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Abstract

Mobility in smatrt cities is becoming sma$ wel| promoting on one hand
transportmodesbased on zeremission electrical technologies amh the
other, providing vehicles with technological solutions that support the drivers
in driving opeations.The two objectives that this strategjyns to achieve are
both environmental sustainability and the reduction of deaths from road
accidentsin 20190nly, road accidents in the European Union summed up to
22.660 fatalities and 120.000 people saslg injured. However, the trend of
accidents is decreasing every year and looking to the past, the decrease
coincides with the market penetration of Advanced Driver Assistance Systems
(ADASS).

Nowadays, almost all manufacturers offer cars with level 8rivfing
automation (SAE 3 levels) and many prototypes ofdelfing vehicles are
developing and circulating on our roads. From a meetenm perspective, all
vehicles running in the smart city will be equipped with autonomous driving
technology or advared driving aids, including public transport vehicles, such
as buses.

Thereforgthe winning keyg for mobility in the cities of the near futuege
electrified transport solutions with assisted drivarglthe tram is the ideal
candidate for this revoluih of green and safe mobility.

Trams are the combination of two worlds: railways and the road
environment. Irfact, unlike the other rail transport systems, use the same road
infrastructure as cars, motorbikes, bikesalsgpedestrians and will soon €in
themselves interacting with vehicles with increasingly higher autonomous
driving levels. It is clear, therefore, that even for trams, the time is ripe to
accommaodate driving support systemmsleed the tram is experiencing a
new spring today, due tositgreen nature that makes it a candidate for
sustainable city mobility, and it will be the next candidate to host ADAS
technologieslin this compound{ram manufacturers are moving towards the
use and integration of automotiviechnologies andsolutions, &eady
available with a high level of maturity and reliability, based on Sensor Fusion
and Perception Platformin fact, hose technologies are today widespread in
the automotive: in fact, vehicle collision warning systems have been studied
by many researchers, and many approaches related to technologies and
problem formulation hee been developed and a lot of commercial solutions



Abstract

today are available. Among the ADAS, FCGA¥EB (Forward Collision
Warning- Autonomous Emergency Brakingystems representhe one with

the highest percentage of crash avoidance effectiveness: FCW alone, low
speed AEB, and FCW with AEB reduced read striking crash involvement
rates by 27%, 43%, and 50%, respectively.

However, due to the very differebtaking distancescareful analysis of
the tram braking dynamics to identify the most suitable technological solution
is necessary.

The purpose dhisthesis is to provide a contribution to the implementation
of a driving assistance system designed for the tram, herel GalAS
(Tram Advanced Driver Assistance Systgmboth by analysing the
technological aspects, arliy developing a model for Estimation of the
Distance to Collision (DCE Distance to Collision Estimatigritted for the
tram.

In the thesis, the key elemts of technological porting and the choice of
functionalities for a TADAS system according to the Degrees of Automation
indicatedwith GoAs (Gracdes of Automaion) are initially investigated and
defined. The degrees/levels of automation in automotiveailwhy systems
are presented and compared to each other. Then, according to the implication
level of a remote sensing system in each tram driving task, new GoAs for tram
are proposed. These systems are designed to help the tram driver cope with
potentialhazards by having defensive driving. Therefore, the proposed GoAs
correlated to ADAS will be useful to understand how this automation acts the
action of the tram driver, and the safety of the entire transport system.

The problem of braking for the tramtleenanalysedo define quantitative
requirements for the design and validation of the Forward Collislaming
and Autonomous Emergency Braking systems tilithave to guarantee
compatible responses with the dynamics of trams, which arediiéeyent
from that of a car

For this purpose, the proposed DCE model, which uses tram and tramway
data (mass, power, grip, slope, radius of curvature) andimealdata (speed,
weather conditions, and GPS) will allow the calculation of the safetyrtoraki
distance.

The main difference between the model proposed and those of the literature
and/or of the commercial ones, is mainly related to the vehicle dynamic.
Therefore, in the proposed approach, instead of considering only the
deceleration and speed dab calculate the stopping distance, we consider
many other important factors that tune this calculation to the real one.

The robustness of the model was verified by comparing the values obtained
with the theoretical and real values recorded on the ftitsrlatter obtained
from a test campaign carried out on vehiatesnufactured byitachi Rail
STS SpAin collaboration with an Italian transpation company (ANMi
Azienda Napoletana MobilitaSpA) that operates tramsand public
transportationn the cityof Naples.

VI
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The T-ADAS system is integrated into the vehicle logic by considering the
driver's actions through the manipulator. When the designated braking action
is not performed correctly, the system will adapt the braking curve to model
one.

In the final part, the implementation of the-ADAS in the onboard
network of the tram will be provided and the evaluation of the data traffic is
performed.In fact, the newest railway network infrastructures based on
Ethernet bus technologies can facilitate the gradon of the TADAS
systems with the Train Control Management System (TCMS), providing
larger bandwidth and more flexible networks making this technology
immediately transferable to railway systems such as the tram.

Throughout the entire work of the tligshe acquisition of the real braking
data of the case study and the implementation approach was carried out with
ANM and Hitachi Rail STS SpA respectively, to which the author is grateful
for the support and contribution offered.
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Roadaccidents causes can mostly be connected to driver distraction or
misjudgement of potential danggCioran, 2015) For this reason, the
development and implementation of vehicle safety systems have grown,
especially in the last decades. The first active safety systems, known as Driver
Assistance Systems (DAS), were introduced with the -fagi Braking
System (ABS) ad the Electronic Stability Control (ESC) in the 1970s, and
have contributed to reduce the number of road fatalftgetelink, 2007)
Thanks to the technologies advances, the automotive industry increases to
adopt sensors amdicrocontroller in order to perceive environment inputs and
to autonomous intervenes on the driving activity. Advanced Driver Assistance
Systems (ADAS) are the evolution of the DAS and nowadays are emerging as
fundamental to improve road safety.

ADAS area first step towardéutonomousvehicles(AV) and as these
systems are becoming more complex and safety critical, it is important to
analyze the test methods used to validate them.

If so much has been done for the automotive séattsnomous driving
in the rail industry is in its infancy.

The research activity on autonomous driving systems for trams, derived
from the fiResearch to INspire the Future REINForc® project in
collaboration with the Engineering Department of the University of Salerno
and Hitati Rail STS S.p.A., was an opportunity to investigate the
applicability of autonomous driving technologies developed by the
automotive industry to the rail domain, and demonstrate what capabilities a
future autonomous tram may offer. In many respectspauatous driving for
trams is very similar to autonomous driving for ¢céiney operate in similar
environments where they interact with other road users such as cars,
pedestrians, and cyclists, and they must obey similar traffic rules and signals.

Some aspas of the problem are simplified by the fadund nature of the
vehicles there are limited areas that need to be mapped, path planning is not
required, and the possible locations of the vehicle are heavily restricted.
However, the raibound nature alsmakes the problem of avoiding obstacles
considerably more challenging. Not only are trams unable to steer in order to
avoid potential collisions, they also cannot decelerate as fast as cars, both due
to physical limitations and the risk of injuring unsesmpassengers.
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More specifically, the thesis is arranged in:

T

Chapter | focuse®n the two key aspects that motivated the
research: the growing demand for mobility and road safety. An
overview is provided on the demand for public transport on a
global levé first and in particular on Europe then, which appears
to be the largest investor in ADAS technologies. 3ecifictypes

of road accidents involving the tram are also explained.

Chapter Il referdo the state of the art on ADAS. Starts with an
overview of the ADAS functionalities, classification, and current
legislation The characteristics of the sensors and the importance
of sensors fusion are highlighted.

Chapter lllreports the degrees of aatation in the railway sector.
They are compared with the SAE definitions that are used by the
automotive sector for the automation of cars. The analysis of the
comparison led us to propose a potential increase in the Grades of
Automation (GoAs) starting &m the analysis of the technological
and functional porting of the ADAS to the tram.

Chapter IV showa novel model to calculate safety distance for
collision avoidance for tram, based on laws of motion, which takes
into account the specific parametershd tram and tramway.
Chapter V describethe implementation of the-ADAS systems

in the onboard Passenger Information Systen{PIS) and
diagnostic tram network in a logic both foiodern anadevamped
trams.

The PhD. dissertation closes with conclusions that outline the contribution
of the work described, resuming the main achievements of the study and
proposing a direction for future research that might address yet unresolved

issues.
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Economic and social transformat®ohave rapidly increased mobility
demand leading to a growth in car use, which has been aggravated by urban
sprawl and new commuting needsy 2030, most of the world's population
will be concentrated in citieand his trend is destined to consolidate in the
future. City planners are increasingly aware of the need to maintain a balance
betweerfacilitating mobility, essential for cities' economic and social vitality
and managing or mitigating its negative effects. Therefore, in urban areas,
addressing the negative externalities of transport, including congestion, road
accidents and pollutions iconsidered an essential challenge of modern times.
Among these externalities, the European Union considers that congestion
needs urgent attention, given the expected growth in transport demand and the
associated economic cpsthich amounts roughift% of annual European
Gross Domestic Produ¢GDP) (EU Commission, 2018). The future will
bring a transportation landscape in which cars, buses, pedestrians, bicycles,
freight, and rail will be woven into a connected network toestme and
resources, produdjiower emissions and congestion, and promoting efficient
land use and improved safety.

This chapter presents a brief overview of the current mobility demand and
future forecasts, with an analysis on the safety and pollution contexts
highlighting the impaance of an ecological vehicle such as the tram.

I.1 Urban passenger transport demand

One of the most certain global evolutions of the coming decades will be
the process of urbanization, especially in developing countries. It will change
all aspects of urban life and make the organization of efficient transport in
cities a challenge. In 20566% of the population willve in urbanareasup
from 54% in 2014 andthe cities will continue t@oncentrad more and more
thewealth while today @ties above 30@00 inhabitants represent 31% of the
world population and 50% of the world GDiR,the 2050 they willgrow to
37% and 56%espectively

C
t



Chapter I Mobility in the cities: transport demand and safety hazard

All this obviously determinean expected grow dhe mobility demand
in the baseline scenario, it is 95% higher in 2050 than in 2015, reaching more
than 50000 billion passengekilometres in that yeafFigurel.1

The increase in urban mobility will take place overwhelmingly in
developing countries, where the process of urbanization is strongest. While
the population of cities in OECD countries only marginallgreasesAsian
cities, for instance, double in sinéll represent 20% of the world population
in 2050. Compared with 2015, the mobility by car will only grow 32% by
2050 in OECD countries, agains185% in norROECD countriesgoing to
congest infrastructures thare already congested today.

[ Car [ Bus [ Rail and light rail = Motorcycle
60000

50000 |
40000 [

30000 |

il ssizin

2015 | 2030 | 2050 | 2015 | 2030 | 2050 | 2015 | 2030 | 2050
World OECD Non-OECD

Figure 1.1 Urban transport demand by mode

To tackle this, many policy instruments target the negative effects of car
use in urban areas, highlighting the advantages of diedtpublic mobility
such as the trarfAjanovic, 2021) This means that the baseline scenario,
which mimics the current evolution of transport policies, is already quite
restrictive for urban transport in some ardadeed, the growth rate of urban
mobility by public transport in this scenario is 105%, slightly higher than the
urban mobility by private modes (90%).

If public policies can influence demand and induce some behavioural
changes, the effects of such changeslikely to remain small. Any effort to
provokeamodal shift will struggle to make a real impact because the growth
in demand for private cars is strong&fith 30 million additional cars arriving
on the roads each year, changing modal shift by 1%insnaasignificant
challenge. The intensity of economic growth in developing regions, and of the
increase in transport demand that comes with it, constitutes a groundswell
against which current policies can appear derisory, especially when the effects
are neasured on a global scale.
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However, as highlighted i(Moghaddam, 2017and(Litman, 2021) the
scenario analysis of passenger transport in cities shows that strict policies
targeting Land Use (LU) planning, development of public transport and
economic instruments have the capacity to directly influence demand and
behaviour.

On top of being an additionaburce of C@ mitigation, these measures
help reduce congestion and can improve air qualitywAal explained in
(Chen, 2017) three fundamental scenarios are to be considered for the
estimates both on the mobility demand and on theebissions:

1 Baseling in the baseline scenario, no additional measure aiming
at influencing travel demand and reducing £émissions is
implemented during the 204D period. This scenario constitutes
a businesssusual reference for travel demand and .CO
emissions in the urban transport sector against which to measure
the efficiency of additional policies and compare alternative
scenarios. It assumes that the future trends of car ownership, road
supply, public transport supply, pricing structure and urban area
growth will follow the trajectories of the past

1 Robust Governance (ROG) this scenario assumes that local
governments play an active role and adopt pricing and regulatory
policies to slow down the ownership and use of personal vehicles
from 2020 onwards. Existing literature has proved the
effectiveness of rigorous pricing stegtes

1 Integrated Land Use and Transport Planning (LUT) this
scenario in addition to the policies introduced in the ROG, assumes
stronger prioritisation for sustainable urban transport development
and a joint landuse policy. As land use and transportnpliag
decisions interact, it is widely acknowledged that better
coordination and integration are a prerequisite for sustainable
developmen{OECD, 2017) In contrast to the ROG scenario, the
LUT scenario anticipates higher gy of public transport,
extensive deployment of mass transit and restrictions on urban
sprawl in cities.

The impact of public transport on Lattbe (and in general their
interactionas theTransport Infrastructure NetworkdINs) depends on a
considerable extent on exogenous factors which can influence their supply, as
shown in Figure 1.2. Major advances in TIN technologych as the
emergence of light rail or the tramwapave been dedlad as a major driving
force of LU changgXie, 2011) Infrastructure investments and transport
policies influence the supply, but also the usage of TINs. Transport policies
result directly in the investment in and the improeatof major TINS.
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Figure 1.2 Transport land-use feedback cycle

[.1.1 COz2 Emissions from mobility inthe cities

Emissions from transport ithe cities have received a lot of attention
because of the large impattat local pollutants can have on health. The
quality of the outdoor air is a more immediate concern to the inhabitants of
cities than C@emissions and has become the subject of much debate and
policies. The policies range from direct and indirect restrictions in car usage
to efficiency standards for new cars. However, the climate change impact of
urban transport cannot be neglected.

As Figure 13 shows in the baseline scenario, the level of totaD.C
emissions in large cities in 2050 is 26% (419 Mt) highatin 2015. Global
emissions do not change between 2015 and ,2036 to the large fuel
efficiency gains expected during the decémleome, and the low economic
growth for the years up to 2020. However, emissions grow again from 2030
onwards based on the assumptions related to vehicle technology and fuel
efficiency as descri be dGorren 2018hTéhe | EAG6s Mobil ity
world average fuel efficiency for emad passenger light duty vehicles
improves by 29% from 2015 to 2030 but only 14% from 2030 to 2050. This
pace of technology improvement is not enough to offset the growing mobility
demand between 20 and 2050.
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Figure 1.3 COz emissions in cities by mode of transport

Policy interventions, especially rigorous car pricing policies, lower transit
fares and higher vehicle technologgyprovements introduced in the ROG
scenario could intensely mitigate €@missions from the urban passenger
transportation sector. With solely the policy measures from ROG, the avoided
CQO; emission could reach 397 Mt in 2030 and 886 Mt in 2050 comparhkd wit
the baseline. The additional policies introduced in LUT scenario would further
reduce the C@emissions by 48 Mt in 2030 and 104 Mt in 2050. Under the
most effective policy scenario LUT, the global £€nissions level from the
urban transport sector walibe 26% lower in 2030 and 35% lower in 2050
compared with 2015 levels.

Private cars are the main contributor of L£@missions in cities,
representing around 82% of all emissions in 2015 and around 75% in 2030
and 2050. With the implementation of the pgplimeasures of the ROG and
LUT scenario, the contribution of cars decreases to 40% in 2050.

Bus and motorcycle emissions represent 11% and 7% respectively of all
emissions in cities in the base year, going up to 15% and 10% in 2030 and
remaining stable untR050, in the baseline scenario. In the ROG and LUT
scenarios, the contribution of buses in total emissions increase both because
of the additional public transport supply in these scenarios and because of the
lower level of emissions from cars. Buses teasi much as cars in the ROG
scenario in 2050; in the LUT scenario, buses even become the main
contributor of CQ emissions in 2050. C@&missions from urban rail are null
in this model, as only tarto-wheel CQ emissions are considered and urban
rail asa tramis assumed to be fully electritamway systemare considered
green solutions to decreaGeeenhousésas (hG) emissions. According to
the EU25 Electricity calculation model, the travel emission for a passenger car
is 45 g CQ/km, 15 g CQkm for a bus, and 5.45 g G@m for a tram
(HengirmenTercan, 2021Yice versa, dife-cycle analysis would increase the
CO; emissions from urban rail, especially in India and Africa where the IEA
projects that electricity production will remain carbon intensive through 2050.
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[.1.2 Road traffic fatalities

The pandemic crisis due to COI® has altered the trends and estimates
of dat regarding the global situation of accidents and road deaths. Wottkis
we will consider as the latest reference data those relating to29t&arly
reported(ITF, 2019)the causes of death from road accidents in 20&9 ar
ranked in tenth place globally with about 1.2 million victims. In accordance
with the ROG and LUT policies described in the previous paragvetubh
also contain safety aspects related to the management of the growing demand
for mobility, these numberare decreasing. By focusing on the European
scenario, where these policies are most widely applied, there is a strongly
decreasing trend in road fatalities.

In 2019,in fact,an estimated 22800 road traffic fatalities were recorded in
the 27 EU Member Ste$. This represents almost 7000 fewer fatalities
compared with 2010, a decrease of 23%. Compared with 2018, the number
fell by 2%. While the underlying trend remains downward, progress has
slowed in most countries since 2013 and the EU target of haléngutinber
of road deaths by 2020 (relative to the 2010 baseline) will not hemghown
Figure 14.
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Figure 1.4 Road fatalities in the EU

The Italian situation follows the European trend. Here too the target set in
2020 was missed with a stabilization of the trend compared to the previous
two years. As reported i(ACI - Istat, 2020) there are strong signs of an
increase in soft mobility, with an increase Hbike sales and the spread of
other forms of micremobility that contribute to the number of accidents
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Figure 1.5 Road fatalities in Italy

With focus on thdtalian scenario for the same period of observation, it is
possible to note that the trend of accidents involving the tram has dropped by
about 70%as show Figure .8 he contribution lies in the investments for the
increase of reserved lanes and th@aeement of the fleet with more modern
means.
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Figure 1.6 Tram accidents in Italy

European policies, more than in other parts of the world, have identified
ADAS as the winning key for reducing roadcidentsAs shown in théigure
1.7, the penetration of ADAS in the market is destined to grow in the near
future and Europe is its largest investiorcreased adoption of ADAS will
drive the future growth of the automotive secilidre age of autonomousirs
due to the recent advancements in technology and-sgecly modern
demands for drivers as well as passengers will be the main driving factor.
Although Autonomous Driving applications are still in their early days, they
eventually become the main feetuof differentiating automotive brands
(Choi, 2016) Also, they will become one of the most important revenue
sources for major car manufacturers.
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Figure 1.7 Global ADAS Market by geography

These same technologies enable the creation ofAMIywhich have now
also become a significant focus of research and development tdeblgh
players like Tesla, MicrosoftApple, and Googt. Many semiconductor
companies such as STMicroelectronicsare also participating in the
automotive sectenow offeling autonomous driving products or developing
them.

With advancements in Atrtificial Intelligence (Abf things, Internet of
Things (loT)and with evelgrowing dependence, the demand darsis no
longer limited to electric vehicles. ADAS software will become the driving
factor for the future of the automotive industry.

ADAS software will become the driving force for the future of the
autonotive industry and beyond. New scenarios are expected for the
application of ADAS systems to public transport where there are already
applications for assisted driving for bus@&e, 2021) The evaluation of
migrating these sysms to a natural green vehicle such as the tram would
make it possible to improve in terms of safety this vehicle which shares the
same road infrastructure with othahicleg(cars, bicycles, motorcycles, etc.),
thus attracting development policies mtneust as well as restoration of old
vehicles and abandoned or disused sections.

As we will see later, in order to be able to better evaluate the portability of
ADAS systems towards the tram sector, we will explain in the next paragraph
which safetyrisks affect the tramway systems.

I.2 Safety hazard in trams: context analysis

Theuseof tramways into an urban area so that they can operate safely and
efficiently while interacting with other public space users is one the most
important challenges improvethe development of this transport vehicle and
to plan principles on urban rail infrastructure design.
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For this purpose, it is extremely useful to know where the main accidents
involving the tram take place. For example, ISTAT, the Italian National
Institute of Statistics, in th2018annualreport on Italian road accidentstat,
2019) highlights how most accidents involving trams occur at intersections
and straights due to greater interaction of cars, motorcycles andrizedes
with tramway.More recent data have no meaning due to the COVID.19
pandemic which has significantly reduced travel

Table |.1 Italian accident in 2018 involving tram

Accident place Percentageoccurrence

Crossroad 56%
Roundabout 3%
Level crossing 1%
Straight 37%
Curve 2%
Gallery 1%

To find the best adapted and safest system for optimising interactions
between tramways and other users of urban space, is for public transport
operators and authorities one of the means to improve the level of service, and
thus help to grow the modal shift in favour of public transf@@ST , 2015)

The methodological approach led to separate discussions in twotipart
first one dealing with data collection, processing and evaluation tools, and
accident scenariogjhereaghe second one dedicated to the choice of sensor
technology to be used to cover the scene under investigation in all possible
conditions

There are three different parts of the tramway system that influence safety:
the vehicle, the infrastructure, and the operation management. The
infrastructure is the basis of main issumgt is also the most expensive part
of the system and is very hard to change once the system has been built. On
the other hand, the operation management can solve some problems generated
by a poor infrastructure design, but this ability is limited and not every
infrastructure problem can be solved in thiaywin this thesis, we will
understand safety as precautions to be taken to reduce the level of risk related
to foreseeable accidents injuries, such as the design and installation of an
ADAS for trams (which will be called here ADAS).

Keep in mind theimproving tramway safety will play a part in improving
road safety in general and faulnerable users in particuldrram drivers are
trained in defensive driving techniques and are constantly vigilant of
pedestrians and cyclists, and brake to preverttilesion. Evidence suggests
that these emergency brake applications are often made because of acts by
third parties, e.g. the road vehicle driver, pedestrians and cy@listseful
indicator of a precursor to an incident (naass) is the number of emggency
brake applications tram drivemsiust make (COST , 2015) However,

10
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communication with the driver is needed to avoid the possible negative
implications of recordindemergencyBrake (EB). For exampleif the driver

is conerned that a sanction might be imposed on him, the numbEB of
applications might decrease, compromising saféiye numbers ofEB
applications by Lua@ublin) driversis shown inTable 12.

Table 1.2 Annual statistics of emergency brake events at Luas, Dublin

Emergency 2005 2006 2007 2008 2009 2010 2011 2012 2013
brake origin

EB 940 747 540 435 350 374 478 414 446
applications

by driver

In 2013, road vehicles were the cause of 38%, pedestrians 27%, and cyclists
4% of allEB. The number oEB is an indication of dangerous situations that
can often lead to accidents

[.2.1 Common types of safetyazards

The ADAS system could mitigate the numb&E® by providing driving
support. Safety events, mainly accidents but also incidents relevant to safety,
can be classified according to a variety of factors, such as locatimigs
involved or time of occurrence. In the Tahk the reader is invitedtanswer
each of the above questions. Each column is independent so the table should
not be read row by row. The red line is a possible reading example. The table
is intended both for analysing specific safety events and for use during a
broader analysisf@ network. The classification does not include all internal
accidents that can happen to trams because the focus is on interactions
between trams and other street users.

Another classification can be made by the causes of accidents where a third
party wa responsible. Based on tlaigproachaccidents can be divided into
four main groups: including vehicles, cyclists, pedestrians, or trams. Different
street users imply various hazards; therefore, in each of those groups different
causes of road events daa considered. Causes of accidents, where a vehicle
which could include a tram in some cases, is the responsible giargspect
of traffic light, non-permitted turn (left or righf)visibility problems non
awareness of tram presengaffic-light requlation problem.

Causes of accidents, where cyclists or pedestrians are the responsible party:
disrespect of traffic light crossing outside the pedestrian crossingn-
awareness of tram presence.

Once this distinction was made, we defomdential interaction points, as well
as the potential conflicting users for every one of them

11
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Table |.3 Potential interaction points

Interaction point ID selection

pedestrians cars cyclists

Roadjunctions (cars and cyclists) with tramwz X X
Road junctions (cars and cyclists) with a left t. X X
Roundabouts X X
Tramway segregation along the street (lanes X X X
sidewalks)

Tramway perception on mixed streets (cars i X X
cyclists)

Tramway perception on pedestrian areas X

Pedestrians level crossings X X
Cyclists in segregated areas X
Stops and its accesses X X X
Interchange areas X X X
Traffic (road & pedestrians) signals X X X
Line signs and signals (for tragmivers) X X X

12
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Table | .4 Possible accidents for various situations

WHY?
2
WHAT? WHERE? WHEN? WHO? How? (DIRECT WF(':YA'U(SREC))OT
CAUSE)
Nearmiss Tram stop Peakhour Tram Vs.Bus Parking Infrastructure Infrastr_ucture
manoeuvres problem design
Collisi Disregard for Human factor
OWISION | 2 nning sectiong Off-peak hour on Prohibited or | =~ el (pedestrian)
with other . TramVs. g | tamcrules
(excluding weekday - unexpecte f
motor uncti davti Private car movement orunsaie
vehicle junctions) (daytime) driving /'
—»
Collision Vehicles
with Weekend or Tram Vs. travelling eather | Humanfactor
pedestrian Roundabouts hohday Heavy road same _— - ditions (prlvat.e vehicle
(daytime) vehicle direction, driver)
same lane
Slgn_al co_ntrolled Vehicles Bad
Collision Junction travelling ) maintenance
with bike Night-time Tram Vs. Bike same Ve?)llcle (vehicle
user direction, probiem . :
. infrastructure)
different lane
- Vehicles
Collision vV travelling Inadequate
- ; . . S.

(\:\r’::h Ogjrﬁgtd Uqfﬁ;}g:':d urlngvznstpemal Pedestrian different Drugs or training of
P J — direction (no alcohol tram driver
car)

left turn)
Security Unclear or

No collision Pedestrian Road vehicle issues unsafe
o ) Other Other ! - .

but injuries | orcycle crossing turningleft (deliberately operational

caused) procedures
Depot or other ) ) One vehicle | No apparent
Other reserved area i i stopped or cause or Other
parked other
People
. . ) ) waiting, . )
! ! ! ! entering or ! !
exiting tram
People
crossingthe
i i i i tram line or i i
walking over
the tram line
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In any case, the tramway should be clearly identified in the urban context so
that all street users are aware of it. Therefore, a junction or roundabout that
has a tramway traversing it should be readily recognised adguther road
users

1.2.2 Risk assessment for active safety of tram

Generally, the safety technologies of tram systems can be categorized in
passive safety and active safety. The passive safety mainly aimed on
improving the quality of tram body, like enhancithg strength and refining
the structure of the tram, etc. The active safety refers on active detection of
surrounding environment, safety risk assessment in running, timely braking
technologies etc. Obviously, passive safety protection methods can only
reduce the damage after the accidents but cannot prevent the occurrence of
accidents itself. Therefore-ADAS for active safety protection methods of
tram becoming a crucial issue and acquire much more attention.

The safety assessment methods can be stachested algorithsand
deterministicones The stochastic algorithms evaluate the risk by calculating
the probability distribution of the collision between the running tram and the
different targets (obstacles). This type of assessments can describe the
interaction between multiple targets, thus can be applied in complex scenarios
and different safety systems. However, the stochastic algorithms usually use
Monte Carlo sampling methodshich cause a large amount of calculations.
Moreover, it is a posteriobanalysis. Thus, the stochastic based assessment
method is still being studied yet and cannot provide atima control
strategy for the active safety of tram. The deterministic algorithms usually
consider several kinds of specific scenarios, whichasarss the current risk
degree by some parameters such as collision ira&ing distanceetc.

The proposed assessment active safety framework in this paper based on
the characteristics of the braking behaviour of the trams in the real asrld,

a realtime risk assessment method, can provide a basic function for the
avoiding Forward Collision (FC) strategies in the modern or revamped tram.

As shown inFigure 1.6 through analysing the status of movement objects
in the surrounding environment and consigg the dynamic characteristic of
the tram, we can get the safety assessment model for the collision avoidance.
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Figure 1.8 The framework of assessment for tram active safety

As seen on theotential risks in the driving environment of the tram we
can summarize that they can occur while driving, the potential dangers of tram
running possible have four cases, such as the forward collision, thengear
collision, the lateral collision and owgreed. Thus, the quantification of the
risk can be utilized by quantize these four types of dangers, by what we can
get the model of safety assessment.
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Figure 1.9 A forward collision case for tram

In this work we will focus on the parameters of a forward collision
avoidance system, whose dynamics are shown inFHigere I.7 the
unidirectional object (forward object) in front of the tram, with s is the current
distance between the tram and the forward objecandv represent the
current speed of the tram and the forward object, respectively. Wheo |,
collision may occur.
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'Y is the risk estimation function for potential hazard can be interpreted as
function of following parametere) indicates the maximum deceleration with
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the realtime state of the tranTheQ andQ are the hazard indexes ofrira

and forward object respectively, which represent the damage degrees of them

when a forward collision occurs, and depends on unit mass, braking capacity,
relative velocity, and acceleratiogtc p i s t he extra mar gin
safety

I.3 Objective of thesis

The aim of this work is to provide a methodological contribution to transfer
of ADAS systems to public transport vehicles such as the tram, through a
modetbased calculation of the stopping distance that considers the key
physical parameters of the am and tramway, allowing ad hoc
parameterization of the ADAS to make th€ W and AEB functions more
reliable.

The proposed approach is composed of two phabesfirst is the
evaluation of which ADAS functionalities can be adapted to the tram vehicle;
thesecond concerns the calculation of the stopping distance of the tram which
defines the operability characteristics of the FBBB system.

Thethesisis organized as folles: after a brief review of the state of the
art of the main ADAS functionalities, are described the automatisms
concerning the unmanned and highly automatic driving system irshiggd
railway and metro, based on the Automatic Train Protection (ATRyraytst
ensure the running safety.

After examining the technological porting of the automotive ADAS
towards the tram and proposing an increase in the Automation Degrees
(GoAs), the Distance to Collision Estimation (DCE) model was presented,
which calculatesthe safety distance starting from the stopping distance
increased by guard bands. the final part we will see how the-ADAS
system can be integrated into thelmard network of the tram to exchange
information on the TCMS and the PIS buses.

The basicdeadeveloped irthis thesis arises from the observation of the
open and complex running environment of tram that is much like the cars.
Recent years, driverless cars were rapidly developed and received much more
attention. Though there are lots of studiedsdriverless cars, lots of them
cannot be direct used in tram. Compared with cars, the tram body is much
heavier and longer, the tram's running inertia is bigger, braking is critical, and
nonlinear dynamic model of tram is more complex. Furthermordixggkrail
track leads the active avoidance function of tram so weak which only can
control the speed. Thus, the active safety methods in driverless cars cannot
play well in tram context.

The model has been used to calculate braking distaneespecific tram
( Si r i o Ecomumackatheh witlterature one antealvalues of braking
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acquisition on tramwayn the cty of Naples The thesisends with the
integration analysis of the-ADAS in the orboard communication netwark

17



Chapter 11
Advanced Dri ver A
Systems (ADASs)

The previous chapter has shown the scope of this thesis, which is further
explored in thischapter. The goal of this chapter is to outline quantitative
requirements of Advanced Driver Assistar8ystemsto better define the
examination of technological porting to the tram.

This chapterstarts witha brief overview of the state of the art of the
ADASs. Then once the different ADASfunctionalities and models are
explained, the related environmental sensors are described. Furthermore, as
the sensors are the key components of thedsiiing vehicles, the fusion of
the information from the sensoasd their proper interpretation followed by
control of the vehicle has the central point in the autonomous driving.

[1.1 Overview of the state of the art in ADASs

In the field of automotive safety, Advanced Driver Assistance Systems
designed to help the driver in its driver process, are receiving growing
attention. Although the introduction of ADAS has contributed decreasing car
accidents, the number of accidents is still higyne to thegrowing amount of
traffic in cities and driviaginattention dugo the usAmisuseof smartphones

EuropeanCommission, national governments and vehicle manufactures
have over the years promotselveralprojects and programs with the common
goal of reducing the number of fatalities and injuries irdrivaffic accidents
(Bishop, 2005)raising the effort of researchers and companies to improve this
new technology to minimize even more the number of accidents.

Until today, several attempts concerning the classification eadiew of
ADAS field have been mad@&domat, 2003)Very often ADAS are classified
according to the human machine interface they provide, like the provision of
information about the state of the environment (driver informagi@mtems),
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the provision of a warning message (driver warning systems), or the capability
of executing an action (control intervention systems). When road safety
features are examined, the distinct phases in the accident processagbre
crash, postrash) are often used for the classification of the drassistance
systems. When the kinematical control of the vehicle is attempted, these
systems are classifiéd lateralor longitudinal controbnes,according to the
support they give to the guidancktie vehicle. Other classification are less
user and vehicle oriented and more impact orieated (Rendon, 2010Q)
where the systems are classified according to high and low road safety and
traffic efficiency impact.

Figurell-1 provides an overview of the various types of ADASs and their
future deployment paths. This roadmap distinguishes between systems for
longitudinal and lateral assistance, and their gradual integration towards fully
autonomous driving.

Applications

Parking syskms Parking assistant Intaliigant parking assistance syslem

Cockpit assistanca Nightvison Blind spot  Adapfve light control  Curve waming

Intersecton Intersacon collision waming Intersection collision avoidance

Laleral assistance Lane departure warning  Lane keaping  Lane change assistant

Integrated contral ACC/LDWA  ACCAKA  ACCILKA low-spead

Longitudinal assistance Cruise control ~ ACC Sbp-andgo Cooparafive ACC

Pre-crash FCW PCS P ian p W Caliision

Postcrash eCall Remole injury diagnosis
Technologies

Optical sensors Lidar Infrared Rear view camera Stereo vision

Radar sensors 77 GHz long-range 24 GHz shord-range 7 GHz shord-range

Processing Lane recognition Fusion Occupant detect F ian delectk Ohbstacle
Communication GPS Digital maps Infra-to-vehicle comm.  Viehicle-to-vehicle communication
Actuators ESC BA AFS EHB EME Stear-hy-wire

Safaty restraints Airbags Revarsible rastraints Imavarsible restraints

Year of introduction 1985 2000 2005 2010 2015 2020 2025 2030

Figure 11 .1 ADAS roadmap for applications and technologies

Since this field of research is very broad, this chapter only gisesimary
of the ADAS control algorithms and technologies that are relevant for this
thesis. The statef-the-art overview is restricted to systems for longitudinal
assistance, since these are quite generic from a functional point of view and
are expected to have a significant safety pote(Riahdon, 2010)

[I.1.1 Forward Collision Warning systems

The Forward Collision Warning (FCW) system is among the first active
safety systems to be implemented on cars that warns a driver in the event of
imminent frontal collision.
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FCW provides drivers with a warning beforedallision with a vehicle or
a pedestrian, and collision risk information is presented mainly via sound and
vibration. Thus, the positive function of the technology fitting to the
development intention of FCW was the prevention of-ssat crashes. The
resuts of traffic accident data analysis recognize this system as the most
effective for preventing reaend collisions(Baek, 2020) Typical FCW
systems are based on sensors measurements from RADAR and LIDAR. More
recently, as sbwn in (HAN, 2016) there are also camebased and sensor
fusionbased applications.

As will be explored in Chapter IV, this system mainly works with the
measurement ofime To Collision (TTC). Other parameters can instead be
evaluated such as the distance to the target, the deceleration, and the
probability of collision.

In (Ammoun, 2009)a crossroad scenario with two vehicles equipped with
GPS and Vehicle to Vehicle (V2V) communication systemsereshthe
trajectory prediction is performed with a Kalman filter and TTC, is used for
the collision risk indicator. A reagnd collision warning model based on a
neural network approach is presentedXiang, 2014) where partipating
vehicles are assumed to be moving in the same lane.

11.1.2 AutonomousEmergency Braking systems

The goal of Autonomous Emergency Braking (AEB) is to avoid or mitigate
collisions due to a dri ver 6sutdnatc k of
braking systems can prevent collisions at all, but most are designed to reduce
vehicle speed before crashing into the front of the car.

This can be achieved by identifying potential collisions with objects and
vehicles ahead through two main senss

The AEB system based on commercial RADAR is discussedKim,
2016)and has been widely used in many other AEB research studies. Another
widely used AEB sensor in the commercial car is LIDA®Rallner, 2014) the
research shows that the laser scanner sensor can measure the distance needed
for braking and slowing down the vehicle. The AEB can successfully work
with the long braking distance from 3.3 m to 31.7 m.

Although the working of AEB can ary depending on the vehicle
manufacturer, it can be summed in four steps, which describe the general
procedurgCioran, 2015)

9 Identify critical situations: AEB determines hazardous situations by
using data provided by envirommtal sensors, such as cameras,
RADAR or LIDAR, combined with information about vehicle states.

1 Prepare the braking system and warn the driver: after a critical
situation is recognized, the AEB piiis the brake circuit with fluid,
making contact the lings with the discs. In this way, the system is
ready to apply full braking about 3@s earlier, either if requested by
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the driver or automatically, significantly shortening braking
distances. Moreover, the FCW system warns the dia¢a collision
might occur by a combination of both visual and auditory signals.

1 Soft braking: if the driver does not respond to warnings and the object
ahead is still present, the AEB will apply light braking to make him
more aware of the possible danger, with a deceleratiquest up to
4 m/<.

1 Hard autonomous braking: if the driver fails to react to the warnings
provided, and an unavoidable accident is established due to the
position and speed of the ahead vehicle, an emergency brake is
activated up te10 m/<. Taking the control of the driving actuators
of the vehicle, AEB applies emergency braking at maximum force to
avoid, or at least mitigate, the imminent collision, reducing the impact

speed and aiming to minimize passengerds

11.1.3 Adaptive cruise controgystems

The Adaptive Cruise Control (ACC) is a driver assistance system that seeks
to combine safe following distance with speed regulation. ACC is the
evolution of the Cruise Control (CC), which was first introduced by
Mitsubishi in 1995(Bhatia, 2003) When there is no preceding vehicle in
sight, an ACGequipped vehicle maintains a constant speed set by the driver,
just as in a conventional cruise control system. When a preceding vehicle is
detected, by using of own vehiclatgs parameters and RADAR sensors data,
ACC determines the ahead vehicle's velocity and, acting on throttle/brake, it
regul ates own vehicleds speed to
vehicles. For driver comfort, when regulating speed or followingudi®, the
control system is normally |Iimited
maximal deceleration and acceleration capacity. For this reason, ACC is not
an active safety system.

The main Adaptive Cruise Control benefits are to:

1 Improve trafic flow and driving comfort maintaining accurate safety
distances based on instantaneous speed.

1 Reduce fuel consumption and trip time.

1 Use lower acceleration and deceleration rates than standard non
equipped vehicles, reducisgfetycritical situations.

As illustrated in Figurdl .2, the control objective of the ACC is to reach
the same speed as the preceding vehicle at a desired safe distance xref.

The ACC is designed to respond like an attentive human driver, in order to
regulate both the spacing err@r  ® @ and the speed tracking error
Q v 0 to zero.

The ACC cruise control velocity functioensures that the speed set
by the driver is maintainetly applying aracceleratiomd given by a simple
proportional controlletaw:
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® Q0 0
where'Q  Tris the proportional gain for the velocity error 0.

Vehicle 2: Vehicle 1:
host vehicle target vehicle

p

N s
Yref €5

Figure 1l .2 Schematic representation of an AG{stem

Standard ACC is turned off automatically when the vehicle velocity drops
below 30 km/h(Land Rover, 2018and cannot detect stationary objects or
pedestrians.

An extension of the ACC is the Cooperative Adaptive Cruisati®l
(CACC), which implements communication V2V, and can extend its
environmental information including data coming from other vehicles. The
advantage of CACC, compared to ACC, is that it has an increased control
bandwidth and reliability allowing to matain a smaller time headway, to
reduce system peaks or jerks, and to improve traffic flow and safety
(Gietelink, 2007)

The most recent technology is the Predictive Cruise Control (PCC), which
uses the GPS to track the vehialed to perform the best driving conditions
over the next kilometers with the aim of fisgving and emission reduction.
This can be achieved driving as long as possible in the highest gear and,
consequently, in the optimal rpm range. Thanks to PCC, dmskenption and
CO; emissions can be reduced by almost 4%, specifically over hilly roads
(Kavurucu, 2017)

I n conclusion, the ACC is a O6comforto
workload of the driver during his driving task.

[1.1.4 Traffic Sign Recognition systems

The automaticTraffic Sign Detection andRecognition (TSDR) system is
very important research in the developmenABIAS, which is designed to
provide drivers with vital information that would be difficultiorpossible to
come by through any other med@io, 2018) Investigations on vision based
TSDR have received substantial interest in the research commuaityly
motivated by threéunctionalities:detection, tracking and daification. The
road traffic images are captured égmeras and/or LIDAR installed on the
cars, and the traffic sign detection aims to extract the Region of Interest (Rol)
of traffic sign from the current road traffic images. However, in the daily
naturalconditions, the changes of light, the complex backgrounds and the
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aging of signs have caused many difficulties in accurately identifying traffic
signs(Cao, 2019)

Image I Image Lo Traffic Sign n Shape i Pattern
Acquisition Preprocessing Segmentation Classification Recognition

Figure Il .3 Block diagram of TBR system

A good TSR correctly classifies a given image patch within dggreed
set of traffic sign classes while making as few false recognitions as possible.

For this purpose, many contributions are available in the literature to
improve the detection and regution phases.

In (Wang, 2014)s proposed a red bitmap method to detect traffic signs.
Firstly, color segmentation of the detected images is performed, and then
shape detection of the region of interest (ROI) based on edgenation is
conducted. This method achieved good detection results but was only
applicable to red circular traffic signs, which had some limitatimn@iechri,
2015)is used the template matching method to match the traffitss By
setting the sliding window of the same size as the traffic signs, the useless
parts of norraffic signs in the current road scenes were removed. However,
considering thathe signals have different shapes and sizéise countries in
the world many studies areeing carried out

Traffic sign classification method based on extreme learning maghine
described inSun, 2014)which is a supervised learning algorithm related to
feedforward neural network. The algorithm classified traffic signs according
to the calculation results by selecting a certain proportion of features and
obtained high recognition accuradwy. (Qian, 2015)trained the traffic sign
data by using the regional depflonvolutionalNeuralNetwork (CNN) and
the collected Chinese traffic sign dataset for identification test, which
achieved a high accurate recognition rate.

Many digital image filtering techniques as proposed($un, 2019)
improve the accuracy tfie signal detection and classification stepsl, thus,
thereattime performance.

Image enhancement is the basic operation method of imagequessing.
Image enhancement technology is to make unclear messages from the image
clear to obtain the impaht messages from the image. In image enhancement
technology, the most commonly used methods to eliminate noise in images
are mean filtering and median filtering. Mean filtering is a linear filtering
algorithm, which gives the target pixel a template, Wtdontains the pixels
around it, and replaces the original pixel value with the average of the pixels
in the template. The mean filtering formula is:

Qo aB "QGB0 (1.2)
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where"Qafto is the gray value of the processed image at this poiato is
the current pixel to be processed, ands sum of all pixels containing the
current pixel in the template.

[1.1.5 Lane KeepingAssistanceSystem

As a typical function of advanced driving assistance systems,-Lane
Keeping Assistance systems (LKAs) aim pwevent unintended lane
departures by detecting lane markings and steering the vehicle.

The lane detection system is a visimsed system based on a lane
departurgorocedurewhich is a driver assistance systgiu, 2008) The lane
detection system includes a camera and an image processing unit. The camera
provides the image which includes the information of the lane marking and
the lane characteristic, and the image processing algorithm is used to
recognize the lane markinBy means of adopting the road geometry model,
the deviation to lane boundary will be calculated.

Figure 1l .4 LKA typical function

Many works of literature proposed lateral control algorithms to obtain
better path tracking performance.

As an example, VolvgVolvo, 2021)describes the principle of its LKA
solution based on a camera, which reads the side lines of the road or lane, and
if the car is about to cross a sililee then LKA will actively steer the car back
into the lane with a slight steering torque in the siheewheel. If the car
reaches or crosses a sidee, LKA will also alert the driver with vibration in
the steering wheel. As a clear difference to the Lane Departure Warning
(LDW) system, which only alerts the driver of an unintentional lane departure
(Cicchino, 2018)LKA interferes with the course of the vehicle by steering or
braking some of the wheels in the situation of unintended lane departure
(Scanlon, 2016) The potential safety effects ofig LKA system can be
impressive, but the system requires specific conditions to operate. Currently,
one of the most crucial operational requirements for the LKA system is the
visibility of lane markings. This is a challenge in adverse weather or on roads
without proper lane markings.
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However, since the driver is out of the control loop when using a fully
automated LKSthe visual attention toward the forward roadweguld be
reducedLlaneras, 2013)This can lead to hazardousvihg situations if the
lane detection capabilities of LKSs are not reliable. To address this iissue
(Son, 2015}s proposed the concept of predictive virtual lanes for normai lane
keeping operation when the lane detectiovodule is momentarily
unavailable.In (Saito, 2016)is designed a dual control scheme to perform
safety control and identification of the driver

—

+

Figure Il .5 Virtual lanerecognition in LKA

[1.1.6 Driver Status Monitoring systems

To reduce the occurrence of serious traffic accidents caused by driver
inability due to fatigue and drowsiness, and to protect drivers from fatal
accidents, ioreasing attention is being paid Briver Status Monitoring
systems(DSMs) equipped with vision sensor§teering Angle Sensors
(SASs), and physiological sens¢kém, 2019)

The driverdéds physiologic signals during drivi
closely related to recognizing distractimrdrowsiness. The driver monitoring
system using physiological measurement provides high accuracy and can be
implemented in reaime (Li, 2017). Despite those merits, commercializing
the system is difficult because the equipment to collect the data of physiologic
signals is usually huge, expensive, and intrugkeng, 2015) Therdore,
most DSM systems are camera based.

At present, the most commonly used roamtact physiological parameters
measurement methods are:

1 doppler measurement based on microndlimetre wave (Greneker,

1997)
9 laser doppler measuremdhliyanov, 1993)
9 infrared imaging measuremeg(@arbey, 2007)
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1 Imaging Photoplethysmography (IPPG).

These elements are mainly recognized based on estimating head direction
(yaw, pitch, and roll) and the gaze zone. Previous studies have focused on
accurately estimating the type of drive
on the closing time of the eyelids as showFigure -6

pitch

(16)

yaw

roll

(13)

Figure 1l .6 Head and eye direction monitoring

I1.2 Environmental-Recognition Sensordor ADAS

The Main sensors used for this in automobiles are RADAR, Camera,
LiDAR, ultrasonic sensar and IR sensar A brief survey of the technical
trend of ADASsensors features will be given below.

[1.2.1 RADAR Sensor

Radar systems work in millimetsgavelengths; these are used in a wide
variety of military and civil applications, such as aenmarine,or terrestrial
threat detection systems, shooting systems, amarésr or meteorological
systems. Th&DAS for smart vehicles and the need to increase road safety
have triggered the use of this type of device in the automd®@®AR
systems for intelligent vehicles work at frequencies of 24/77/794&id avith
chirp segience in &requencyModulaed Continuous Wave (FMCVWinown
as Millimetre Wave (MMW) RADAR. The radar measures the distance
between the emitter and the object by calculating the time of flight of the
emitted signal and the received echo.
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main lobe

microarray antenna . .
: insolate material

Figure Il .7 Typical automotive millimetre&vave RADAR

The radarsnot only allow the detection of the distance to several targets
but are also capable of accurately supplying the direction and speed of the
targets. The neRADARSsfor vehicles use an array of micro antennas capable
of generating a set of lobes that alldmprovement of the range and a
processing system for the detectionrafltiple targets

Range millimetrevave RADAR is applied in Blind Spot Detection (BSD),
Lane Change Assistant (LCA), Rear Cross Traffic Alert (RCTA), Forward
Cross Traffic Alert (FCTA)or RADAR video fusion.RADAR waves have
higher penetrability because they offer good features in all weather conditions,
and can accurately detect shmhge targets in front, to the side, and to the
rear side of vehicle. For this reason, they are usseviaral ADAS systems.

The basic waveform that the FMCW radar transmits and receives is the
triangle wavefom and it is shown in Figure 1.8

14 ‘ :
: 1
! Transmitted signal
T/ Received signal
B B Jra
v
f N \\/ fﬁ, i >
T r 1 r !

Figure 11 .8 Basic waveform of FMCW radar

The waveform consistef an upramp and a downamp, and the beat
frequencies available in each ramp are denoté@ bgnd™Q . The time delay
between the transmitted and the received signal is denoted dyd Q is the
doppler frequency caused by the relativeoe#l of the targetThe bandwidth
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of the waveform, the period of one ramp and the carrier frequency are
represented by B, T ari@ respectively.

RADAR can significantly improve vehicle safety performance and reduce
the decisiormaking burden opeople at the wheel. Furthermore, it can be
installed besides the bumpers of the vehicle. Some disadvantages of this
sensor type are the lack of precision, its reduced Field of View (FOV), and the
fact that it can produce false positives due to bouncirnlyeoémitted signal.

11.2.2 CameraSensor

In the perception system Al and from a point of view of the wavelength
received by the device, cameras can be classified as visible (VIS) or infrared
(IR). The element used by the camera to capture a scene is knaamn as
imaging sensor and has traditionally been implemented with two technologies:
Charge Coupled Device (CCD) and Complementary Metal Oxide
Semiconductor (CMOS)The design of the extraction architecture of the
luminosity values allows the selection and gsing ofRegionsof Rol;
furthermore, the CMOS device has a lower consumption than CCDs. These
characteristics make them the most used technology for mobile devices. On
the other hand, CCD technology has a high dynamic range and higher image
guality in low light environments.

The differences of both technologies begin to overlap, and it is expected
that in the future, CMOS technology will replace CGIS cameras capture
wavelengths betwe@e400 nm to 780 nmmsame as the human eye can. The
visible spectrums divided into three bands or channelsdRGreenand Bu,
which will be coded separately. These devices are the most used in AV
perception systems to obtain information about the surroundings of the vehicle
due to their lowcost, highquality colour ifiormation, and high resolution.

The huge volume of data generated by means of the device supposes a further
problem for the processing system.

The most common applications are BSD, side view control, accident
recording, object identification, LCA, and sidetectionVIS cameras are
highly affected by variations in lighting conditions, rain, snaw fog
conditions and for this reason are combined with RADAR and LiDAR
technologies to increase its robustn@$se combinations of two VIS cameras
with a knownfocal distance allows stereoscopy vision to be performed, which
adds a new channel called depth information. Cameras with these features are
known as RGBD. These devices supply a 3D representation of the scene
around the vehicle.
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Figure 1l .9 Stereo camera

Using a powerful lens system, the camera can record a horizontal range of 50
degrees and offers a 3D measurement range of more than 50 meters. The
image sensors, which feature highly sensitive ahadhamic lighting
technology, can process higbntrast images.

[1.2.3 LiDAR Sensor

LiDAR systems base their operation on the measurement of the time of
flight of a pulsed light emitted from a laser diode until it is received by an
emitter. The emissiarare in iffrared ranges (905 nm or 1550 ni@hissions
at 905 nm require less energy than those emitted at 1550 nm because the water
in the atmosphere begins to absorb energy from 1400 nm. This initial
disadvantage of power increase at 1550 nm is used by the adjgedaisf
the eye to totally filter this wavelength, making them less harmful than LIDAR
at 905 nm

Lasers used for vehicles belong tecadled first class and are safe under
all conditions of normal use. LIDARs use thé principle to carry out the
measurement of distance between emission and reception. These can be
classified according to the type of information they obtain frtme
environment in 2D or 3D LiDARsotherwise,t can be classified according
to their construction rotary or solstate LDAR. The 2D LIiDAR obtains
information from the environment by projecting a single laser beam on a
rotating mirror perpendicular to the axis of rotation. The 3D LiDAR allows to
obtain ahigh-resolution3D map of the environment; for that purpose, they
use aset of diodes lasers mounted on a pod that rotates at high 3ieed
number of lasers installed in the pod determines the accuracy of the point
cloud obtained in each turn. Currently we can find 3D LIiDARs that integrate
from 4 to 128 lasers or channelgiwa horizontal FOV of 360and vertical
FOV that oscillates between 285° with accuacy of a few centimetres.
Depending on the number of channels, 3D LiDAR are used in ACC, object
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avoidance, object identification or 3D mapping. LIDAR is affected bythveza
conditions such as rain, snow, fogr dusty environments due to the
diffraction of light in these environments. Furthermore, they reduce their
operating range detection depending on the reflectivity of the objects that are
reached by the laser bearitfie maximum detection capacity depending on
the type of reflectivity of the material to be detected is presented in the

datasheet provided by the manufacturer.
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Figure 11 .10 Operating schemes: (&otating 2D LiDAR, (b) rotating 3D
LiDAR, (c) solid state 3D LiDAR

The last kind of device based on laser measurement that has arrived in the
AV world is the soliestate LIDAR. Solid state LiDAR allows a 3D
representation of the scene to be obtained arthndiDAR without the use
of mobile parts in the devicEor that, the micranirror reflects the beam over
a diffuser lens, which creates a vertical line that touches the afdjaetsight
reflected is captured by a lens and is sent to a photodetectpit@build the
first line of a 3D matrix. The process is repeated until a point cloud of the
scene is created. This feature notably increases its durability, reduces
maintenance tasks, and decreases its price. Solid state has a smaller FOV than
the rotay LIDAR. The trends in perception system are replacing the current
rotating 3D LIiDAR by a set of solid state LIDARs integrated around the
vehicle.

11.2.4 Ultrasonic Sensors

As its name indicates, ultrasonic sensors use sonic waves, in the range of
20kHz to 40kHz, generated by a magnetsistive membrane, to measure
the distance to an object. Its principle of operation is based on the
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measuement of the time of flighty of the sonic wave from when it is emitted
until the echo is received: -

0 (ED.,Y
whereis the wavespeedin meters per secondnd”Y is time of flight in
seconds. These sensors are usually used in industrial environments for the
measurement of height in storage of all types of raw materials. In vehicles,
they are used in parking systems or as short distance measurementaensors
low speeds These lowcost sensors produce good results when measuring
distances with any material, independent of its colour, in dusty environments
or in adverse weather conditions (humidity or rain). Disadvantages of these
sensors include a tendency to praaltaise positives by bouncing, and a blind
zone (blanking) in the measurements, located between the sender element of
the sensor and the minimum range.

[1.2.5 V2X CommunicationSystem

Smart mobility and vehicular communication open the opportunities to
acquire timely information of data related to the transport system (vehicles'
speed and position for the road infrastructure, intersection, traffic signal
timing for vehicles, etc.(Foldes, 2016)

Vehicle to Everything (V2X) communidanh represents a class of
communication systems that provides the vehicle with an ability to exchange
information with other systems in the environment. Examples include V2V
for collision avoidance, Vehicle to Infrastructure (V2I) for traffic signal
timing, vehicleto-network for reaftime traffic updates, and vehiele-
pedestrian for pedestrian signalling. Statghe-art V2X communication is
based on either Dedicated ShBdnge Communications (DSRC) or cellular
networks(Abboud,2016) The IEEE 1609 family of standards for Wireless
Access in Vehicular Environment (WAVE), which is developed based on the
IEEE 802.11p standard, defines an architecture and a set of services and
interfaces to enable DSR@ased secure V2V and VaZiommunication
(Vivek, 2014)

[1.3 Levels of Driving Automation: a SAE standard

Union of Concerned Scientists (UCS) defile¢ as f ol | ows: iSel f
driving vehicles like cars or trucks in which human drivers are never required
to take control t o (Rosigliee 2019)However, taet e t he vehicl eo
standard way todiscugsV i s t o t aldk valmagutl efvedIsfo, as defined
by the SAE (Society of Automotive Engineers). The SAE, which is an
automobile standardization agency, divided the autonomous driving capacity
of a vehicle into six levels, from thehicles without any automatiéa 100%
autonomos driving.
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SAE J3016 provides a taxonomy describing the full range of levels of

driving automation in omoad motor vehiclegWilliams, 2021)as shows
Figure 11.11 These levels help measure how advanced the technology of a
certain autonomous car {fnagaki, 2018)This has opened up numerous fields

of research and development that, although end up being interconnected,
correspond to very diverse areas.

Automation level: 0 1 2 3 4 5
. No Driver Partial Conditional High Full
Description: . . . . . .
automation | assistance | automation | automation | automation | automation

Driver engagement: for all driving feet off off (partial) Eyes off (or driver not even present)
. Advanced driver-assistance systems ! only when or if
Driver support: none (ADAS) | human driven
Monitors driving: Human driver Automated system
Vehicle control: Human driver Shared Automated system

Responsible | Hands -or- |Hands + feet Brain off

Figure 11 .11 SAE J3016 levels of driving automation

Let's look at these levels in more detail:

32

1 Level G Most vehicles on the road today are Level 0: manually
controlledandwithout any automatianThedriver provides the
"dynamic drivirg task" although there may be systems in place
to help the driver. An example would be the ABS system since
it technically doesné6t "drive"
automation.

1 Level I The driveris always essentially in control of the vehicle
but the vehicle is able to temporarily take control from the driver
in order to prevent an accident or to provide some fortmef
support to the driver. Théevell automated system may
include features such as ACC, AEB, Parking AssistdRée
with autonated steering, and LKA systems that will actively
keep the vehicle in the lane unless the driver is purposely
changing lanes. Levdl is the most popular form of what can

reasonabl y b edrciovnisnigd etreecdh nfiosl eol gfy 0 .

1 does not control &hvehicle under normal circumstances, it
requires the least amount of processing power of the autonomous
systems.

i Level 2 The driver is obliged to remain vigilant in order to
detect objects and events and respond if the automated system
fails to do so. Havever, under a reasonably wedkfined set of
circumstances, the autonomous driving systems execute all of

t
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the accelerating, braking, and steering activilfes.driver feels

the situation is becoming unsafe, they are expected to take
control of the velidle and the automated system will deactivate
immediately.

1 Level 3 The jump from Level 2 to Level 3 is substantial from a
technological perspective, but subtle if not negligible from a
human perspective. Within known, limited environments, such
as freewayor closed campuses, drivers can safely turn their
attention away from the driving task and start reasonably doing
ot her . Level 3 vehicles have Aenvironm
capabilities and can make informed decisions for themselves,
such as accelerating pastslowmoving vehicle but they still
require human override. The driver must remain alert and ready
to take control if the system is unable to execute the task.

1 Level 4 The key difference between Level 3 and Level 4
automation is that Level ¥ehicles can intervene if things go
wrong or there is a system failure. In this sense, these cars do not
require human interaction in most circumstances. However, a
human still has the option to manually override. The driver must
enable the automated systenly when it is safe to do so. When
enabled, driver attention is not required, making Level 4 the first
level that can genuinely be called fully autonomous in the sense
that a driver or passenger would have a reasonable expectation
of being able to travefrom one destination to another on a
variety of public and private roads without ever having to assume
control of the vehicle.

1 Level 5 Other than setting the destination and starting the
system, no human intervention is required; the automatic system
can drive to any location where it is legal to drive and make its
own decisions. Level 5 cars wondét even ha
acceleration/braking pedals. They will be free from-fggwing,
able to go anywhere and do anything that an experienced human
driver can do. Fully autonomous cars are undergoing testing in
several pockets of the world, but none are yet available to the
general public.

The Figure 11.12 shows the market penetration of vehicles equipped with
ADAS systemsBy 2045more than 70% of aNehiclessold will integrate
autonomous capabilitiegLitman, 2021) This report is based on the
automotive field only. We wonder what the prospects would be in terms of
market penetration, sustainability, safeapd performace, if these systems
were applied in other sectors such as public transport by tram.
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Figure 1l .12 Market penetration of ADAS vehicle

II.4 Sensor Fusion and Perception Technology

Sensor fusion is an essentiathnologyof AVs. The acquired data from
multiple sensing modalities are integrates to reduce the number of detection
uncertainties and overcome the shortcomings of individual sensors operating
independently. As reported {hundquist, 2011)the sensor fusion helps to
develop a consistent model that can perceive the surroundings accurately in
various environmental conditions. For instance, cameraR&IAR fusion
may provide higfresolution imageand the relative velocities of the detected
obstacles in the perceived scene.

Starting from the previous description on environmental sengois
possible to qualitatively summarizeés Table II.1 the strengths and
weaknesses of the commonly utilizeerceptiorbased sensors in AYsuch
as camera, LIDAR, and RADARTh enodfi s y mlused forthe sensor
operates competently under the specificfadtoe A ~0 sy mb ol i ndi c
the sensor performs reasonably well under the specific fadtereash eLbf
symbol indicates that the sensor does not operate well under the specific factor
relative to the other sensors.

In literature the research on musgnsor fusion systems in AVs for
environment perception and object detection is -esfablshed (Yeong,

2021)

A survey conveyed byWang, 2019)showed that the cameRADAR
sensos combination is the most employed in the maénsor fusion systems
for environment perception, followed bgameraliDAR-RADAR and
cameralLiDAR.
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Table Il .1 Comparison of the commonly employed sensors iwusglhg cars

Factors Camera LiDAR Radar
Range ~ ~ n
Resolution n ~ LJ
Distance
Accuracy - f f
Velocity ~ LJ n
Colour
Perception, e.g., ) LJ LJ
traffic lights
Object Detection ~ n )
Object
Cla{ssification L N LJ
Lane Detection n LJ LJ
Obstacle Edge
Detection ’ n L LJ
Illumination
Conditions LJ n 0
Weather
Conditions LJ } n

The the first pair of sensors combination offers higéolution images

while obtaining additional distance and velocity information of surrounding
obstaclesas in the case ofeslathat utilizes the camerdRADAR sensos
combination and other sensors, ls@as ultrasonic sensors, to perceive vehicle

surroundinggTesla, 2021) Similarly, the camer&iDAR-RADAR sensors
combination can provide resolution at a greater range, and precisely

understands the surroundings through theARpoint clouds, and depth map
information it also improves the safety redundancy of the overall autonomous

system as described i(NAVYA, 2021) where acombinationof these three

sensorss usedor environment perception their AVs.
In (Rosique, 2019he authors highlight the characteristics of goodness of
the sensors on a larger scale of 10 pointdetail the quantification has been

carried out using ten scores which reflect the generabhctaistics of the
sensors on the market and simplify the process: 0 for none, 10 foFlgghe

n shows a summary of the advantages and disadvantages of the principal
sensors analysed in this secti®he spider chart of features sensirew that

a pefect sensor is defined as the one that obtains the best scores in all the
characteristics analysed above. This means maximum values (10) for FOV,
range, accuracy, processing, resolution, colour perception, and minimum
values (0) for weather affections, mi@nance, visibility, and price. This
compari son
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Range x FOV

iikerteraria ~ Velocity Detection
Adverse Weather " Processing Overhead
Night Operation Device Cost
Radar | LiDAR Camera

Figure 1l .13 Features comparison of the principal sersor

The need for sensor fusitas in the limitations of each sensor with respect
to some characteristics.

Theincrease in performance obtained from the fusion of data from multiple
sensorsvorking independenthandasynchronouslis also due to the fact that
the sensors are typically mountedlifferent positions of the vehiclsptheir
integration allows for a wider perception of the environmémtorder to
perform sensor fusion, the sensors require a common understandimg of t

and space and a standardized data inte(fatnbaeck, 2017Rs shown in
the block diagram of thEigure 11.14.

target
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Radar object )
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Camera
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Lidar ROIs representation
_ Moving
S L;Sttozt. Object vehicle
‘ etections .
Vehicle Lidar object Traclélng control
Filter State | | odometry | detection and
prediction

Figure Il .14 Typical sensor fusioarchitecture
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Another key aspect in the ADAS sensor fusion and perception platform is the
ability to calculate the risk by estimating the trajectories of head vehicle and
the target vehicl€Rummelhard, 2014Wang, 2020)

The risk being then estimated through a TTC approach by projecting object
trajectories to the futur@Baek, 2020)
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ADAS for tr ams:
and technol ogi

In 2009, the International Association ofPublic Transport(UITP)
highlights that the number of accidents per person transported by tram
compared to cars was four times loWdiTP, 2009) An update of this study
in 2016 emphasizes that the tram was six times s$h#r he car(UITP,
2016) suggesting that to further increase safety levels driver assistance
solutions would have been useful. The same conclusions are readigd in
Palma, 2020where it is shown how aADAS system applied to a tram,
properly programmed with environmental and travel parameters, would have
helped to avoid most of the collisions analysed.

Therefore,it appears necessary to define which ADAS technologies and
services to apply to the tram.

The current rail transport system is playing an essential role in driving
sustainable economic growth, providing access for passengers into and
between the major economic centres and fulfilling a vital position in the
supply chain(TSAG, 2010) According to the published data by UITP,

LRT and trams has enjoyed a renaissance since the new millennium, with no
less than 108 new cities (re)opening their first [DETP, 2019) As Figure

1.1 shows, Europe has traditionally been a leader in LRmd tram
development with 60 new systems, not including new lines in existing
systems and line extensions. Europe is followed by-Rsigfic and North
America with 20 and 16 new systems respectively.
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Figurelll .1 LRT and tram system opening per kidicade, 1982019

How to control the running dight-rail to achieve safeandmoreefficient
operation for dram andrailway system is a lontasting issue datig back to
the birth of rail transportatiorin modern metro systems this task is entrusted
to theAutomatic Train ControfATC) system: an integrated signalling system
that combines railway train control, supervisiamd management to help
drivers (or completely substituting drivers) control the train movements
automatically to guarantee the safe and efficient movement of railway trains
(Claudio, 2014)The target train stop fordarding ad alightingaligned with
theplatform doorsare also controlled bihe ATC.

Signal boxes and decentral ATC computers protect the train through
Automatic Train Protection (ATP) and the route by setting the sigdath a
rail system is separated from tb#her traffic areas by way of e.g. elevation,
fencing or a tunnel to ensure that it does not conflict with the surrounding
traffic, but it is not monitored by way of sensors. Usually, the functions of
relevance to the operational safety have been intebirsite the ATP system.

The driverless automatic driving is instead realibgdAutomatic Train
Operation (ATO)systemsThe operation of autonomous rail vehicles on an
in-street or segregated track formation can be based on the ATO logic, but
there is noignal box logic or ATP logic. Just as a tramcar operated on sight
by a driver, the rail vehicle fully depends on its own perception or assessment
and therefore it itself also must monitor the track and assess the situation
(autonomously). To fulfil this iguirement, it is equipped with eithRADAR,
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LiDAR or video cameras (mono or stereo), the signals/data of which are
evaluated and assessed in a separat®ard computer.

This approach introduced in this chapter and referring to tramcars is called
Tram Advanced Driving Assistance SystéimADAS).

To apply ATP system in tramway sector, a theoretical studies and field
tests are still being conducted to verify its feasibility and effectiveness due to
the absence, in most cases, of a protected railway lagerdi must move
like other vehicles and the ATcan be developed in abstraction to the
autonomous driving features and technologies that come from the automotive
sector.

In this chapter, a preliminary study for technological porting by managing
ADAS depending on th&oA is shown. The Grades/Levels of Automation in
automotive and railway systems are presented and compared each other. Then,
according tathe implication levebf a remote sensing system in each tram
driving task,GoA for trams are proposed.

These systemare designed to help the tram driver cope with potential
hazards by having a defensive driving. Therefore, the propGsadl
correlated to ADAS will be usefubtunderstand how tiseautomation ast
on the tram driver action and the Hurddachine System safety.

[1l.1 Automatic Train Control Systems

Automatic control systems and their affects to reduce the human error
problems are more attractive in recent years tdrabthe railway transport
systems duéo the growing traffidntensity and complexity of these systems.
ATC system is an automatic control algorithm to protect the trains from
collision (Siahvashi, 2010)n addition to colligon avoidance the following
items can be achieved using the ATC system:

1 Improve the performance of control and signalling systems
1 Increase the safety

1 Reduce the costs

1 Reduce the energy consumption.

According to the definition, an ATC systeoonsists of ATP, ATGand
Automatic Train SupervisionATS) (Chiusolo, 2011)as illustratedrigure
1. 2.
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ATC

AUTOMATIC

TRAIN CONTROL
A 4

ATP

AUTOMATIC

TRAIN PROTECTION
Y h J
ATS ATO
AUTOMATIC AUTOMATIC
TRAIN SUPERVISION TRAIN OPERATION

Figure Ill .2 Automatic Train Control

In particular, thefollowing features can be recognized for these three
systemqYin, 2017)

1 ATS system is responsible for monitoring the train movement to
ensure that the trains conform to an intended schedule and traffic
pattern.Specifically ATS system connects train dispatching and
train operation in urban rail systems that helps to avoid or reduce
damage resulting from system abnormalities and equipment
malfunctions by performing the following tasks: supervision of
train status, automatic wtng selection, automatic schedule
creation, automatic operations logging, statistics and report
generation and automatic system status monitoring.

T ATP system is a faitafe (vital) system, which is responsible for
the safe movement of individual traidsTP imposes speed limits
on the moving trains, not only to maintain a safe operating distance
between the trains, but also to comply with safety and speed
requirements. Once the train exceeds the speed limit, ATP will
automatically execute braking (or emency braking) order to
stop the train to keep safety.

T ATO system performs the dmard functions instead of a train
driver to ensure a smooth acceleration of the train to the running
speed, speed regulation and stopping the train at the destination
platform precisely. In normal situations, ATO is responsible for all
the train traction and braking control commands, and thus, it is a
key to the operational efficiency and profitability of train operation
systemgDong, 2010)

In Figure 111.3, the fundamental structure of a typical ATC system which
contains the ATP, ATO and ATS is shown.
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Train
cabin

- [

Figure Ill .3 Structure of Automatic Train Control system

ATO is responsible for all the tractioandbraking controls, as well as
parking and stopping operationas further illustrated byFigure IIl.4
(Yasunobu, 1986)Goodall, 2002)

Figure 11l .4 Operation of the ATO system: (a) train speed control, (b) train
stopping
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