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Abstract 

 

 

 

 
Mobility in smart cities is becoming smart as well, promoting on one hand 

transport modes based on zero-emission electrical technologies and, on the 

other, providing vehicles with technological solutions that support the drivers 

in driving operations. The two objectives that this strategy aims to achieve are 

both environmental sustainability and the reduction of deaths from road 

accidents. In 2019 only, road accidents in the European Union summed up to 

22.660 fatalities and 120.000 people seriously 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 3 of driving 

automation (SAE 3 levels) and many prototypes of self-driving vehicles are 

developing and circulating on our roads. From a medium-term perspective, all 

vehicles running in the smart city will be equipped with autonomous driving 

technology or advanced driving aids, including public transport vehicles, such 

as buses.  

Therefore, the winning keys for mobility in the cities of the near future are 

electrified transport solutions with assisted driving and the tram is the ideal 

candidate for this revolution of green and safe mobility.  

Trams are the combination of two worlds: railways and the road 

environment. In fact, unlike the other rail transport systems, use the same road 

infrastructure as cars, motorbikes, bikes but also pedestrians and will soon find 

themselves interacting with vehicles with increasingly higher autonomous 

driving levels. It is clear, therefore, that even for trams, the time is ripe to 

accommodate driving support systems. Indeed, the tram is experiencing a 

new spring today, due to its green nature that makes it a candidate for 

sustainable city mobility, and it will be the next candidate to host ADAS 

technologies. In this compound, tram manufacturers are moving towards the 

use and integration of automotive technologies and solutions, already 

available with a high level of maturity and reliability, based on Sensor Fusion 

and Perception Platforms. In fact, those 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 have been developed and a lot of commercial solutions 



Abstract 

VIII  

today are available. Among the ADAS, FCW-AEB (Forward Collision 

Warning - Autonomous Emergency Braking) systems represents the one with 

the highest percentage of crash avoidance effectiveness: FCW alone, low-

speed AEB, and FCW with AEB reduced rear-end striking crash involvement 

rates by 27%, 43%, and 50%, respectively. 

However, due to the very different braking distances, a careful analysis of 

the tram braking dynamics to identify the most suitable technological solution 

is necessary. 

The purpose of this thesis is to provide a contribution to the implementation 

of a driving assistance system designed for the tram, here called T-ADAS 

(Tram Advanced Driver Assistance System), both by analysing the 

technological aspects, and by developing a model for Estimation of the 

Distance to Collision (DCE ï Distance to Collision Estimation) fitted for the 

tram. 

In the thesis, the key elements of technological porting and the choice of 

functionalities for a T-ADAS system according to the Degrees of Automation 

indicated with GoAs (Grades of Automation) are initially investigated and 

defined. The degrees/levels of automation in automotive and railway 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 

potential hazards 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 tram is then analysed to define quantitative 

requirements for the design and validation of the Forward Collision Warning 

and Autonomous Emergency Braking systems that will have to guarantee 

compatible responses with the dynamics of trams, which are very different 

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) and real-time data (speed, 

weather conditions, and GPS) will allow the calculation of the safety braking 

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 data to 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 tram, the latter obtained 

from a test campaign carried out on vehicles manufactured by Hitachi Rail 

STS SpA in collaboration with an Italian transportation company (ANM ï 

Azienda Napoletana Mobilità SpA) that operates trams and public 

transportation in the city of Naples. 
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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 T-ADAS in the on-board 

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 integration of the T-ADAS 

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 thesis, the 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. 



 

 



 

 

Introduction 

 

 

 

 
Road accidents causes can mostly be connected to driver distraction or 

misjudgement of potential danger (Cioran, 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 Anti-lock Braking 

System (ABS) and the Electronic Stability Control (ESC) in the 1970s, and 

have contributed to reduce the number of road fatalities (Gietelink, 2007). 

Thanks to the technologies advances, the automotive industry increases to 

adopt sensors and microcontroller 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 are a first step towards Autonomous Vehicles (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 sector Autonomous driving, 

in the rail industry is in its infancy. 

The research activity on autonomous driving systems for trams, derived 

from the ñResearch to INspire the Future - REINForceò project in 

collaboration with the Engineering Department of the University of Salerno 

and Hitachi 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 respects, autonomous driving for 

trams is very similar to autonomous driving for cars, they 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 aspects of the problem are simplified by the rail-bound 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 rail-bound nature also makes 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 unsecured passengers. 



Introduction 

2 

More specifically, the thesis is arranged in: 

¶ Chapter I focuses on 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 level first and, in particular, on Europe then, which appears 

to be the largest investor in ADAS technologies. The specific types 

of road accidents involving the tram are also explained. 

¶ Chapter II refers to 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 III reports the degrees of automation 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 from the analysis of the technological 

and functional porting of the ADAS to the tram. 

¶ Chapter IV show a novel model to calculate safety distance for 

collision avoidance for tram, based on laws of motion, which takes 

into account the specific parameters of the tram and tramway. 

¶ Chapter V describes the implementation of the T-ADAS systems 

in the on-board Passenger Information Systems (PIS) and 

diagnostic tram network in a logic both for modern and revamped 

trams. 

The Ph.D. 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. 



 

 

 

 

Mobility in the cities: transport 

demand and safety hazard 

 

 
Economic and social transformations have rapidly increased mobility 

demand leading to a growth in car use, which has been aggravated by urban 

sprawl and new commuting needs: by 2030, most of the world's population 

will be concentrated in cities and this trend is destined to consolidate in the 

future. City planners are increasingly aware of the need to maintain a balance 

between facilitating 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 pollution, is considered 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 cost, which amounts roughly 1% of annual European 

Gross Domestic Product (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 to save time and 

resources, producing lower 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 importance 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 2050, 66% of the population will live in urban areas, up 

from 54% in 2014, and the cities will continue to concentrate more and more 

the wealth: while today cities above 300.000 inhabitants represent 31% of the 

world population and 50% of the world GDP, in the 2050 they will grow to 

37% and 56% respectively. 
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All this obviously determines an expected grow of the mobility demand: 

in the baseline scenario, it is 95% higher in 2050 than in 2015, reaching more 

than 50.000 billion passenger-kilometres in that year, Figure I.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 marginally increases, Asian 

cities, for instance, double in size will  represent 20% of the world population 

in 2050. Compared with 2015, the mobility by car will only grow 32% by 

2050 in OECD countries, against +185% in non-OECD countries, going to 

congest infrastructures that are already congested today. 

 

Figure I .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 electrified public mobility 

such as the tram (Ajanovic, 2021). This means that the baseline scenario, 

which mimics the current evolution of transport policies, is already quite 

restrictive for urban transport in some areas. Indeed, 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 changes are likely to remain small. Any effort to 

provoke a modal shift will struggle to make a real impact because the growth 

in demand for private cars is stronger. With 30 million additional cars arriving 

on the roads each year, changing modal shift by 1% remains a significant 

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 measured on a global scale. 
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However, as highlighted in (Moghaddam, 2017) and (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 additional source of CO2 mitigation, these measures 

help reduce congestion and can improve air quality. As well explained in 

(Chen, 2017), three fundamental scenarios are to be considered for the 

estimates both on the mobility demand and on the CO2 emissions: 

¶ Baseline, in the baseline scenario, no additional measure aiming 

at influencing travel demand and reducing CO2 emissions is 

implemented during the 2015-50 period. This scenario constitutes 

a business-as-usual reference for travel demand and CO2 

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. 

¶ 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 strategies. 

¶ 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 land-use policy. As land use and transport planning 

decisions interact, it is widely acknowledged that better 

coordination and integration are a prerequisite for sustainable 

development (OECD, 2017). In contrast to the ROG scenario, the 

LUT scenario anticipates higher supply of public transport, 

extensive deployment of mass transit and restrictions on urban 

sprawl in cities. 

The impact of public transport on Land-Use (and in general their 

interaction as the Transport Infrastructure Networks -TINs) depends on a 

considerable extent on exogenous factors which can influence their supply, as 

shown in Figure I.2. Major advances in TIN technology, such as the 

emergence of light rail or the tramways, have been declared as a major driving 

force of LU change (Xie, 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 improvement of major TINs. 
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Figure I .2 Transport land-use feedback cycle 

I.1.1 CO2 Emissions from mobility in the cities 

Emissions from transport in the cities have received a lot of attention 

because of the large impact that local pollutants can have on health. The 

quality of the outdoor air is a more immediate concern to the inhabitants of 

cities than CO2 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 I.3 shows, in the baseline scenario, the level of total CO2 

emissions in large cities in 2050 is 26% (419 Mt) higher that in 2015. Global 

emissions do not change between 2015 and 2030, due to the large fuel 

efficiency gains expected during the decade to come, 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 described in the IEAôs Mobility Model (Gorner, 2018). The 

world average fuel efficiency for on-road 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 2030 and 2050. 
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Figure I .3 CO2 emissions in cities by mode of transport 

Policy interventions, especially rigorous car pricing policies, lower transit 

fares and higher vehicle technology improvements introduced in the ROG 

scenario could intensely mitigate CO2 emissions from the urban passenger 

transportation sector. With solely the policy measures from ROG, the avoided 

CO2 emission could reach 397 Mt in 2030 and 886 Mt in 2050 compared with 

the baseline. The additional policies introduced in LUT scenario would further 

reduce the CO2 emissions by 48 Mt in 2030 and 104 Mt in 2050. Under the 

most effective policy scenario LUT, the global CO2 emissions level from the 

urban transport sector would be 26% lower in 2030 and 35% lower in 2050 

compared with 2015 levels. 

Private cars are the main contributor of CO2 emissions in cities, 

representing around 82% of all emissions in 2015 and around 75% in 2030 

and 2050. With the implementation of the policy measures 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 until 2050, 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 emit as much as cars in the ROG 

scenario in 2050; in the LUT scenario, buses even become the main 

contributor of CO2 emissions in 2050. CO2 emissions from urban rail are null 

in this model, as only tank-to-wheel CO2 emissions are considered and urban 

rail as a tram is assumed to be fully electric: tramway systems are considered 

green solutions to decrease Greenhouse Gas (GhG) emissions. According to 

the EU25 Electricity calculation model, the travel emission for a passenger car 

is 45 g CO2/km, 15 g CO2/km for a bus, and 5.45 g CO2/km for a tram 

(HengirmenTercan, 2021). Vice versa, a life-cycle analysis would increase the 

CO2 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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I.1.2 Road traffic fatalities 

The pandemic crisis due to COVID-19 has altered the trends and estimates 

of data regarding the global situation of accidents and road deaths. In this work 

we will consider as the latest reference data those relating to 2019. As clearly 

reported (ITF, 2019) the causes of death from road accidents in 2019 are 

ranked in tenth place globally with about 1.2 million victims. In accordance 

with the ROG and LUT policies described in the previous paragraph, which 

also contain safety aspects related to the management of the growing demand 

for mobility, these numbers are 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 States. 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 halving the number 

of road deaths by 2020 (relative to the 2010 baseline) will not be met, as shown 

Figure I.4. 

 

Figure I .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 in (ACI - Istat, 2020), there are strong signs of an 

increase in soft mobility, with an increase in e-bike sales and the spread of 

other forms of micro-mobility that contribute to the number of accidents. 
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Figure I .5 Road fatalities in Italy 

With focus on the Italian 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 I.6. The contribution lies in the investments for the 

increase of reserved lanes and the replacement of the fleet with more modern 

means. 

 
Figure I .6 Tram accidents in Italy 

European policies, more than in other parts of the world, have identified 

ADAS as the winning key for reducing road accidents. As shown in the Figure 

I.7, the penetration of ADAS in the market is destined to grow in the near 

future and Europe is its largest investor. Increased adoption of ADAS will 

drive the future growth of the automotive sector. The age of autonomous cars 

due to the recent advancements in technology and tech-savvy 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 feature of 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 I .7 Global ADAS Market by geography 

These same technologies enable the creation of fully AV, which have now 

also become a significant focus of research and development to high-tech 

players like Tesla, Microsoft, Apple, and Google. Many semiconductor 

companies, such as STMicroelectronics, are also participating in the 

automotive sector-now offering autonomous driving products or developing 

them. 

With advancements in Artificial Intelligence (AI) of things, Internet of 

Things (IoT) and with ever-growing dependence, the demand for cars is 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 

automotive 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 buses (Ye, 2021). The evaluation of 

migrating these systems 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 other vehicles (cars, bicycles, motorcycles, etc.), 

thus attracting development policies more thrust 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 safety risks affect the tramway systems.  

I.2 Safety hazard in trams: context analysis 

The use of 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 to improve the development of this transport vehicle and 

to plan principles on urban rail infrastructure design.  

$ Million 
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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 the 2018 annual report on Italian road accidents (Istat, 

2019) highlights how most accidents involving trams occur at intersections 

and straights due to greater interaction of cars, motorcycles and pedestrians, 

with tramway. More recent data have no meaning due to the COVID.19 

pandemic which has significantly reduced travel. 

Table I .1 Italian accident in 2018 involving tram 

Accident place Percentage occurrence 

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 transport (COST , 2015). 

The methodological approach led to separate discussions in two parts: the 

first one dealing with data collection, processing and evaluation tools, and 

accident scenarios, whereas the second one is 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 issues, but is also the most expensive part 

of the system and it 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 this way. In this thesis, we will 

understand safety as precautions to be taken to reduce the level of risk related 

to foreseeable accidents or injuries, such as the design and installation of an 

ADAS for trams (which will be called here T-ADAS). 

Keep in mind that improving tramway safety will play a part in improving 

road safety in general and for vulnerable users in particular. Tram drivers are 

trained in defensive driving techniques and are constantly vigilant of 

pedestrians and cyclists, and brake to prevent a collision. Evidence suggests 

that these emergency brake applications are often made because of acts by 

third parties, e.g. the road vehicle driver, pedestrians and cyclists. A useful 

indicator of a precursor to an incident (near-miss) is the number of emergency 

brake applications tram drivers must make (COST , 2015). However, 
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communication with the driver is needed to avoid the possible negative 

implications of recording Emergency Brake (EB). For example, if the driver 

is concerned that a sanction might be imposed on him, the number of EB 

applications might decrease, compromising safety. The numbers of EB 

applications by Luas (Dublin) drivers is shown in Table I.2. 

Table I .2 Annual statistics of emergency brake events at Luas, Dublin 

Emergency 

brake origin 

2005  2006  2007  2008  2009  2010  2011  2012  2013 

EB 

applications 

by driver  

940  747  540  435  350  374  478  414  446 

In 2013, road vehicles were the cause of 38%, pedestrians 27%, and cyclists 

4% of all EB. The number of EB is an indication of dangerous situations that 

can often lead to accidents. 

I.2.1 Common types of safety hazards 

The ADAS system could mitigate the number of EB 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 location, modes 

involved or time of occurrence. In the Table I.4, the reader is invited to answer 

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 analysis of a 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 was responsible. Based on this approach, accidents 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 can be considered. Causes of accidents, where a vehicle 

which could include a tram in some cases, is the responsible party: disrespect 

of traffic light, non-permitted turn (left or right), visibility problems, non-

awareness of tram presence, traffic-light regulation problem. 

Causes of accidents, where cyclists or pedestrians are the responsible party: 

disrespect of traffic light, crossing outside the pedestrian crossing, non-

awareness of tram presence. 

Once this distinction was made, we define potential interaction points, as well 

as the potential conflicting users for every one of them. 
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Table I .3 Potential interaction points 

Interaction point ID  selection 

pedestrians cars cyclists 

Road junctions (cars and cyclists) with tramway  X X 

Road junctions (cars and cyclists) with a left turn  X X 

Roundabouts  X X 

Tramway segregation along the street (lanes and 

sidewalks) 

X X X 

Tramway perception on mixed streets (cars and 

cyclists) 

 X X 

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 tram drivers) X X X 
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Table I .4 Possible accidents for various situations 

WHAT ? WHERE? WHEN? WHO? HOW? 

WHY? 

(DIRECT 

CAUSE) 

WHY? (ROOT 

CAUSE) 

Near miss Tram stop Peak hour Tram Vs. Bus 
Parking 

manoeuvres 

Infrastructure 

problem 

Infrastructure 

design 

Collision 

with other 

motor-

vehicle 

Running sections 

(excluding 

junctions) 

Off-peak hour on 

weekday 

(daytime) 

Tram Vs. 

Private car 

Prohibited or 

unexpected 

movement 

Disregard for 

traffic rules 

or unsafe 

driving 

Human factor 

(pedestrian) 

Collision 

with 

pedestrian Roundabouts 
Weekend or 

holiday 

(daytime) 

Tram Vs. 

Heavy road 

vehicle 

Vehicles 

travelling 

same 

direction, 

same lane 

Weather 

conditions 

Human factor 
(private vehicle 

driver) 

Collision 

with bike 

user 

Signal controlled 

junction 

Night-time Tram Vs. Bike 

Vehicles 

travelling 

same 

direction, 

different lane 

Vehicle 

problem 

Bad 

maintenance 

(vehicle, 

infrastructure) 

Collision 

with object 

(inc. parked 

car) 

Uncontrolled 

junctions 

During a special 

event 

Tram Vs. 

Pedestrian 

Vehicles 

travelling 

different 

direction (no 

left turn) 

Drugs or 

alcohol 

Inadequate 

training of 

tram driver 

No collision 

but injuries 

Pedestrian 

orcycle crossing 
Other Other Road vehicle 

turning left 

Security 

issues 

(deliberately 

caused) 

Unclear or 

unsafe 

operational 

procedures 

Other 
Depot or other 

reserved area ï ï 

One vehicle 

stopped or 

parked 

No apparent 

cause or 

other 

Other 

ï  ï ï ï 

People 

waiting, 

entering or 

exiting tram 

ï ï 

ï ï ï ï 

People 

crossing the 

tram line or 

walking over 

the tram line 

ï ï 

ï ï ï ï Other ï ï 
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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 as such by other road 

users. 

I.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 enhancing the 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, T-ADAS for active safety protection methods of 

tram becoming a crucial issue and acquire much more attention. 

The safety assessment methods can be stochastic based algorithms and 

deterministic ones. 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 methods, which cause a large amount of calculations. 

Moreover, it is a posteriori analysis. Thus, the stochastic based assessment 

method is still being studied yet and cannot provide a real-time control 

strategy for the active safety of tram. The deterministic algorithms usually 

consider several kinds of specific scenarios, which can assess the current risk 

degree by some parameters such as collision time, braking distance, etc. 

The proposed assessment active safety framework in this paper based on 

the characteristics of the braking behaviour of the trams in the real world, as 

a real-time risk assessment method, can provide a basic function for the 

avoiding Forward Collision (FC) strategies in the modern or revamped tram.  

As shown in Figure I.6, through analysing the status of movement objects 

in the surrounding environment and considering the dynamic characteristic of 

the tram, we can get the safety assessment model for the collision avoidance.  
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Figure I .8 The framework of assessment for tram active safety 

As seen on the potential 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, the rear-end 

collision, the lateral collision and overspeed. 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. 

 

Figure I .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 in the Figure I.7: the 

unidirectional object (forward object) in front of the tram, with s is the current 

distance between the tram and the forward object, ὺ and ὺ represent the 

current speed of the tram and the forward object, respectively. When ὺ > ὺ, 

collision may occur. 
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 (I.2) 

Ὑ is the risk estimation function for potential hazard can be interpreted as 

function of following parameters, ὥ indicates the maximum deceleration with 
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the real-time state of the tram. The Ὤ and Ὤ are the hazard indexes of tram 

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 acceleration, etc. ȹ is the extra margin of braking in 

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 

model-based calculation of the stopping distance that considers the key 

physical parameters of the tram and tramway, allowing ad hoc 

parameterization of the ADAS to make the FCW and AEB functions more 

reliable.  

The proposed approach is composed of two phases: the first is the 

evaluation of which ADAS functionalities can be adapted to the tram vehicle; 

the second concerns the calculation of the stopping distance of the tram which 

defines the operability characteristics of the FCW-AEB system. 

The thesis is organized as follows: 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 in high-speed 

railway and metro, based on the Automatic Train Protection (ATP) system to 

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 calculates the safety distance starting from the stopping distance 

increased by guard bands. In the final part we will see how the T-ADAS 

system can be integrated into the on-board network of the tram to exchange 

information on the TCMS and the PIS buses. 

The basic idea developed in this 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 studies in driverless 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. Furthermore, the fixed rail 

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 distance for a specific tram 

(SirioÊ model), compared then with literature one and real values of braking 
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acquisition on tramway in the city of Naples. The thesis ends with the 

integration analysis of the T-ADAS in the on-board communication network.



 

 

 

 

Advanced Driver Assistance 

Systems (ADASs) 

 

 

 

 
The previous chapter has shown the scope of this thesis, which is further 

explored in this chapter. The goal of this chapter is to outline quantitative 

requirements of Advanced Driver Assistance Systems to better define the 

examination of technological porting to the tram. 

This chapter starts with a brief overview of the state of the art of the 

ADASs. Then, once the different ADASs functionalities and models are 

explained, the related environmental sensors are described. Furthermore, as 

the sensors are the key components of the self-driving vehicles, the fusion of 

the information from the sensors and their proper interpretation followed by 

control of the vehicle has the central point in the autonomous driving. 

II.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 high, due to the growing amount of 

traffic in cities and driving inattention due to the use/misuse of smartphones. 

European Commission, national governments and vehicle manufactures 

have over the years promoted several projects and programs with the common 

goal of reducing the number of fatalities and injuries in road traffic 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 and overview of 

ADAS field have been made (Adomat, 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 information systems), 
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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 process (pre-crash, 

crash, post-crash) are often used for the classification of the driver-assistance 

systems. When the kinematical control of the vehicle is attempted, these 

systems are classified in lateral or longitudinal control ones, according to the 

support they give to the guidance of the vehicle. Other classification are less 

user and vehicle oriented and more impact oriented as in (Rendon, 2010), 

where the systems are classified according to high and low road safety and 

traffic efficiency impact. 

Figure II -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.  

 

Figure II .1 ADAS roadmap for applications and technologies 

Since this field of research is very broad, this chapter only gives a summary 

of the ADAS control algorithms and technologies that are relevant for this 

thesis. The state-of-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 potential (Rendon, 2010). 

II.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 before a collision 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 rear-end crashes. The 

results of traffic accident data analysis recognize this system as the most 

effective for preventing rear-end collisions (Baek, 2020). Typical FCW 

systems are based on sensors measurements from RADAR and LIDAR. More 

recently, as shown in (HAN, 2016), there are also camera-based and sensor 

fusion-based applications. 

As will be explored in Chapter IV, this system mainly works with the 

measurement of Time 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 systems, where the 

trajectory prediction is performed with a Kalman filter and TTC, is used for 

the collision risk indicator. A rear-end collision warning model based on a 

neural network approach is presented in (Xiang, 2014), where participating 

vehicles are assumed to be moving in the same lane. 

II.1.2 Autonomous Emergency Braking systems 

The goal of Autonomous Emergency Braking (AEB) is to avoid or mitigate 

collisions due to a driverôs lack of attention or misjudgement.  Some automatic 

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 sensors. 

The AEB system based on commercial RADAR is discussed in (Kim, 

2016) and has been widely used in many other AEB research studies. Another 

widely used AEB sensor in the commercial car is LIDAR (Wallner, 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 vary depending on the vehicle 

manufacturer, it can be summed in four steps, which describe the general 

procedure (Cioran, 2015): 

¶ Identify critical situations: AEB determines hazardous situations by 

using data provided by environmental sensors, such as cameras, 

RADAR or LIDAR, combined with information about vehicle states. 

¶ Prepare the braking system and warn the driver: after a critical 

situation is recognized, the AEB pre-fills the brake circuit with fluid, 

making contact the linings with the discs. In this way, the system is 

ready to apply full braking about 30 ms earlier, either if requested by 
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the driver or automatically, significantly shortening braking 

distances. Moreover, the FCW system warns the driver that a collision 

might occur by a combination of both visual and auditory signals. 

¶ 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 deceleration request up to 

4 m/s2. 

¶ 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 to -10 m/s2. 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 passengerôs wounds. 

II.1.3 Adaptive cruise control systems 

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 ACC-equipped 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 vehicle states parameters and RADAR sensors data, 

ACC determines the ahead vehicle's velocity and, acting on throttle/brake, it 

regulates own vehicleôs speed to keep a safe distance between the two 

vehicles. For driver comfort, when regulating speed or following distance, the 

control system is normally limited to using significantly less than the vehicleôs 

maximal deceleration and acceleration capacity. For this reason, ACC is not 

an active safety system. 

The main Adaptive Cruise Control benefits are to: 

¶ Improve traffic flow and driving comfort maintaining accurate safety 

distances based on instantaneous speed. 

¶ Reduce fuel consumption and trip time. 

¶ Use lower acceleration and deceleration rates than standard non-

equipped vehicles, reducing safety-critical situations. 

As illustrated in Figure II .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 error Ὡ ὼ ὼ and the speed tracking error 

Ὡ ὺ ὺ to zero.  

The ACC cruise control velocity function ensures that the speed ὺ  set 

by the driver is maintained, by applying an acceleration ὥ  given by a simple 

proportional controller law: 
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ὥ Ὧ ὺ ὺ  

where Ὧ π is the proportional gain for the velocity error ὺ ὺ. 

 
Figure II .2 Schematic representation of an ACC system 

Standard ACC is turned off automatically when the vehicle velocity drops 

below 30 km/h (Land Rover, 2018) and cannot detect stationary objects or 

pedestrians.  

An extension of the ACC is the Cooperative Adaptive Cruise Control 

(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 maintain 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 vehicle and to perform the best driving conditions 

over the next kilometers with the aim of fuel-saving 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, fuel consumption and 

CO2 emissions can be reduced by almost 4%, specifically over hilly roads 

(Kavurucu, 2017). 

In conclusion, the ACC is a ócomfortô functionality as it can reduce the 

workload of the driver during his driving task. 

II.1.4 Traffic Sign Recognition systems 

The automatic Traffic Sign Detection and Recognition (TSDR) system is 

very important research in the development of ADAS, which is designed to 

provide drivers with vital information that would be difficult or impossible to 

come by through any other means (Guo, 2018). Investigations on vision based 

TSDR have received substantial interest in the research community, mainly 

motivated by three functionalities: detection, tracking and classification. The 

road traffic images are captured by cameras and/or LIDAR installed on the 

cars, and the traffic sign detection aims to extract the Region of Interest (RoI) 

of traffic sign from the current road traffic images. However, in the daily 

natural conditions, 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). 

 

Figure II .3 Block diagram of TSDR system 

A good TSR correctly classifies a given image patch within a pre-formed 

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 recognition phases. 

In (Wang, 2014) is 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 edge information is 

conducted. This method achieved good detection results but was only 

applicable to red circular traffic signs, which had some limitations. In (Hechri, 

2015) is used the template matching method to match the traffic signs. By 

setting the sliding window of the same size as the traffic signs, the useless 

parts of non-traffic signs in the current road scenes were removed. However, 

considering that the signals have different shapes and sizes in the countries in 

the world, many studies are being carried out. 

Traffic sign classification method based on extreme learning machine is 

described in (Sun, 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 accuracy. In (Qian, 2015) trained the traffic sign 

data by using the regional depth Convolutional Neural Network (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 in (Sun, 2019), 

improve the accuracy of the signal detection and classification steps, and, thus, 

the real-time performance. 

Image enhancement is the basic operation method of image pre-processing. 

Image enhancement technology is to make unclear messages from the image 

clear to obtain the important 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, which contains the pixels 

around it, and replaces the original pixel value with the average of the pixels 

in the template. The mean filtering formula is: 

Ὣὼȟώ
ρ

ά
ὪὼȢώ (I.1) 
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where Ὣὼȟώ is the gray value of the processed image at this point, Ὢὼȟώ is 

the current pixel to be processed, and m is sum of all pixels containing the 

current pixel in the template. 

II.1.5 Lane Keeping Assistance System 

As a typical function of advanced driving assistance systems, Lane-

Keeping Assistance systems (LKAs) aim to prevent unintended lane 

departures by detecting lane markings and steering the vehicle. 

The lane detection system is a vision-based system based on a lane-

departure procedure, which is a driver assistance system (Liu, 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 marking. By means of adopting the road geometry model, 

the deviation to lane boundary will be calculated. 

 

Figure II .4 LKA typical function 

Many works of literature proposed lateral control algorithms to obtain 

better path tracking performance. 

As an example, Volvo (Volvo, 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 side-line then LKA will actively steer the car back 

into the lane with a slight steering torque in the steering wheel. If the car 

reaches or crosses a side-line, 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 of the 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 LKS, the visual attention toward the forward roadway could be 

reduced (Llaneras, 2013). This can lead to hazardous driving situations if the 

lane detection capabilities of LKSs are not reliable. To address this issue, in 

(Son, 2015) is proposed the concept of predictive virtual lanes for normal lane-

keeping operation when the lane detection module is momentarily 

unavailable. In (Saito, 2016) is designed a dual control scheme to perform 

safety control and identification of the driverôs state simultaneously. 

 

Figure II .5 Virtual lane recognition in LKA 

II.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, increasing attention is being paid to Driver Status Monitoring 

systems (DSMs) equipped with vision sensors, Steering Angle Sensors 

(SASs), and physiological sensors (Kim, 2019). 

The driverôs physiologic signals during driving are characteristic features 

closely related to recognizing distraction or drowsiness. The driver monitoring 

system using physiological measurement provides high accuracy and can be 

implemented in real-time (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 intrusive (Kong, 2015). Therefore, 

most DSM systems are camera based.  

At present, the most commonly used non-contact physiological parameters 

measurement methods are: 

¶ doppler measurement based on micro or millimetre wave (Greneker, 

1997) 

¶ laser doppler measurement (Ulyanov, 1993) 

¶ infrared imaging measurement (Garbey, 2007) 
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¶ 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 driverôs gaze in subdivided gaze zones, and 

on the closing time of the eyelids as shown in Figure II-6 

 

Figure II .6 Head and eye direction monitoring 

II.2  Environmental-Recognition Sensors for ADAS 

The Main sensors used for this in automobiles are RADAR, Camera, 

LiDAR, ultrasonic sensors, and IR sensors. A brief survey of the technical 

trend of ADAS sensors features will be given below. 

II.2.1 RADAR Sensor 

Radar systems work in millimetre wavelengths; these are used in a wide 

variety of military and civil applications, such as aerial, marine, or terrestrial 

threat detection systems, shooting systems, and airports or meteorological 

systems. The ADAS for smart vehicles and the need to increase road safety 

have triggered the use of this type of device in the automotive. RADAR 

systems for intelligent vehicles work at frequencies of 24/77/79 GHz and with 

chirp sequence in a Frequency Modulated Continuous Wave (FMCW), known 

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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Figure II .7 Typical automotive millimetre-wave RADAR 

The radars, not 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 new RADARs for vehicles use an array of micro antennas capable 

of generating a set of lobes that allow improvement of the range and a 

processing system for the detection of multiple targets. 

Range millimetre-wave 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 short-range targets in front, to the side, and to the 

rear side of vehicle. For this reason, they are used in several ADAS systems.  

The basic waveform that the FMCW radar transmits and receives is the 

triangle waveform and it is shown in Figure II.8. 

 

Figure II .8 Basic waveform of FMCW radar 

The waveform consists of an up-ramp and a down-ramp, and the beat 

frequencies available in each ramp are denoted by Ὢ  and Ὢ . The time delay 

between the transmitted and the received signal is denoted by ὸ, and Ὢ is the 

doppler frequency caused by the relative velocity of the target. The bandwidth 
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of the waveform, the period of one ramp and the carrier frequency are 

represented by B, T and Ὢ, respectively.  

RADAR can significantly improve vehicle safety performance and reduce 

the decision-making burden of people 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 bouncing of the emitted signal. 

II.2.2 Camera Sensor 

In the perception system of AV 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 known as an 

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 processing of Regions of RoI; 

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 

quality in low light environments.  

The differences of both technologies begin to overlap, and it is expected 

that in the future, CMOS technology will replace CCD. VIS cameras capture 

wavelengths between 400 nm to 780 nm, same as the human eye can. The 

visible spectrum is divided into three bands or channels: Red, Green and Blu, 

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 low-cost, high-quality colour information, 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 signs detection. VIS cameras are 

highly affected by variations in lighting conditions, rain, snow, or fog 

conditions and for this reason are combined with RADAR and LiDAR 

technologies to increase its robustness. The combinations of two VIS cameras 

with a known focal 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 II .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 and dynamic lighting 

technology, can process high-contrast images. 

II.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 emissions are in infrared ranges (905 nm or 1550 nm). Emissions 

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 aqueous liquid of 

the eye to totally filter this wavelength, making them less harmful than LiDAR 

at 905 nm.  

Lasers used for vehicles belong to so-called first class and are safe under 

all conditions of normal use. LiDARs use the Ὕ principle to carry out the 

measurement of distance between emission and reception. These can be 

classified according to the type of information they obtain from the 

environment in 2D or 3D LiDARs; otherwise, it can be classified according 

to their construction rotary or solid-state LiDAR. The 2D LiDAR 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 a high-resolution 3D map of the environment; for that purpose, they 

use a set of diodes lasers mounted on a pod that rotates at high speed. The 

number of lasers installed in the pod determines the accuracy of the point 

cloud obtained in each turn. Currently we can find 3D LiDARs that integrate 

from 4 to 128 lasers or channels with a horizontal FOV of 360° and vertical 

FOV that oscillates between 20°-45° with accuracy 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 by weather 

conditions such as rain, snow, fog, or 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 beams. The maximum detection capacity depending on 

the type of reflectivity of the material to be detected is presented in the 

datasheet provided by the manufacturer. 

 

Figure II .10 Operating schemes: (a) Rotating 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 solid-state LiDAR. Solid state LiDAR allows a 3D 

representation of the scene to be obtained around the LiDAR without the use 

of mobile parts in the device. For that, the micro-mirror reflects the beam over 

a diffuser lens, which creates a vertical line that touches the objects. The light 

reflected is captured by a lens and is sent to a photodetector array to 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 rotary LiDAR. The trends in perception system are replacing the current 

rotating 3D LiDAR by a set of solid state LiDARs integrated around the 

vehicle. 

II.2.4 Ultrasonic Sensors 

As its name indicates, ultrasonic sensors use sonic waves, in the range of 

20 kHz to 40 kHz, generated by a magneto-resistive membrane, to measure 

the distance to an object. Its principle of operation is based on the 
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measurement of the time of flight Ὕ of the sonic wave from when it is emitted 

until the echo is received: 

Ὠ
ὧ

ς
Ὕ 

where ὧ is the wave speed in meters per second, and Ὕ 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 measurement sensors at 

low speeds. These low-cost 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 produce false positives by bouncing, and a blind 

zone (blanking) in the measurements, located between the sender element of 

the sensor and the minimum range. 

II.2.5 V2X Communication System 

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.) (Földes, 2016).  

Vehicle to Everything (V2X) communication 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, vehicle-to-network for real-time traffic updates, and vehicle-to-

pedestrian for pedestrian signalling. State-of-the-art V2X communication is 

based on either Dedicated Short-Range 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 DSRC-based secure V2V and V2I communication 

(Vivek, 2014). 

II.3  Levels of Driving Automation: a SAE standard 

Union of Concerned Scientists (UCS) defines AV as follows: ñSelf-

driving vehicles like cars or trucks in which human drivers are never required 

to take control to safely operate the vehicleò (Rosique, 2019). However, the 

standard way to discuss AV is to talk about ñself-driving levelsò, 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 the vehicles without any automation to 100% 

autonomous driving.  
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SAE J3016 provides a taxonomy describing the full range of levels of 

driving automation in on-road motor vehicles (Williams, 2021) as shows 

Figure II.11. These levels help measure how advanced the technology of a 

certain autonomous car is (Inagaki, 2018). This has opened up numerous fields 

of research and development that, although end up being interconnected, 

correspond to very diverse areas. 

 

Figure II .11 SAE J3016 levels of driving automation 

Let's look at these levels in more detail: 

¶ Level 0: Most vehicles on the road today are Level 0: manually 

controlled and without any automation. The driver provides the 

"dynamic driving task" although there may be systems in place 

to help the driver. An example would be the ABS system since 

it technically doesnôt "drive" the vehicle, it does not qualify as 

automation. 

¶ Level 1: The driver is 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 form of the 

support to the driver. The Level-1 automated system may 

include features such as ACC, AEB, Parking Assistance (PA) 

with automated steering, and LKA systems that will actively 

keep the vehicle in the lane unless the driver is purposely 

changing lanes. Level-1 is the most popular form of what can 

reasonably be considered ñself-driving technologyò. Since Level 

1 does not control the vehicle under normal circumstances, it 

requires the least amount of processing power of the autonomous 

systems. 

¶ 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. However, under a reasonably well-defined set of 

circumstances, the autonomous driving systems execute all of 
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the accelerating, braking, and steering activities. If  a driver feels 

the situation is becoming unsafe, they are expected to take 

control of the vehicle and the automated system will deactivate 

immediately. 

¶ 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 freeways or closed campuses, drivers can safely turn their 

attention away from the driving task and start reasonably doing 

other. Level 3 vehicles have ñenvironmental detectionò 

capabilities and can make informed decisions for themselves, 

such as accelerating past a slow-moving 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. 

¶ Level 4: The key difference between Level 3 and Level 4 

automation is that Level 4 vehicles 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 system only 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 travel from one destination to another on a 

variety of public and private roads without ever having to assume 

control of the vehicle. 

¶ 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 wonôt even have steering wheels or 

acceleration/braking pedals. They will be free from geo-fencing, 

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 II.12 shows the market penetration of vehicles equipped with 

ADAS systems. By 2045 more than 70% of all vehicles sold will integrate 

autonomous capabilities (Litman, 2021). This report is based on the 

automotive field only. We wonder what the prospects would be in terms of 

market penetration, sustainability, safety, and performance, if these systems 

were applied in other sectors such as public transport by tram. 
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Figure II .12 Market penetration of ADAS vehicle 

II.4  Sensor Fusion and Perception Technology 

Sensor fusion is an essential technology of 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 in (Lundquist, 2011), the sensor fusion helps to 

develop a consistent model that can perceive the surroundings accurately in 

various environmental conditions. For instance, camera and RADAR fusion 

may provide high-resolution images and the relative velocities of the detected 

obstacles in the perceived scene.  

Starting from the previous description on environmental sensors, it is 

possible to qualitatively summarizes in Table II .1 the strengths and 

weaknesses of the commonly utilized perception-based sensors in AVs, such 

as camera, LiDAR, and RADAR. The ñṉò symbol is used for the sensor 

operates competently under the specific factor; the ñ~ò symbol indicates that 

the sensor performs reasonably well under the specific factor, whereas the ñǇò 

symbol indicates that the sensor does not operate well under the specific factor 

relative to the other sensors. 

In literature the research on multi-sensor fusion systems in AVs for 

environment perception and object detection is well-established (Yeong, 

2021). 

A survey conveyed by (Wang, 2019) showed that the camera-RADAR 

sensors combination is the most employed in the multi-sensor fusion systems 

for environment perception, followed by camera-LiDAR-RADAR and 

camera-LiDAR. 
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Table II .1 Comparison of the commonly employed sensors in self-driving cars 

Factors Camera LiDAR  Radar 

Range ~ ~ ṉ 

Resolution ṉ ~ Ǉ 

Distance 

Accuracy 
~ ṉ ṉ 

Velocity ~ Ǉ ṉ 

Colour 

Perception, e.g., 

traffic lights 
ṉ Ǉ Ǉ 

Object Detection ~ ṉ ṉ 

Object 

Classification 
ṉ ~ Ǉ 

Lane Detection ṉ Ǉ Ǉ 

Obstacle Edge 

Detection 
ṉ ṉ Ǉ 

Illumination 

Conditions 
Ǉ ṉ ṉ 

Weather 

Conditions 
Ǉ ~ ṉ 

The the first pair of sensors combination offers high-resolution images 

while obtaining additional distance and velocity information of surrounding 

obstacles, as in the case of Tesla that utilizes the camera-RADAR sensors 

combination and other sensors, such as ultrasonic sensors, to perceive vehicle 

surroundings (Tesla, 2021). Similarly, the camera-LiDAR-RADAR sensors 

combination can provide resolution at a greater range, and precisely 

understands the surroundings through the LiDAR point clouds, and depth map 

information; it also improves the safety redundancy of the overall autonomous 

system, as described in (NAVYA, 2021) where a combination of these three 

sensors is used for environment perception in their AVs. 

In (Rosique, 2019) the authors highlight the characteristics of goodness of 

the sensors on a larger scale of 10 points. In detail the quantification has been 

carried out using ten scores which reflect the general characteristics of the 

sensors on the market and simplify the process: 0 for none, 10 for high. Figure 

n shows a summary of the advantages and disadvantages of the principal 

sensors analysed in this section. The spider chart of features sensors show that 

a perfect 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, maintenance, visibility, and price. This 

comparison offers a clear overview of the sensorsô strengths and weaknesses. 
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Figure II .13 Features comparison of the principal sensors 

The need for sensor fusion lies in the limitations of each sensor with respect 

to some characteristics.  

The increase in performance obtained from the fusion of data from multiple 

sensors working independently and asynchronously is also due to the fact that 

the sensors are typically mounted in different positions of the vehicle, so their 

integration allows for a wider perception of the environment. In order to 

perform sensor fusion, the sensors require a common understanding of time 

and space and a standardized data interface (Steinbaeck, 2017), as shown in 

the block diagram of the Figure II.14. 

 

Figure II .14 Typical sensor fusion architecture 
 



 Chapter 2 ï Advanced Driver Assistance Systems (ADASs) 

37 

 

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 vehicle (Rummelhard, 2017) (Wang, 2020).  

The risk being then estimated through a TTC approach by projecting object 

trajectories to the future (Baek, 2020).



 

 

 

ADAS for trams: spread analysis 

and technological porting 

 

 

 

 
In 2009, the International Association of Public Transport (UITP) 

highlights that the number of accidents per person transported by tram 

compared to cars was four times lower (UITP, 2009). An update of this study 

in 2016 emphasizes that the tram was six times safer than the car (UITP, 

2016), suggesting that to further increase safety levels driver assistance 

solutions would have been useful. The same conclusions are reached in (Di 

Palma, 2020) where it is shown how an ADAS 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 the UITP, 

LRT and trams has enjoyed a renaissance since the new millennium, with no 

less than 108 new cities (re)opening their first line (UITP, 2019). As Figure 

III.1 shows, Europe has traditionally been a leader in LRT and tram 

development, with 60 new systems, not including new lines in existing 

systems and line extensions. Europe is followed by Asia-Pacific and North 

America with 20 and 16 new systems respectively. 
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Figure III .1 LRT and tram system opening per half-decade, 1985-2019 

How to control the running of light-rail to achieve safer and more efficient 

operation for a tram and railway system is a long-lasting issue dating back to 

the birth of rail transportation. In modern metro systems this task is entrusted 

to the Automatic Train Control (ATC) system: an integrated signalling system 

that combines railway train control, supervision, and 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 for boarding and alighting aligned with 

the platform doors are also controlled by the ATC.  

Signal boxes and decentral ATC computers protect the train through 

Automatic Train Protection (ATP) and the route by setting the signals. Such a 

rail system is separated from the other 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 integrated into the ATP system. 

The driverless automatic driving is instead realized by Automatic Train 

Operation (ATO) systems. The operation of autonomous rail vehicles on an 

in-street or segregated track formation can be based on the ATO logic, but 

there is no signal 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 requirement, it is equipped with either RADAR, 
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LiDAR or video cameras (mono or stereo), the signals/data of which are 

evaluated and assessed in a separate on-board computer. 

This approach introduced in this chapter and referring to tramcars is called 

Tram Advanced Driving Assistance System (T-ADAS). 

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 lane. The tram must move 

like other vehicles and the ATP can 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 the GoA is shown. The Grades/Levels of Automation in 

automotive and railway systems are presented and compared each other. Then, 

according to the implication level of a remote sensing system in each tram 

driving task, GoA for trams are proposed. 

These systems are designed to help the tram driver cope with potential 

hazards by having a defensive driving. Therefore, the proposed GoA 

correlated to ADAS will be useful to understand how those automation acts 

on the tram driver action and the Human-Machine System safety. 

III.1  Automatic Train Control Systems 

Automatic control systems and their affects to reduce the human error 

problems are more attractive in recent years to control the railway transport 

systems due to the growing traffic intensity and complexity of these systems. 

ATC system is an automatic control algorithm to protect the trains from 

collision (Siahvashi, 2010). In addition to collision avoidance the following 

items can be achieved using the ATC system: 

¶ Improve the performance of control and signalling systems; 

¶ Increase the safety; 

¶ Reduce the costs; 

¶ Reduce the energy consumption. 

According to the definition, an ATC system consists of ATP, ATO and 

Automatic Train Supervision (ATS) (Chiusolo, 2011), as illustrated Figure 

III. 2. 
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Figure III .2 Automatic Train Control 

 

In particular, the following features can be recognized for these three 

systems (Yin, 2017): 

¶ 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 routing selection, automatic schedule 

creation, automatic operations logging, statistics and report 

generation and automatic system status monitoring. 

¶ ATP system is a fail-safe (vital) system, which is responsible for 

the safe movement of individual trains. ATP 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 emergency braking) order to 

stop the train to keep safety. 

¶ ATO system performs the on-board 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 

systems (Dong, 2010). 

In Figure III.3, the fundamental structure of a typical ATC system which 

contains the ATP, ATO and ATS is shown.  
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Figure III .3 Structure of Automatic Train Control system 

ATO is responsible for all the traction and braking controls, as well as 

parking and stopping operations, as further illustrated by Figure III.4 

(Yasunobu, 1986) (Goodall, 2002). 

 

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

stopping 
 




























































































































































