orange ashing beacons did not signi cantly improve the yielding frequency ( p = .81). Also the addition of the
in-curb LED lighting with steady emission (37.96%) did not signi cantly increase yielding compliance in comparison to con-
dition 2 ( p =1). The activation of the ashing in-curb led lighting resulted in a yielding compliance of 43.90%, that was how-
ever not signi cantly different from the frequency recorded in condition 2 (enhanced lighting) ( p = .50). The combined
activation of the orange ashing lights and the in-curb LED lighting with steady emission resulted in a yielding frequency
of 45.45% that was also not signi cantly higher than that recorded in condition 2 with standard road lighting and dedicated
enhanced lighting ( p = .44).

Fig. 9. Percentages of motorist yielding compliance to a pedestrian in the seven experimental conditions.
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Table 2
Z-test pairwise-comparisons between the seven conditions examined in the study. OR is the odds ratio (ratio between the two yielding compliance ratios).
1. Standard 2.1+ Enhanced 3.1+ 2+ Flashing 4.1+2+ 5.1+2+ 6.1+2+3+4 7.1+2+3+5
road lighting beacons In-curb In-curb lighting All activated with All activated with
lighting lighting (‘ashing) in-curb steady in-curb ashing
(steady) lighting lighting
1. Standard road V2 =128.86 Vv2=6.35 Vv2=819 V2=1442 V2 =15.43 V2 =403
lighting p =.001 p = .005 p =.002 p = .005 p <.001 p <.001
OR =2.01 OR = 1.87 OR=199 OR=187 OR =2.36 OR =3.34
2.1 + Enhanced n.s. n.s. n.s. n.s. V2 =13.70
lighting p <.001
OR =1.97
3.1+ 2 + Flashing n.s. n.s. n.s. V2 =15.86
beacons p <.001
OR =177
4.1+ 2 + In-curb n.s. n.s. V2 =13.07
lighting (steady) p <.001
OR = 1.67
5.1+ 2+ In-curb n.s. V2 =8.09
lighting (ashing) p =.002
OR =144
6.1+2+3+4Al V2 =6.44
activated with p = .005
in-curb steady OR =1.39

lighting

Condition 7 that included standard road lighting, enhanced lighting, orange ashing beacons, and the ashing in-curb LED
lighting registered the highest frequency of yielding compliance (63.55%). This frequency was signi cantly higher than those
of all the other conditions, as reported in  Table 2.

4. Discussion

Pedestrian crossings alone are not suf cient to cross safely, if not integrated with adequate equipment, as also showed by
the Federal Highway Administration ( Zegeer, Stewart, Huang, & Lagerwey, 2005), and by our study. In fact, in the baseline
condition with standard road lighting, the yielding compliance was only 19.00%. Our study speci cally tested the ef cacy of a
composite lighting-warning equipment for the improvement of pedestrian conspicuity and safety at crosswalks during
nighttime. The equipment was composed by three devices: (a) dedicated luminaires; (b) orange ashing beacons positioned
on top of the “Yield here to pedestrians” signs; (c) in-curb LED strips on the curbsides of the zebra crossing. For the evalu-
ation of the integrated system it was necessary to test the contribution of each single device in relation to the approaching
driver’s behavior.

Therefore, we have created a set of conditions that differed for the activation of only one device or a speci ¢ property of
one device, as the continuity of light emission in curb LED lighting. The dependent variable was the yielding compliance of
the driver approaching the crosswalk when a staged pedestrian was present at the beginning of the zebra crossing. In order
to reach a high standardization, pedestrians were confederates of the experimenters that shared the same degree of visibility
of the clothes, and that were instructed to cross following a standardized procedure.

According to the procedure the pedestrian was positioned near the crosswalk and walked to the curbside, activating the
sensor, when the driver was at 60 m distance. The pedestrian explicitly expressed his intention to cross putting his feet on
the zebra crossing margin, just beyond the curbside, and gazing directly to the driver. The sensor activated the lighting
devices that were speci c for a particular condition. This procedure allowed the driver a high degree of freedom in terms
of yielding, and a high differentiation between the conditions. A procedure in which the pedestrian stand still on the side-
walk near the zebra crossing could be ambiguous in relation to the intentionality of the pedestrian to cross, probably result-
ing in a “ oor effect”, independently from the speci c lighting-warning setting, whereas a condition in which the pedestrian
had a more “assertive” behavior in which he/she started to cross without observing the driver's behavior would probably
have resulted in a “ceiling effect”, in which every driver yielded to all pedestrians independently from the lighting-
warning setting.

The results showed two main effects. The rst was the incremental effect of the enhanced dedicated lighting with a dou-
bling of yielding compliance (38.21% versus 19.00%). The second main result was the incremental effect of the condition in
which all devices were activated, and the in-curb LED lighting was in a ashing state. The magnitude of the effect (odds ratio)
was 1.66 in comparison to the condition with enhanced dedicated lighting only (63.56% versus 38.21%), and 3.34 in compar-
ison to the baseline condition with standard road lighting only. In condition 7 the orange ashing beacons, and the ashing
in-curb LED lighting were switched on in addition to the enhanced dedicated lighting.

The sole addition of the orange ashing lights or, in alternative, of the sole in-curb LED lighting, either with continuous or
ashing light emission, did not signi cantly enhanced driver’s yielding compliance in comparison to a condition of enhanced
dedicated lighting. The positive effects of enhanced dedicated lighting could be due to the specic properties of the
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luminaires used in this study that included cold white light, a lighting level that reached 120 Ix at street level, a shift in
lighting level from 70 to 120 Ix when the pedestrian activated the sensor, and an asymmetric beam that illuminated the
pedestrian in positive contrast (  Tomczuk, Jamroz, Mackun, & Chrzanowicz, 2019 ).

In condition 7 the “warning”, and visual-attentional capture was promoted by the simultaneous activation of two ashing
devices: the orange lamps on top of the pedestrian crossing lateral signs and the in-curb LED strips. Their combined effect
resulted in an incremented yielding compliance of 25.35%. Flashing lights are particularly effective as a bottom-up system to
alert a driver about a potential danger ( Vignali et al., 2019 ), and ashing lights are particularly effective in capturing visual
attention when presented in the visual peripheral eld which is more sensitive to the perception of movement and transient
changes (Costa, Bonetti, Vignali, Lantieri, & Simone, 2018 ). The potential of ashing lights to capture drivers’ attention was
also tested by Lenné et al. (2011) who showed that ashing lights resulted in a signi cant increase in drivers stopping at a
passive level crossing in comparison to a condition with traf c sign alone.

The ashing pattern for the beacons and the in-curb LED strips was regular and was 1 Hz for both devices. It can be sug-
gested that a more complex and irregular ashing pattern would have increased the yielding compliance. Previous studies
that have tested the high-intensity activated crosswalk (HAWK) ( Turner et al., 2006 ) and the use of wig-wag ashing pat-
terns with alternation of short and long volleys ( Shurbutt et al., 2009 ) have found a very high motorists’ yielding compliance
(93% and 81.5%, respectively).

The in-curb LED lights were cool white. This light spectrum was chosen in order to increase the lighting level of the cross-
walk, and therefore promote pedestrian’s conspicuity. However, in the ashing condition, the in-curb LED lighting had more
a warning than a lighting purpose. According to the Italian code (  Italian Highway Code, 1992 ), all warning ashing lamps
have to be amber and not white. This resulted in a possible confounding factor for motorists that should be better addressed
in a future research in which the data obtained with the white in-curb LED lighting could be compared with the orange in-
curb LED lighting. The use of orange in-curb LED lights would match with the ashing orange beacons applied on the “Yield
here to pedestrian” signs, increasing consistency and coherence of the crosswalk design.

Lighting and warning devices for road use have usually a punctiform light source whereas in this case a succession of LEDs
produced a linear contour that could be useful for outlining the shape of an obstacle or delimiter in the road. LED technology
offers now easy-to -use, low-cost and very ef cient LED strips that could be used both for lighting or/and for delimiting and
warning purposes. Speci cally, in-curb LED strips could direct the driver’s attention to curbsides where pedestrians are more
likely to be positioned. LED strips could be integrated in systems for traf c safety in order to increase the conspicuity of
obstacles and direct the driver’s attention to critical points.

Although the pedestrian safety issues are universal, the speci c results have to be interpreted considering the Italian con-
text in which drivers mainly yield when the pedestrian initiates the crossing maneuver and enter the crosswalk. It is well
possible that in other countries with a higher or lower yielding compliance to pedestrians the results could differ. Both dri-
ver's and pedestrian’s behavior, in fact, are highly in uenced by cultural expectations and speci ¢ cognitive schemes and
learning experiences ( Hamed, 2001; Sueur, Class, Hamm, Meyer, & Pelé, 2013). Future longitudinal studies are needed to
track if the effects highlighted in this study tend persist on a long-time run. The con guration of in-curb LED strips with both
steady or ashing operating mode is new and not expected by drivers since it not included in the Italian Highway Code
within the possible features that could be applied to crosswalks in order to increase their safety. Furthermore, the experi-
mentation was conducted on only one site. Additional studies could test the ef cacy of the integrated lighting-warning sys-
tem in a more ample sample of crosswalks differing for their location, traf ¢ volume, speed, pedestrian volume, crosswalk
width and roadside distractions.

Overall it is possible to conclude that the integrated lighting-warning system, in the modality with both the orange ash-
ing beacons and the ashing in-curb LED lighting, it is highly effective in increasing yielding compliance to pedestrians dur-
ing nighttime conditions. Future studies could track the driver's speed when approaching the pedestrian crossing in the
different lighting-warning conditions and assess the distance at which the pedestrian is rst xated and glanced by the dri-
vers using a methodology of eye movement recording as in  Costa, Simone, Vignali, Lantieri, and Palena (2018), Costa et al.
(2019), and Lantieri et al. (2015) . The measure of yielding compliance, in fact, cannot disentangle cases in which the driver
has detected the pedestrian but has decided not to yield from cases in which the driver has not detected the pedestrian. An
investigation with eye-movement recording could better explore this distinction, determining exactly when and at what dis-
tance drivers tend to detect the pedestrian, with and without the integrated lighting-warning system.

Acknowledgements
We would like to thank Federico Paveggio, engineer at the Mobility Department of the Municipality of Bologna, for the
proposal to investigate the integrated lighting-warning system and his assistance in collecting the data, and Marco Zambelli

from Zama Impianti, for installing and setting the experimental crosswalk. We are also grateful to Arianna Zapparata, Lauro
Mazzoni and Luigi Rossi for their assistance in collecting and analyzing the data.

Appendix A. Supplementary material

Supplementary data to this article can be found online at  https://doi.org/10.1016/j.trf.2019.12.004



M. Costa et al./ Transportation Research Part F 68 (2020) 132-143 143

References

Allen, M. J., Hazlett, R. D., Tacker, H. L., & Graham, B. V. (1970). Actual pedestrian visibility and the pedestrian’s estimate of his own visibility. Optometry and
Vision Science, 471), 44-49. https://doi.org/10.1097/00006324-197001000-00008

Balk, S. A, Tyrrell, R. A., Brooks, J. O., & Carpenter, T. L. (2008). Highlighting human form and motion information enhances the conspicuity of pedestrians at
night. Perception, 378), 1276-1284. https://doi.org/10.1068/p6017

Bichicchi, A., Mazzotta, F., Lantieri, C., Vignali, V., Simone, A., Dondi, G., & Costa, M. (2017). The in uence of pedestrian crossing features on driving behavior
and road safety. In G. Dall'’Acqua & F. Wegman (Eds.), Proceedings of the AlIT International Congresgpp. 741-746). London: CRC Press.

Brooks, J. O., Tyrrell, R. A., & Frank, T. A. (2005). The effects of severe visual challenges on steering performance in visually healthy young drivers. ~ Optometry
and Vision Science, 818), 689-697. https://doi.org/10.1097/01.0px.0000174722.96171.86

Buonarosa, M. L., Sayer, J. R., & Flannagan, M. J. (2008). Real-world frequency of use of automotive lighting equipment. LEUKOS - Journal of llluminating
Engineering Society of North America, §2), 139-146. https://doi.org/10.1582/LEUKOS.2008.05.02.004 .

Costa, M., Bonetti, L., Bellelli, M., Lantieri, C., Vignali, V., & Simone, A. (2017). Re ective tape applied to bicycle frame and conspicuity enhancement at night.
Human Factors, 593), 485-500. https://doi.org/10.1177/0018720816677145

Costa, M., Bonetti, L., Vignali, V., Bichicchi, A., Lantieri, C., & Simone, A. (2019). Driver's visual attention to different categories of roadside advertising signs.
Applied Ergonomics, 78 127-136. https://doi.org/10.1016/j.apergo.2019.03.001

Costa, M., Bonetti, L., Vignali, V., Lantieri, C., & Simone, A. (2018a). The role of peripheral vision in vertical road sign identi cation and discrimination.
Ergonomics, 6112), 1619-1634. https://doi.org/10.1080/00140139.2018.1508756

Costa, M., Simone, A., Vignali, V., Lantieri, C., & Palena, N. (2018b). Fixation distance and xation duration to vertical road signs. Applied Ergonomics, 69
48-57. https://doi.org/10.1016/J.APERG0.2017.12.017 .

European Road Safety Observatory (2018). Traf ¢ safety basic facts 2018. European Commission, Directorate General for Transport .

Fekety, D. K., Edewaard, D. E., Stafford Sewall, A. A., & Tyrrell, R. A. (2016). Electroluminescent materials can further enhance the nighttime conspicuity of
pedestrians wearing retrore ective materials. ~ Human Factors: The Journal of the Human Factors and Ergonomics Society, $8), 976-985. https://doi.org/
10.1177/0018720816651535 .

Hamed, M. M. (2001). Analysis of pedestrians’ behavior at pedestrian crossings.  Safety Science, 3@L), 63—-82. https://doi.org/10.1016/S0925-7535(00)00058-

8

Italian Highway Code (1992). D.L. 285, April 30th 1992.

Lantieri, C., Lamperti, R., Simone, A., Costa, M., Vignali, V., Sangiorgi, C., & Dondi, G. (2015). Gat y design nent in the transition from high to low
speed areas. Transportation Research Part F: Traf ¢ Psychology and Behaviour, 3441-53. https://doi.org/10.1016/j.trf.2015.07.017

Lenné, M. G., Rudin-Brown, C. M., Navarro, J., Edquist, J., Trotter, M., & Tomasevic, N. (2011). Driver behaviour at rail level crossings: Responses to ashing
lights, traf ¢ signals and stop signs in simulated rural driving. Applied Ergonomics, 424), 548-554. https://doi.org/10.1016/j.apergo.2010.08.011

Nassi, R. B. (2001). Pedestrians. Traf c control devices handbook. Washington, DC: Institute of Transportation Engineers

Owens, D. A., & Brooks, J. C. (1995). Drivers’ vision, age, and gender as factors in twilight road fatalities. Ann Arbor, Michigan.

Owens, D. A., & Sivak, M. (1996). Differentiation of visibility and alcohol as contributors to twilight road fatalities. Human Factors, 384), 680-689. https://
doi.org/10.1518/001872096778827233
Owens, D. A., & Tyrrell, R. A. (1999). Effects of luminance, blur, and age on nighttime visual guidance: A test of the selective degradation hypothesis. Journal

of Experimental Psychology: Applied, %2), 115-128. https://doi.org/10.1037/1076-898X.5.2.115

Owens, D. A., Wood, J. M., & Owens, J. M. (2007). Effects of age and illumination on night driving: A road test. = Human Factors: The Journal of the Human Factors
and Ergonomics Society, 496), 1115-1131. https://doi.org/10.1518/001872007X249974

Plainis, S., & Murray, I. J. (2002). Reaction times as an index of visual conspicuity when driving at night. Ophthalmic and Physiological Optics, 2Z5), 409-415.
https://doi.org/10.1046/j.1475-1313.2002.00076.x

Rumar, K. (1990). The basic driver error: Late detection. Ergonomics, 3310-11), 1281-1290. https://doi.org/10.1080/00140139008925332

Shinar, D. (1984). Actual versus estimated night-time pedestrian visibility. Ergonomics, 218), 863-871. https://doi.org/10.1080/00140138408963560

Shurbutt, J., Van Houten, R., Turner, S., & Huitema, B. (2009). Analysis of effects of LED rectangular rapid- ash beacons on yielding to pedestrians in
multilane crosswalks. Transportation Research Record: Journal of the Transportation Research Board, 2140, 85-95. https://doi.org/10.3141/2140-09

Sivak, M., Luoma, J., Flannagan, M. J., Bingham, C. R., Eby, D. W., & Shope, J. T. (2007). Traf c safety in the U.S.: Re-examining major opportunities. Journal of
Safety Research, 3@), 337-355. https://doi.org/10.1016/j.jsr.2007.05.003

Sueur, C., Class, B., Hamm, C., Meyer, X., & Pelé, M. (2013). Different risk thresholds in pedestrian road crossing behaviour: A comparison of French and
Japanese approaches.Accident Analysis & Prevention, 58 59-63. https://doi.org/10.1016/j.aap.2013.04.027

Sullivan, J. M., & Flannagan, M. J. (2002). The role of ambient light level in fatal crashes: Inferences from daylight saving time transitions. Accident Analysis
and Prevention, 34(4), 487—-498. https://doi.org/10.1016/S0001-4575(01)00046-X

Tomczuk, P., Jamroz, K., Mackun, T., & Chrzanowicz, M. (2019). Lighting requirements for pedestrian crossings — positive contrast. MATEC Web of Conferences,
262, 05015. https://doi.org/10.1051/matecconf/201926205015

Turner, S., Fitzpatrick, K., Brewer, M., & Park, E. (2006). Motorist yielding to pedestrians at unsignalized intersections: Findings from a national study on
improving pedestrian safety. Transportation Research Record: Journal of the Transportation Research Board, 1982-12. https://doi.org/10.3141/1982-03

Tyrrell, R. A., Wood, J. M., Owens, D. A., Whetsel Borzendowski, S., & Stafford Sewall, A. (2016). The conspicuity of pedestrians at night: Areview.  Clinical and
Experimental Optometry, 99(5), 425-434. https://doi.org/10.1111/cx0.12447

Van Houten, R., Ellis, R., & Marmolejo, E. (2008). Stutter- ash light-emitting-diode beacons to increase yielding to pedestrians at crosswalks. Transportation
Research Record: Journal of the Transportation Research Board, 20713, 69-78. https://doi.org/10.3141/2073-08

Venable, W. H., & Hale, W. N. (1996). Color and nighttime pedestrian safety markings. = Color Research & Application, 214), 305-309. https://doi.org/10.1002/
(SICI1)1520-6378(199608)21:4<305::AID-COL5>3.0.CO;2-U .

Vignali, V., Cuppi, F., Acerra, E., Bichicchi, A., Lantieri, C., Simone, A., & Costa, M. (2019). Effects of median refuge island and ashing vertical sign on
conspicuity and safety of unsignalized crosswalks. Transportation Research Part F: Traf ¢ Psychology and Behaviour, 60427-439. https://doi.org/10.1016/
j.trf.2018.10.033 .

Whetsel Borzendowski, S. A., Rosenberg, R. L., Sewall, A. S., & Tyrrell, R. A. (2013). Pedestrians’ estimates of their own nighttime conspicuity are unaffected
by severe reductions in headlight illumination. Journal of Safety Researchhttps://doi.org/10.1016/).jsr.2013.08.007

Wood, J. M., Tyrrell, R. A., & Carberry, T. P. (2005). Limitations in drivers’ ability to recognize pedestrians at night. Human Factors: The Journal of the Human
Factors and Ergonomics Society, 4{B), 644—653. https://doi.org/10.1518/001872005774859980

Zegeer, C. V., Stewart, J. R., Huang, H. H., & Lagerwey, P. A. (20055afety effects of marked vs unmarked crosswalks at uncontrolled locations: Executive summary
and recommended guidelinesReport FHWA-HRT-04-100. McLean, VA: FHWA, U.S. Department of Transportation



Annexe

Annex VII. Case Study VII:

Authors:

Ennia Acerra, Margherita Pazzini, Navid Ghasemig¥xa Vignali, Claudio Lantieri, Andrea
Simone, Gianluca Di Flumeri, Pietro Arico, Gianluarghini, Nicolina Sciaraffa, Paola Lanzi
and Fabio Babiloni

Name of the Publication:

EEG-based mental workload and Perception-Reactiowe Df the drivers while using Adaptive
Cruise Control

Publisher: Hworkload

Uy

Serie< The 3rd International Symposium on Human Mental Mé@d: Models and Application

Field of research:Traffic psychology and behaviour

Manuscript submitted: 15Aug 2019 Accepted :15 Nov 2019

B Conference Paper [ ] Journal Paper

Summary:

the number of Advanced Driver Assistance systetegmted into cars has grown exponentially. The
study aims to evaluate the interaction between ARAE drivers, in order to study the level of
attention and workload on the drivers using EEGnie¢land eye-tracking monitoring system. 22
drivers were involved in a real driving experimeaitned to investigate the effect of the use of the

Adaptive Cruise Control (ACC) on mental workloadidPerception-Reaction Time of the drivers.

Objective: Workload measures during the use of Adaptivesergontrol

Driving Task: Car following/Braking
scenario: Braking with ACC and Widout ACC

Investigated measures:
Velocity, intravehicular distance, Time to collisidReaction Time, Braking time, Eye gaze

position

Physiological Measurement [l Eye tracking [ electroencephalogram (EEG

Vehicle Position B GPS [] Traffic simulation |l MU
Vehicle States B oBDI [ ] Simuate vehicle state
[] Simulator study | Real Roagkt

189



®

Check for
updates

EEG-Based Mental Workload
and Perception-Reaction Time of the Drivers
While Using Adaptive Cruise Control

Ennia Acerra, Margherita Pazzihj Navid Ghasentj
Valeria Vignalt, Claudio Lantieri ’, Andrea Simonkt
Gianluca Di Flumefi®, Pietro Arie >3 Gianluca Borghirfi®,
Nicolina Sciaraffa®, Paola Lanzi and Fabio Babilofi®

! Department of Civil, Chemical, Environmental and Materials Engineering
(DICAM), University of Bologna, Viale Risorgimento, 2, 40136 Bologna, Italy
{ennia.acerra2,margherita.pazzini2,navid.ghasemi3,
valeria.vignali,claudio.lantieri2,
andrea.simone}@unibo.it
2 BrainSigns stl, via Sesto Celere, 00152 Rome, Italy
{gianluca.di" umeri,pietro.arico,gianluca.borghini,
nicolina.sciaraffa,fabio.babiloni}@uniromal.it
° Department of Molecular Medicine, Sapienza University of Rome, Rome, Italy
4 SAIMLAL, Sapienza University of Rome, Rome, ltaly
5 DeepBlue srl, Piazza Buenos Aires 20, 00185 Rome, ltaly
paola.lanzi@dblue.it

Abstract. Car driving is a complex activity, consisting of an integrated multi- AQ1
task behavior and requiring different interrelated skills. Over the last years, the
number of Advanced Driver Assistance systems integrated into cars has grown
exponentially. So it is very important to evaluate the interaction between these
devices and drivers in order to study if they can represent an additional source of
driving-related distraction. In this study, 22 subjects have been involved in a real
driving experiment, aimed to investigate the effect of the use of the Adaptive
Cruise Control (ACC) on mental workload and Perception-Reaction Time of the
drivers. During the test physiological data, in terms of brain activity through
Electroencephalographic technique and eye gaze through Eye-Tracking devices,
and vehicle trajectory data, through a satellite device mounted on the car, have
been recorded. The results obtained show that the use of ACC caused an
increase in mental workload and Perception-Reaction Time of the drivers. AQ2

Keywords: ElectroencephalograpttyEye-Tracking® Mental workloade
Human factor® Car driving® Road safety Adaptive Cruise Controt
Perception-Reaction Time

Springer Nature Switzerland AG 2019
L. Longo and M. C. Leva (Eds.): H-WORKLOAD 2019, CCIS 1107, pfl4, 2019.
https://doi.org/10.1007/978-3-030-32423-0_15



2 E. Acerra et al.

1 Introduction

The Global status report on road safety 2018, launched by the World Health Organi-
zation (WHO), highlights that the number of annual road ¢reéaths has reached 1.35
million. Road trafc injuries may now be considered as the leading causes of death
among people agedt89 years []. Car driving is a complex activity, consisting in an
integrated multi-task behavior engaging several processes and requiring different
interrelated skills that rely on interconnected visual, motor and cognitive brain systems
[2]. While driving, the interactions between the driver, the vehicle and the environment
are continuous and numerous; §]. Driver's common errors are largely correlated to
overload, distractions, tiredness, or the simultaneous realization of other activities while
driving. Secondary task distraction is a contributing factor in up to 23% of crashes and
near-crashes] 6]. Considering the drives error resulting in severe consequences in
road transportations, the development of countermeasures to mitigate the human errors
through training and technology and a better road system becomes ciifical [
Advanced driver assistance systems (ADAS) and Passive Safety Systems (PSS) (e.g.
seatbelts, airbags) are two approaches used in modern vehicles to mitigate the risk of
accidents or casualties resulting from human error. ADAS are electronic control sys-
tems that aid drivers while driving. They are designed to improve driver, passenger and
pedestrian safety by reducing both the severity and the overall number of motor vehicle
accidents. ADAS can warn drivers of potential dangers, intervene to help the driver
remain in control in order to prevent an accident and, if necessary, reduce the severity
of an accident in case if it cannot be avoided. Adaptive cruise control (ACC) is an
ADAS that automatically adjusts the vehicle speed to maintain a safe distance from
vehicles ahead. A vehicle equipped with ACC will thus reduce speed automatically,
within limits, to match the speed of a slower vehicle that is following. ACC automates
the operational control of headway and speed. It should reduce driver stress and human
errors as a result of freeing up visual, cognitive and physical reso@jcesdl the
number of hard accelerations and decelerations, encourage speed harmonization
between vehicles and enable better merging beha@prs [

Despite the potential bents of ACC, negative behavioral adaptation (BA) may
occur with its introduction 10]. Driver may use any freed visual, cognitive and
physical resources to engage in non-driving tasks that he perceives as improving his
productivity. However, these tasks may reduce his vigilance and attention to the pri-
mary driving task, which could result in driver distraction, and a failure to detect and
respond to critical driving situation$], 12]. When using ACC, drivers are more likely
to perform in-vehicle tasks that they would not normally i)}, [and their performance
on a secondary task improvel]. The visual demand of drivers decreases when they
use ACC, allowing them to pay less attention the road alé#gdThe main objective
of this study was to investigate whether ACC can induce BA in drivers. 22 subjects
have been involved in a real driving experiment, aimed to investigate the effect of the
use of the Adaptive Cruise Control (ACC) on mental workload and Perception-
Reaction Time of the drivers. Several neurophysiological studies about ‘drivers
behaviors, in fact, have shown that the same experimental tasks are perceived differ-
ently, in terms of mental workload, if performed in a simulator or in a real environment
[16]. Pierre et al. and Tong et al., moreover, haves cmed that not only the task
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perception, but also the driver behavior itself related to a <pexndition, could
change if the same condition is reproduced in simulators or in a real scdmafig][
Therefore, the rst key aspect of the present work is the real urban context employed to
perform the experiments.

During the experiments, different parameters have been monitored:

the drivers mental workload, through objective measure by EEG technique and
subjective measure through the NASA Task Load Index (NASA-TLX)
guestionnaire;

the drivers Perception-Reaction Time, through Eye-Tracking (ET) device;

the vehicle trajectory and velocity, using a GPS device mounted on the car.

Electroencephalographic techniqgue (EEG) has been demonstrated to be one of the
techniques to infer, in real time, the mental workload experienced by the user, since itis
a direct measure of brain activations and it is characterized by high temporal resolution,
limited cost and invasiveness¥21]. Also, it provides direct access to what is hap-
pening within human mind, thus providing objective assessment of cognitive phe-
nomena?22]. Numerous research papers have demonstrated that braking behaviour and
Perception-Reaction Time are useful indicators of the amount of attention a driver is
allocating to the driving task. Especially for ACC, if drivers devote more resources to
non-driving tasks when using ACC, they may show an impaired ability to respond to
safety-relevant driving situations that require them to apply the brakes themselves (such
as a lead vehicle braking suddenly or an ACC system failure). In response to a braking
lead vehicle, drivers begin braking later when using ACC showing higher Perception-
Reaction Time15, 23). In this paper, 22 subjects have been involved in a real driving
experiment performed along the Tangenziale of Bologna (ltaly). Each subject, after a
proper experimental bs@g, had to repeat the circuit two times within the same day
and, during the second lap, three different events with both ACC enabled and disabled
(respectively ON and Off conditions) have been acted, by involving a confederate
vehicle along the route.

2 Methods

2.1 Sample

Twenty-two males drivers (mean age = 47.12 yeaks58, range: 35 55) took part

in the study. They were selected in order to have a homogeneous experimental group in
terms of age, sex and driving expertise. Everyone had normal vision and none of them
wore eyeglasses or lenses, to avoid artefacts in eye-movement monitoring. They were
paid and they did not know anything about the aims of the study in order to avoid any
bias of their behavior. They only knew that the study aimed to test the mobile eye-
recording device while driving. All subjects had a Category B driving license (for cars).
None of them had previously driven on the road segment considered in this study.
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Subjects had previously experience in driving a vehicle with automatic transmis-
sion and Adaptive Cruise Control (mean number of hours of experience with ACC =
3.31 yeare 1.81, range: 1 5).

The experiment was conducted following the principles outlined in the Declaration
of Helsinki of 1975, as revised in 2000. The study was approved by the Ethic Com-
mittee of University of Bologna. Informed consent and authorization to use the video
graphical material were obtained from each subject on paper, after the explanation of
the study.

2.2 Experimental Site

The subjects had to drive along the Tangenziale of Bologna (ltaly), a bypass road,
coplanar with the urban section of the A14 highway. It is a primary road, mainly
straight with wide radius curves, with two lanes in each direction (excluding the
emergency lane), with intersections at ground level only in correspondence with the
junctions. This road has been chosen because it has right requirements for the appli-
cation of the Adaptive Cruise Control as it allows speed higher than 60 km/h and it has
a multi-lane carriageway in each direction with a horizontal signs in a god maintenance
state.

Moreover, the route consisted in two laps @tacuit® about 10 km long (Figl).

Fig. 1. The circuit of the real driving experiment.

Each subject, after a proper experimentalelmige had to repeat the circuit two
times within the same day. Thest lap was considered as%adaptation lah because
it was useful for the driver adaptation to the route, the vehicle and to the ACC system.
During this lap the driver was free to experience the ACC system. The data recorded
during the second lap were taken into account for the analysis. During this lap, the user
drove half of the track with ACC enabled (ON condition) and other half with ACC
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disabled (OFF condition). The order of ACC on and off conditions had been ran-
domized among the subjects, in order to avoid any order effect. The same car was used
for the experiments, i.e. a Volkswagen Touareg, with diesel engine and automatic
transmission. It was equipped with Adaptive Cruise Control (ACC). Finally, during the
test lap (the 2nd one) three similar events for both ACC on and off conditions were
simulated, by involving a confederate vehicle along the route: a car enteringsthe traf
“ow ahead of the experimental subject and braking in order to simulate a critical event
(Fig. 2). The event type was selected as the most probable one coherently with the
ACC mode of operation, as well as the safest to be acted, without introducing any risk
for the actors, for the experimental subjects and for thectiafgeneral.

Fig. 2. Simulation of the events.

2.3 Procedure and Measurements

Subjects drove a route of 5 km + 5 km from along the Tangenziale of Bologna. They
did not know the route in advance and they were given instructions about how and
when to come back. Data collection started at 9 a.m.aimshed at 18 p.m. on two
different days, always in autumn, in a period with good meteorological conditions. All
the subjects drove the same car. The vehicle was equipped with a Video Vbox Pro data
recorder (Fig3). Two cameras and a GPS antenna were placed on the top of the car
and connected to the Vbox data recorder. The complete 'driseene was recorded,
including synchronized data on acceleration, speed and GPS coordinates. The system
recorded speed (accuracy: 0.1 km/h), acceleration (1% accuracy), and distance with a
20 Hz sample rate. In order to evaluate the drivBexception-Reaction Times, an
ASL Mobile Eye-XG device recorded the dril\@eye movements (Fi@). The device
consisted of two cameras attached to eyeglasses, one recording the right eye move-
ments, and the second one recording the visual scene. In order not to obscure the
normale eld of view of the drivers, a mirror capable of eeting the infrared light was
installed in the eye camera recording the activity of the right eye. As already tested in
Costa et al., the sampling rate for the eye-movement recording was 30 Hz with an
accuracy of 051 (approximating the angular width of the fovea¥£26.

A video for each subject was created using the ASL software with a cross super-
imposed to the scene showing the exations. This allows researchers to detect the
sequence of points of the scenated by the driver (Figd).
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Fig. 3. ASL Mobile Eye-XG device, Video Vbox Pro data recorder and the driver inside the car
during the test.

Fig. 4. Video created using the ASL software with a cross superimposed to the scene showing
the eyes xations. In the left gure the vehicle was seen, in the right one it was not seen.

In order to get a good accuracy of the eye-movement recorder, a calibration pro-
cedure was carried out for each subject according to his eye status. The ASL Mobile
Eye-XG and the Video VBOX PRO devices were installed in the back seat of the car,
monitored by one of the researchers, who were asked not to talk to the driver, with
apart from giving instructions about the direction and assistance in case of necessity. In
order to evaluate the drivermental workload, subjective and objective measures,
respectively through the EEG technique and the NASA Task Load Index (NASA-TLX)
questionnaire, were adopted. In fact, it is widely accepted in 3delitérature the
limit of using subjective measures alone, such as questionnaires and interview, because
of their intrinsic subjective nature and the impossibility to catch?timeonscious
phenomena behind human behavi&®g [27]. The EEG signals have been recorded
using the digital monitoring BEmicro system (EBNeuro, Italy). Twelve EEG channels
(FPz, AF3, AF4, F3, Fz, F4, P3, P7, Pz, P4, P8 and POz), placed according te: the 10
20 International System, were collected with a sampling frequency of 256 Hz, all
referenced to both the earlobes, grounded to the Cz site, and with the impedances kept
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below 20 K. The EEG data have been used to assess the mental workload of each
driver through an innovative machine-learning algorithm develd}f@dnd validated

in a previous driving study5]. In addition, subjective measures of perceived mental
workload have been collected from the subjects after both the tasks through the NASA
Task Load indeX (NASA-TLX) questionnairg][

2.4 Data Analysis

For each braking event performed during the test lap (the 2nd one), for both ACC on
and off conditions, EEG-based mental workload assessment and Perception-Reaction
Time of the drivers were analyzed. The average value for each condition (ACC on and
ACC off) was taken into consideration. The acquired EEG signals were digitally band-
pass Itered by a 5th order Butterwortliter [1 30 Hz]. The eyeblink artifacts were
removed from the EEG using the REBLINCA meth@8]] The EEG signal from the
remaining eleven electrodes was then segmented in 2 second-epochs, shifted of
0.125 s, with the aim to have both a high number of observations in comparison with
the number of variables, and to respect the condition of stationarity of the EEG signal
[30]. For other sources of artifacts, specprocedures of the EEGLAB toolbox were
applied, in order to remove EEG epochs markedaatifacP. The Power Spectral
Density (PSD) has then been estimated by using the Fast Fourier Transform (FFT) in
the EEG frequency bandseded for each subject by the estimation of the Individual
Alpha Frequency (IAF) values[]. In this regard, before starting with the experiment,

the brain activity of each subject during a minute of rest (closed eyes) was recorded, in
order to calculate the IAF. Thus, the Theta rhythms {I8F IAFe 2] over the Frontal

sites and the Alpha rhythms [IAR  IAF+2] over the Parietal sites were investigated,
because of their strict relationship with mental workl@#}, [and used to compute the
mental Workload index (WL index). As introduced before, the WL index was calcu-
lated by using the machine learning approach proposed by anid colleagues2g],

the automatic stop-StepWise Linear Discriminant Analysis (asSWLDA)-@asshe

time resolution of the provided WL index has beemd at 8 s, since this value has
been demonstrated to be a good trade-off between the resolution and the accuracy of
the measurelP]. The Perception-Reaction Time (PRT), asroed by Olson and

Sivak, is2the time from the rst sighting of an obstacle until the driver applies the
brake8 [33, 34]. It has been evaluated as the difference between the Reaction time and
the Perception time.

The Perception Time is the time when the driver sees the braking of the confederate
vehicle. The Reaction Time, instead, is the time when the driver starts to brake his
vehicle. In order to calculate PRT value for each critical event performed during the test
lap, the Video Vbox Pro data recorder and the ASL Mobile Eye-XG device were
synchronized. The synchronization of the speed data and the eye-tracking data was
obtained by the methodology used in Costa, Bonetti et al., Costa, Bichicchi et al. and in
Costa, Simone et al3§+38]. The Reaction Time was evaluated by Video Vbox-Pro
output video, as the time in which the driver starts to brake, after having looked at the
stop light of confederate vehicle (Fig).. The Perception Time was evaluated by ASL
Mobile Eye-XG device, as the frame in which the confederate vehicle braked, its led
stop became red and the driver saw the stop light. This represents the timerst-the
« xation of the red stop light of the confederate vehicle (Bjg.
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Fig. 5. First=xation of the red led stop of the confederate vehicle and time of breaking. (Color
e gure online)

In Fig. 6 it was possible to highlight the range, corresponding to the Perception-
Reaction Time of one braking event.

Fig. 6. Evaluation of the Perception-Reaction Time.

In order to evaluate the Perception Time, the ASL Mobile Eye-XG videos were
analyzed frame-by-frame. To avoid the inclusion of saccadic movements, an element
was considered asxated when it wasa xed for a minimum duration of two frames
(66 ms). The threshold of 66 ms, which is low in comparison to a comtterng of
100 ms or higher usually found in eye-tracking studies, was dictated by thecspeci
setting of this study that involved the recording of eye movements while driving.
Lantieri et al. and Vignali et al. reported that in realeta$ituations, in a high
dynamical context of road driving, the duratiorr ghtion is much lower than in other
contexts and experimental settings. In a real driving setting with a dynamical visual
scene, as in the case of the present study, sa@itions may occur3do+41]. Also, at
the end of task the subjects had to evaluate the experienced workledithgythe
NASA-TLX questionnaire. Each subject hdked two questionnaires: one for the half
of the track with ACC enabled (ON condition) and other half with ACC disabled (OFF
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condition). In particular, the subject had to assess, on a scale from 0 to 100, the impact
of six different factors (i.e. Mental demand, Physical demand, Temporal demand,
Performance, Effort, Frustration) and theal result of this questionnaire is a score
from O to 100 corresponding to the dril@mental workload perception.

3 Results

The analysis of Perception-Reaction Time results, as reported i, Bigowed that
during the driving with ACC the mean value of PRT was equal to 8.992 s, while
without ACC it was equal to 2.86 1.02 s. The paired t-test revealed that such a
difference was statistically sigmant (p = 0.023).

The mean Perception-Reaction Time of the drivers with ACC (blue bar) was higher
than without ACC (red bar).

Fig. 7. Mean and standard deviation of PRT for ACC ON and OFF conditions. The paired t-test
revealed a sigmcant Perception-Reaction Time variation (p = 0.023). (Cajure online)

In addition, the paired t-test between the WL indexes during the two conditions
showed that the WL indexes during the ACC ON driving were slightly higher (p =
0.015) than those during the ACC OFF one (Bg.With ACC the mean value of WL
index was equal to 3.22 1.71, whilst without ACC it was equal to 3.64 1.28.

Adaptive Cruise Control caused distraction in the drivers, who exhibited longer
PRT times and higher workload. On the contrary, when they knew that they could not
rely on the system, they had complete control of the vehicle and they paid more
attention to the driving scene, with a consequent Perception-Reaction Time decrease. In
response to a braking lead vehicle, drivers started braking later when using ACC.
Drivers rate driving with ACC was less effortful when driving without ACC. If PRT is
shorter, the driver has a greater probability to be able to stop the vehicle safely with a
great improvement in terms of road safety. Figughowed the results in terms of
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Fig. 8. Mean and standard deviation of WL index for ACC ON and OFF conditions. The paired
t-test revealed a sigréant WL index variation (p = 0.015).

NASA-TLX scores, revealing that there is sigrant difference in terms of subjective
workload between the ACC on and off conditions. During the driving with ACC the
mean value of the subjective workload was equal te 2274, while without ACC it

was equal to 37.84 2.17. There were higher effort and physical demand in the manual
condition compared to the ACC condition.

Fig. 9. Mean and standard deviation of NASA-TLX scores for ACC ON and OFF conditions.

The ACC system certainly seemed ter futs role as a comfort and convenience
device, as it reduced drivérsubjective workload when compared to manual driving.
Drivers believed they had maintained a high level of attention during the test dealing
with dangerous situations promptly.
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This, actually, led to increased distraction and higher PercepfRaaction Times
with ACC. Subjects reacted more slowly to a safety-relevant brake light detection task,
and responded within an unsafe time when using ACC.

4 Discussion and Conclusions

The Advanced Driver-Assistance Systems (ADAS) positivelyuénce the factors
concerning road safety, but they also have effects on the behavior of drivers. In this
paper, an experimental test has been carried out in order to evaluate if the use of the
Adaptive Cruise Control system could irence the Perception-Reaction Times and
mental workload of drivers. The results obtained demonstrated the reliability and
effectiveness of the proposed methodology based on human EEG signals, to objectively
measure drives mental workload, and on Mobile Eye-XG device, to evaluate the
Perception-Reaction times of drivers. The proposed approach should allow investi-
gating the relationship between human mental behavior, performance and road safety.
The results achieved showed that the mean Perception-Reaction Time and the mean
mental workload with ACC were higher than without ACC. Results from this study
demonstrate that ACC system induced behavioral adaptation in drivers, in terms of
changes in workload and hazard detection. Subjects reacted more slowly to a safety-
relevant brake task, when using ACC. When the Adaptive Cruise Control was active, it
caused distraction in the drivers who exhibited long reaction times. NASA-TLX
guestionnaire, however, showed there was higher subjective workload in the manual
condition compared to the ACC condition. These data are even more csighi
considering that subjects wore eye tracking glasses and EEG cap, drove an unfamiliar
car and knew that their driving behavior was being studied. One may assume that their
driving style was more careful than under real-life conditions. From a larger point of
view, the present study also demonstrated how such a multimodal evaluation, inte-
grating traditional measures (e.g. car parameters) with innovative methodologies (i.e.
neurophysiological measures such as EEG and ET), could provide new and more
objective insights. Actually, contrarily to the self-perception, to drive with ACC ON
produced higher workload, probably because the drivers were distracted other actions
within the car. Therefore, the higher workload could be considered as an indirect effect
of ADAS systems, since actually the mere action of driving is perceived as easier by
the drivers. However, this results in larger PRT values and therefore in risky behaviors.
This preliminary study paves the way to the application of these methodologies to
evaluate in real conditions human behavior related to road safety, also considering the
recent technological advancements that are making this instrumentation less invasive
and easier to usel?, 43]. Further studies are encouraged in order to enlarge experi-
mental sample as well as to treat also other kinds of events as well as ADAS
technologies.
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Abstract

Car driving is considered a very complex activity, consisting of different concomitant tasks, thus it is
crucial to understand the impact of different factors such as road complexity, traffic, dashboard de-
vices, and external events on the driver’'s behavior and performance. For this reason, in particular
situations the cognitive demand experienced by the driver could be very high, inducing an exces-
sive experienced mental workload and consequently an increasing of error commission probability.
One of these situations is related to the presence of different Advanced Driver Assistance Systems
inside the car, because the interaction with these devices can represent an additional source of
driving-related distraction.

The main objective of this paper is to investigate the Perception-Reaction Time (PRT) of drivers
during the use of Adaptive Cruise Control (ACC). The achievement of these parameters will be per-
formed through devices that allow the quantification of data useful for the accident reconstruction. In
this study, subjects will be involved in real driving experiments. The participants will be selected in
order to have a homogeneous experimental group in terms of age, sex, and driving expertise. They
will be unaware of the research scope. During the driving experiments, eye gazes will be recorded
through Eye-Tracking (ET) device and vehicle trajectory is monitored using a GPS device mounted
on the car (VBOX Pro). To evaluate drivers’ behaviour and PRT when they use ACC system, a real-
scenario driving test on an urban highway has been specially designed. In particular, a series of
approach manoeuvres between two vehicles (car-following scenario) have been analysed, monitor-
ing both the vehicle with VBOX and the driver with Eye-Tracking.

1. Introduction ness that these systems could lead to the loss

The Advanced Driver Assistance Systems
(ADAS) are born with the aim of supporting the
driver on the road scenario. The aim is to in-
crease safety, trying to limit dangerous situa-
tions for the driver and for the other protagonists
of the road environment. Furthermore, these
systems are the beginning for an singular de-
velopment of automation.

The ADAS influence positively the factors con-
cerning road safety, but they also have effects
on the behavior of drivers (Takada, 2001). In-
deed, the variation of their attitudes are often
very influential, due to the presence of driving
support systems (Tno et al., 2016). These spe-
cific assessments are attributable to the aware-

of the attention of the driver from the primary
task, i.e. the task of driving.

As a result, the subject may not notice a sudden
danger and find himself unprepared to react
promptly. The impact on road safety of these
technologies does not often meet the expected
benefits especially at a behavioral level.
(Winter, et al., 2014). This change to their con-
duct is called Behavioral Adaptation (BA).

The first studies on automation, with the first
versions of the ACC, underscore that drivers of
vehicles equipped with such a system were
generally slower in their reactions, than those
using manual control. This peculiarity emerged
during critical traffic situations, such as sudden



braking of the previous vehicle or sudden ap-
pearance of still vehicles on the roadway.
Larsson et al. (2014) observed longer reaction
times with the active system compared to man-
ual driving, in the case of braking. The results
show how the behavioral adaptation to the ACC
leads to greater speed, a shorter minimum time
interval and a greater braking force
(Hoedemaeker et al., 1998).

The behavioral change of the driver, compared
to this system, also manifests itself with the var-
iation of speed.

In 1998, Hoedemaeker & Brookhuis compared
the speed management in the case of ACC ac-
tivated and deactivated, in a simulator test. The
results have suggested that drivers, when the
system is operative, tend to increase travel
speed and reduce travel times. In fact, with the
ACC turned on, there is a substantial increase
in travel speeds.

Another important parameter, for evaluating the
effectiveness of ADAS, is represented by the
analysis of collision situations. These are mostly
related to the workload that the driver has dur-
ing the driving maneuvers.

In France, an important analysis was carried out
in this regard (Wilschut et al., 2010). It consid-
ered the measurement of the drivers’ mental
workload in relation to the driving environment.
The observed parameter was the variation in
the blinking of the eyes. Thanks to this study, it
was found that the mental workload of drivers
increased due to the complexity of the driving
environment and the introduction of a second-
ary task.

A similar assessment was made by Stanton,
Young & Mccaulder (1997), which assess an
experiment with a prey vehicle placed in front
of the test vehicle. On a 229 km test circuit, the
results obtained show that, with the ACC sys-
tem switched on, users tend to adopt lower
safety distances. This shows how users trust
the correct functioning of the ACC (Filzek et al.).
However, these assessments also lead to a lack
of awareness among drivers in dangerous situa-
tions, that occur while driving with the system
on (Piccinini et al., 2012).

Considering the kinematic characteristics of the
vehicles, it is also possible to evaluate the reac-
tion times related to driving manoeuvres (Rudin-
brown & Parker, 2004).

Many research shows that driver distraction has
consequences on reaction times and driver per-

formance (Beanland et al., 2013; Guo, 2016;
Regan et al., 2011, Lee et al., 2002; Liang et al.,
2012;).

Gao & Davis (2017) introduced a methodology
correlated to the association between driver be-
havior and driving characteristics. In this sense,
Brill (1972) introduced a car-following model,
considering the reaction time of the driver relat-
ed to the collision condition for a platoon of ve-
hicles involved in a shock wave. This model
shows that rear-end collisions are more likely in
the event of longer braking.

This type of trend, in fact, entails a lower availa-
bility of space for stopping on the basis of the
longer reaction time (Davis & Swenson, 2006).

Precisely in relation to inattention to driving, the
study of pupil positioning during driving, both in
manual driving and in the simulator, represents
a determining parameter (Tivesten et al.,2015).
The use of highly technological tools, consider-
ing the interaction between driver assistance
systems and users, is the prerogative of an ob-
jective and concrete investigation (Costa et al.,
2018).

The main tool is the eye-tracking mobile. It is
applied to assess driving behavior, braking and
the driver's ability, in relation to secondary tasks
(Land, 2019). In literature, it is possible to see
how eye tracking has also been studied for rec-
ognizing particular signals while driving, recog-
nizing different road elements. Every observa-
tion is always directed to optimize driving by re-
ducing road accidents (Bucchi et al., 2012;
Vignali, et al., 2019; Costa et al., 2014;
Underwood, 2006; Kapitaniak et al., 2015). The
latter, in fact, represents the consequence of
one or more errors within a complex system that
includes the road, the vehicles and the driver.
For this reason, analysing the user's eye mo-
vements leads to evaluate all the trends that
arise during the driving task, managing to ana-
lyse the fixations, comparing them to specific
parameters (Zito et al., 2015; Biassoni et al.,
2018; Costa et al., 2018; Dondi et al., 2011;
Costa et al., 2019). It is, therefore, necessary to
include this analysis because it is possible to
assess the actual attention he gives to the driv-
ing scene. This leads to greater awareness of
the actual road safety (Vignali et al., 2019).

The Situational Awareness (SA) can be defined
as the knowledge, in real time, of the multiple
circumstances that can occur during driving
(Faure et al., 2016). It is necessary to evaluate
the methods of use of the infrastructure and the
behavior of the drivers, trying to minimize the



difference between the expectations of the user
and the road itself. In addition to this, it is good
to consider a precise conduct to the user in full
respect with the Highway Code.

Therefore, the innovative objective introduced
by this study is to combine the assessments
concerning the user's reaction time, attention
and behavior, putting them in relation to the dri-
ver assistance systems.

Furthermore, by carrying out a comparison be-
tween the active and off ACC, it was possible to
highlight the Behavioral Adaptation to the sys-
tem itself.

2. Methods and instruments

2.1 Participants

Nineteen males drivers took part in the study
(Average = 47 years, range: 35-55, SD = 5.58).
Participants were of normal vision and none of
them wore eyeglasses or lenses, to avoid arte-
facts in eye-movement monitoring. They were
not paid and they did not know anything about
the aims of the study. They only knew that the
study aimed to test the mobile eye-recording
device while driving. All participants had a Cat-
egory B driving license (for cars). None of the
participants had previously driven on the road
segment considered in this study. Participants
had previously experience in driving a vehicle
with automatic transmission and equipped with
ACC. They were selected in order to have a
homogeneous experimental group in terms of
age, sex, and driving expertise. The experiment
was conducted following the principles outlined
in the Declaration of Helsinki of 1975, as revi-
sed in 2000. Informed consent and authorizati-
on to use the video graphical material were ob-
tained from each subject on paper, after the ex-
planation of the study.

2.2 Experimental site

The subjects had to drive the car along the
Tangenziale of Bologna (ltaly), a by-pass road
coplanar with the urban section of the Al4
highway. In particular, the route consisted in two
laps of a “circuit” about 10 km long (Errore. L'o-
rigine riferimento non é stata trovata. ).

The circuit was designed with the aim to include
a primary road, mainly straight with wide radius
curves, with two lanes in each direction (exclud-
ing the emergency lane), with intersections at

ground level only in correspondence with the
junctions.

Figure 1 : Experimental route

2.3 Procedure and measurements

A route of 5 km + 5 km from along the Tangen-
ziale of Bologna was driven by participants.

The same car has been used for the experi-
ments, i.e. a Volkswagen Touareg, with diesel
engine and automatic transmission. It was
equipped with Adaptive Cruise Control (ACC). It
uses a radar sensor (or laser) to monitor the
distance to the vehicle in front and, if this dis-
tance falls below the safety threshold, it reduces
the vehicle speed. When the road is free again,
the ACC automatically resets the car to the set
cruising speed.

Each subject, after a proper experimental brief-
ing, had to repeat the circuit two times within the
same day. The first lap has been considered an
“adaptation lap”, because it was useful for the
driver adaptation to the vehicle and to the ACC
system. During this lap the driver was free to
experience the ACC system. The data recorded
during the second lap have been taken into ac-
count for the analysis. During this lap the user
drove half with ACC on and half with ACC off
condition.

The order of ACC on and off conditions had
been randomized among the subjects, in order
to avoid any order effect.



Finally, during the test lap (the 2nd one) three
different events for both ACC on and off condi-
tions have been simulated, by involving a prey
vehicle, a Suzuki Swift, along the route: a car
entering the traffic flow ahead of the experi-
mental subject and it braked in order to simulate
a critical event (Figure 2).

The event type has been selected as the most
probable event coherently with the road context,
as well as the safest to act, i.e. without introduc-
ing any risk for the actors, for the experimental
subjects and for the traffic in general.

Figure 2: Simulation of the events

Participants did not know the route in advance
and they were given instructions about how and
when to come back.

Data collection started at 9 a.m. and finished at
18 p.m. on two different days, always in au-
tumn, in a period with good meteorological con-
ditions.

Some innovative instruments were used during
the survey phase, which are fundamental for the
evaluation of the driver and vehicle parameters.
These devices are the eye tracker (ASL Mobile
Eye-XG) and the Racelogic Video VBOX.

The Mobile Eye (ME) is an Eye Tracker de-
signed for gaze monitoring and tracking applica-
tions, suitable for use on drivers.

In fact, it is a light instrument that allows a good
mobility of the user, avoiding the impediment of
particular driving manoeuvres.

This tool consists of various elements:

the Spectacle Mounted Unit (SMU, Figure
3), composed of two cameras: the first fo-
cused on the right eye of the driver and it
records all the movements of the papilla,
while the second is dedicated to the recov-
ery of the external environment.

Figure 3: The spectral mounted unit (SMU)

The eye camera controls the activity of the
eye through a mirror able to reflect the infra-
red spectrum but not visible light, so that it
does not obscure the normal field of view of
the subject. The camera scene, on the other
hand, is directed forward. Both cameras are
mounted on special glasses supplied.

Display Transmit Unit (DTU, Figure 4): a
small display, with transmission unit. This
tool is fundamental for two reasons: to acti-
vate the recording of the test and to monitor,
during the analysis, both the external scene
and the eye of the study sample.

Figure 4: Display Transmit Unit (DTU)

A portable computer, useful in the calibra-
tion phase. The software necessary for the
subsequent processing of the data is in-
stalled in it.

In order to get a good accuracy of the eye-
movement recorder, a calibration procedure
was carried out for each participant according to
his eye status. After the user wears glasses, he
is asked to look at a certain object. The opera-
tor, using the mouse of the computer, selects
the corresponding object on the image of the
scene on the monitor, as to have a correspond-



ence between what is fixed and the surrounding
environment (Figure 5).

Figure 5: First calibration phase

Therefore, it is necessary that, during the cali-
bration phase, a set of three infrared (IR) lights
be projected onto the eye by a set of LEDs
placed on the SMU. The light near the infrared
is visible from the camera dedicated to the eye.
However, the user does not appear to be dis-
tracted, as he does not perceive it.

The specular reflection of these three lights ap-
pears, from the frontal surface of the cornea in
the camera image as a triangle of three points,
placed at a fixed distance between them, called
spot cluster (Figure 6).

Figure 6:

The Spot cluster

When the eye rotates in its orbital cavity, the
center of the pupil moves relative to the spot
cluster.

The tracking system of the movement of the eye
can calculate the direction of the trajectory of
the gaze, evaluating the vector between the pu-
pil and a corneal reflection (CR).

A video for each participant was created using
the ASL software with a cross superimposed to
the scene showing the eye fixations.

This allow researchers to detect the sequence
of points of the scene fixated by the driver (Fig-
ure 7).

The sampling rate for the eye-movement re-
cording was 30 Hz with an accuracy of 0.5-1°
(approximating the angular width of the fovea).

Figure 7: Video created using the ASL software

with a cross superimposed to the scene show-

ing the eye fixations. In the first figure the vehi-
cle was seen, in the second it was not seen.

The vehicle, instead, was equipped with a Video
Vbox Pro data recorder (Figure 8).

This equipment was born and developed for
motor sports, in order to record the information
concerning the motion of a vehicle during a giv-
en journey. It combines a powerful GPS with a
high-quality multi-camera, made up of two
paired cameras working in sync (Figure 9).



Figure 8: Video VBox

Figure 9: The position of the Vbox.

The GPS instrumentation was inserted inside
the test vehicle, with the two cameras, while the
antenna were positioned outside the vehicle.
The different parameters supplied in output from
the GPS and emitted with a frequency of 10 Hz
are: the position along the circuit; the lap times;
the speed (accuracy of = 0.1 km/h); the accel-
eration (1% accuracy), and distance with a 20
Hz sample rate.

Both the instrumentations were used in associa-
tion with the ACC assistance system.

This system, classified within the automation
level 1, allows you to set the desired cruising
speed and the time spacing from the vehicle in
front, such as to guarantee an optimal safety
distance. Consequently, the system automati-
cally regulates the speed, acting on the fuel flow
entering the engine and, if necessary, on the
braking system.

The management of driving parameters is en-
trusted to an electronic control unit, integrated in
the vehicle, which continuously acquires the da-
ta provided by the sensors provided. The ACC
system can be based on different technologies,
lidar or radar.

The first uses light pulses (lasers), while the
second uses radio waves to control the envi-
ronment surrounding the vehicle. The radar sys-
tem is preferable to the first one because in ad-
verse weather conditions, such as in the pres-
ence of fog, the lidar system cannot be used. To
carry out the test, a vehicle equipped with Adap-
tive Cruise Control, the subject of this study,
was used, a Volkswagen Touareg model with a
diesel engine, equipped with an automatic
transmission. The ACC system was turned on
only one section of the route, so as to assess
the actual difference between the two states of
the system. The activation of the system, indi-
cated by the operator on board but managed
manually by the driver, was possible through
the use of controls.

The most important features are related to dis-
tance and speed, set equal to the distance limit
dictated by the Highway Code (90 km/h). When
the system is switched on, various indicators
are displayed on the dashboard according to
the reciprocal position with the vehicle in front
(Figure 10).

Figure 10 : System use

While driving, the system is able to activate only
if the driver of the vehicle does not press either
the brake or the accelerator. In this case, the
vehicle, in a completely autonomous manner,
keeps the motion at a speed lower than the
maximum selected and modifies the distance
from the vehicle ahead to the base of the one
indicated. Once these commands were set, the
driver assistance system was verified in prac-
tice.

The ASL Mobile Eye-XG and the Video VBOX
PRO devices were installed in the back seat of
the car, monitored by one of the researchers,
who were asked not to talk to the driver with



apart from giving instructions about the direction
and assistance in case of necessity.

3. Data analysis

The data collected were analysed in two steps:
the analysis of data recorded by the Video
VBOX PRO data recorder, and the analysis of
eye-movement data, acquired by the eye-
tracking ASL Mobile Eye-XG.

3.1 Number of fixations and fixation dura-
tion

The ASL Mobile Eye-XG video was analysed

frame-by-frame, in order to verify the element

fixed by each participant. The elements under

analysis were:

dashboard;

cars: vehicles (light and heavy) on the road
(Figure 11);

background: sky and vegetation;

road: road paving and safety barriers (Fig-
ure 11);

mirror: both side mirrors;

attention internal mirror: characterized by
the awareness that the driver looks at it, on-
ly to perform driving manoeuvres;

inattention internal mirror: characterized by
possible distractions, dictated by the inter-
locators present in the vehicles;

car interior: everything inside the vehicle ex-
cept the dashboard (Figure 11);

interlocutor: person present in the back seat
of the car who gives instructions or takes
care of secondary tasks;

sign: vertical signage along the road
prey vehicle.

For each element the number of fixations and
their duration were computed, multiplying by 33
ms the number of frames in which a single tar-
get object was fixated.

To avoid the inclusion of saccadic movements,
an element on the crosswalk was considered as
fixated when it was fixed for a minimum duration
of two frames (66 ms).

The threshold of 66 ms, which is low in compar-
ison to a common filtering of 100 ms or higher
usually found in eye-tracking studies, was dic-
tated by the specific setting of this study that in-

volved the recording of eye movements while
driving.

Lantieri et al. (2015), Costa, Bonetti, et al.
(2018) and Costa, Simone, et al. (2018) report-
ed that in real traffic situations, in a high dynam-
ical context of road driving, the duration of fixa-
tion is much lower than in other contexts and
experimental settings. In a real driving setting
with a dynamical visual scene, as in the case of
the present study, rapid fixations may occur.

Figure 11: Fixation of the road pavement, of a
vehicle, of the dashboard.

The elements under analysis have been
grouped to evaluate the attention and inatten-
tion parameters related to the use by the sys-
tem:

attention: signboard, road, internal attention
mirror, car;



inattention: dashboard, background, mirror,
inattention internal mirror, interlocutor, car
interior.

3.2 Perception-Reaction Time

For each critical event performed during the test
lap (the 2nd one), for both ACC on and off con-
ditions, the Perception-Reaction Time has been
calculated. The average value for each condi-
tion (ACC on and ACC off) was taken into con-
sideration.

Gao & Davis, 2017 and thanks to the synchro-
nization of the speed data and the eye-tracking
data obtained by the methodology used in Cos-
ta, Bonetti et al. (2018) and in Costa, Simone et
al. (2018), the Perception-Reaction Time has
been evaluated as the difference between two
different times:

the time of the first-fixation of the red led
stop of the prey vehicle, that was the mo-
ment in which the prey vehicle braked, its
led stop become red and the driver saw the
stop (Figure 12);

the time in which the driver braked, after
having looked at the led stop of prey vehi-
cle. This time has been evaluated from the
Video Vbox-Pro output video (Figure 13).

Figure 12: The time of the first-fixation of the
red led stop of the prey vehicle.

Figure 13 : Time of breaking.

In the figure 14 it was possible to highlight the
range, corresponding to the Perception-
Reaction Time. In fact, it is included between
the green line indicating the led stop time, in
which the prey vehicle starts to brake and the
red one, that is breaking time, in which the test
vehicle brakes in turn.

4. Results and discussion

4.1 Looking behaviour — eye movements

The first step was the computing of the number
of fixations for each element object of study and
the association into two macro categories (At-
tention and Inattention). In this way can be pos-
sible to evaluate if the driver fixated the road
and the driving scene in both ACC on and ACC
off conditions.

The obtained results showed that the number of
attention fixations with ACC off was greater than
that of the ACC on condition.

When the Adaptive Cruise Control did not con-
trol the vehicle motion (ACC off), drivers ob-
served the driving scene more closely, payed
more attention to driving activity and distracted
themselves less by looking at the surrounding
environment and inside the vehicle. When ACC
was activated, the drivers were distracted re-
spect the road, they tended to fixate the car
dashboard and he didn't saw the road and the
vehicles in front of him.

With ACC off the driver had a complete control
of the vehicle and so he fixated with more atten-
tion the road, with a great improvement in terms
of road safety.

4.2 Perception-Reaction Time

Also the Perception-Reaction Time analysis
confirmed the trends above described.



The mean Perception-Reaction Time with ACC
off was shorter than that of the ACC on condi-
tion. The first was equal to 2.9 seconds, while
the second was equal to 3.8 seconds (figure
15).

When the Adaptive Cruise Control was active, it
caused distraction in the drivers who, fixing the
dashboard, exhibited long reaction times. On
the contrary, when they knew that they could
not rely on the system, they payed attention to
the driving scene with a consequent decrease in
terms of perception-Reaction time.

If the perception-Reaction time of a critical
event is shorter, the driver has a greater proba-
bility to be able to stop the vehicle safely.

Figure 14: Evaluation of the Perception-
Reaction Time.

Figure 15: Mean Perception-Reaction Time,
comparison between ACC on and ACC off con-
ditions.

As shown in figure 16, when the ACC system
was switched on, the maximum Perception-
Reaction Time was 7.43 sec, while the mini-
mum was 2.66 sec.

Figure 16: Perception-Reaction Time, compari-
son between ACC on and ACC off conditions.

As can be seen, the user number 13 had a very
high PRT with ACC on, because he maintained
a very prudent driving behaviour and he stayed
at a large distance from the prey vehicle.

Instead, the user number 10, that had the mini-
mum PRT value, maintened a very aggressive
driving behaviour and he stayed at a small dis-
tance from the prey vehicle (between 2 and 6
meters).

In the case of ACC off, the variation interval of
PRT values was smaller. In fact, it varied from a
minimum value of 1.84 sec, to a maximum one
of 4.37 sec. It was important to note that both
values were lower than those of the condition
ACC on.

This underlined that the ACC system leaded to
a smaller safety distance between the vehicles
and consequently increased the danger of colli-
sion.

In particular, there is another important charac-
teristic between the users number 1 and 13. In
fact, these users had used the ACC system at
different times, the first during the lap number 1
and the second during the lap number 2.

The user number 1 had tested the ACC system
initially in “on mode”. This underlined how its
reaction time was very low, due to the lack of
system help. On the other side, for user number
2 that started in “Off mode”, he had higher per-
ception-reaction time, which exactly reflected
the characteristics of daily driving.



5. Conclusion

The Advanced Driver-Assistance Systems
(ADAS) influence positively the factors concern-
ing road safety, but they also have effects on
the behavior of drivers.

In this paper an experimental test has been car-
ried out in order to evaluate if the use of the
Adaptive Cruise Control system could influence
the Perception-Reaction times of drivers.

The obtained results showed that the mean
Perception-Reaction Time with ACC off was
shorter than that of the ACC on condition. The
first was equal to 2.9 seconds, while the second
was equal to 3.8 seconds.

When the Adaptive Cruise Control was active, it
caused distraction in the drivers who, fixing the
dashboard, exhibited long reaction times. On
the contrary, when they knew that they could
not rely on the system, they payed attention to
the driving scene with a consequent decrease in
terms of perception-Reaction time.

This data is even more signi cant considering
that participants wore eye tracking glasses,
drove an unfamiliar car and knew that their driv-
ing behavior was being studied. One can as-
sume that their driving style was more careful
than under real-life conditions.
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