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Abstract 

The Self-Driving car has been attracting a great deal of attention in recent years, thrust by 

huge developments from major car companies. The design, implementation, testing, and 

deployment of self-driving features are changing road safety and will help to create a 

worldwide safer mobility environment in the next years. Unfortunately, the current price of 

these systems is really high, and only the premium cars have the State of the Art safety 

systems. Therefore, most of the cars on the roads do not have Advance Driver-Assistance 

Systems (ADAS). This thesis describes the design process of an automotive safety system 

which addresses vehicles without any driving automation system.  

The thesis project is divided in three stages. The objectives of this thesis are addressed to 

show the individual development of each stage and to describe how the three stages are 

related, although all of them are focused in different areas.      

The first stage describes the design methodology for the conceptual design of an automotive 

safety system. The second stage is about exploring new horizons, new opportunity areas 

and how to improve the conceptual design. It will be shown how Artificial Intelligence, 

especially Deep Learning approaches, could generate better results for some of the system 

functions, therefore, the overall performance of the system will be upgraded. The third stage 

is about how to address and study one of the most important human factors, the “trust” issue. 

Extensive evidence indicates that User Experience topics as acceptance, perceived 

usefulness and intention to use systems or products are strongly modulated by trust. As a 

result, this stage contributed to the conceptual design of a study for measuring the 

correlation between drivers’ trust and drivers’ gaze behavior on an advanced driving 

simulator. 

The work on this thesis will benefit future research and product design process concerning 

the implementation of a retrofittable automotive safety technology, allowing to create a new 

driving experience which will help to increase the worldwide road safety levels.  
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I. First Stage: GlobalDrive 

GlobalDrive is an international student project offered by the chair of Automotive 

Technology at Technical University of Munich (TUM). Three teams made up of four 

German students and four students from a partner university are built to work on 

three different problems. Additionally, each team will be supported by an industry 

partner. Without being narrowed down by specific requirements from the side of 

university or industry, the students are encouraged to be open-minded to come up 

with new creative solutions addressing their project’s challenge. 

For the project called “Safety Cloud”, the partner university was Universidad 

Nacional Autónoma de México and Autoliv B.V. & Co. KG [112], the industrial 

partner. I worked in this team with my Mexican teammates (2016: Arenkkar 

Fernández, Alan Reyes and Pamela Esquivia. 2017: Anahí Velázquez, Carlos 

Canchola and Pamela Esquivia) and my German teammates (Antonia Hüfner, 

Clarissa Böker, Julian Kreuzer, and Simon Pöllmann). The team had two 

supervisors, one on the German side (Johannes Wallner) and a Mexican teaching 

team (Dr. Alejandro Ramírez, Dr. Vicente Borja, I.D. Yesica Escalera, Ar. Arturo 

Treviño and Dr. Marcelo López).  

In this stage, it will be shown how was the GlobalDrive design process to create a 

conceptual design for an automotive safety system. In this stage, research was done 

about driver’s concerns and issues, road accident statistics, current Advance Driver-

Assistance Systems (ADAS), benchmarking, interviews and surveys. With this 

research, it was possible to find some factors that have high relevance to the drivers, 

some issues and situations that drivers in Mexico City are affronting every day and 

how to address these issues.   
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1. Introduction 

1.1. Problem Description 

Road safety is about people. Every day, millions of people use the road 

infrastructure: by walking, driving or riding a bicycle. Last year, almost 1.25 million 

people did not make it home; between 20 and 50 million people came home with a 

life changing or severe injury [37]. Every fatal or severe crash on the roads is a 

tragedy. It is a shared responsibility to take road safety seriously.  

While human suffering cannot be measured, monetary costs to society from 

automobile accidents are estimated in the hundreds of billions of dollars each year 

for health care, rehabilitation, road infrastructure and loss of income. 

Connecting road users by cloud-based functions can be the key to overcome these 

tragedies. Using intelligent assisting systems to increase the information that is 

available to drivers and vehicles will help to reduce fatalities and accidents. 

In the future, smart cars could collect and analyse data from each other, the cloud 

and the transportation infrastructure to provide the right information, at the right time 

and in the right way to keep drivers safe and take proactive measures to keep traffic 

moving efficiently and safely. There is still a long way to go to accomplish the latter, 

so improving the safety level of cars without any Driver-Assistance System is an 

important topic. 

 

1.2. Safety Cloud Objectives 

The goal of this GlobalDrive project was to propose the conceptual design of a 

system capable of generating a new safety experience within cars that are not 

equipped with Advance Driver-Assistance Systems. With the use of User-Centred 

Design methodologies, opportunity areas were discovered and will open the 

possibilities to improve the functions of products that are already on the market. 
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2. Background 

For a better understanding, the most important terms will be defined in the next sub-

section. It is important to mention that all this research was not made in the first stage 

of the project. At the beginning of every stage, a new round of research was made 

to get new useful information and use it for new insights and improvements.  

 

2.1. Definitions 

Safety 

Safety involves physical, spiritual, financial, political, emotional, occupational, 

psychological, educational and more fields. To start understanding the topic some 

definitions are given below: 

Oxford Dictionary defines safety as: “The condition of being protected from or 

unlikely to cause danger, risk, or injury a modifier denoting something designed to 

prevent injury or damage” [109]. 

In the German Industry standard DIN 31000 safety is defined as: A behaviour of a 

system towards humans. Safety describes the degree of "absence of danger" [12]. 

Vehicle Safety 

Automotive safety is the study and practice of design, construction, equipment and 

regulation to minimize the occurrence and consequences of traffic collisions [36]. 

Generally, vehicle safety can be divided into two parts: active and passive safety. 

“Active safety” refers to technology assisting in the prevention of a crash and 

“passive safety” to components of the vehicle (primarily airbags, seatbelts and the 

physical structure of the vehicle) that help to reduce the severity of accidents for 

occupants. 

Cloud 

So far, there is no uniform definition of cloud-computing. One of the most common 

definitions is given by the US National Institute of Standards and Technology: Cloud 

computing is a model for enabling ubiquitous, convenient, on-demand network 

access to a shared pool of configurable computing resources (e.g., networks, 
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servers, storage, applications, and services) that can be rapidly provisioned and 

released with minimal management effort or service provider interaction [21]. 

Another definition comes from IBM: Cloud computing often referred to as simply “the 

cloud,” is the delivery of on-demand computing resources over the internet on a pay-

for-use basis [17]. A shorter definition can be noted as Cloud-computing is the 

provision of IT-resources through a network [11].  

Nowadays there are three types of cloud computing [17]: 

 Software as a Service (SaaS): Or called Cloud-based applications, run on 

distant computers “in the cloud”. Owned and operated by others, connecting 

users’ computers via the internet. 

 Platform as a Service (PaaS): Provides a cloud environment with everything 

required to support the entire lifecycle of building and delivering cloud 

applications, with the pros of no cost and complexity of buying and managing 

underlying hardware, software, provisioning and hosting. 

 Infrastructure as a Service (IaaS): Provides processing resources, storage, 

networks, and other fundamental computing resources where the consumer 

can deploy and run arbitrary software, which can include operating systems 

and applications. The consumer does not manage or control the underlying 

cloud infrastructure but has control over operating systems, storage, 

deployed applications, and possibly limited control of select networking 

components (e.g., host firewalls). 

Artificial Intelligence 

The Oxford Dictionary defines Artificial Intelligence (AI) as: “the theory and 

development of computer systems able to perform tasks normally requiring human 

intelligence, such as visual perception, speech recognition, decision-making, and 

translation between languages” [108]. 

Machine Learning 

Machine Learning is the practice of using algorithms to parse data, learn from it, and 

then decide or predict about something in the real world. Instead of hand-coding 

software routines with a specific set of instructions to achieve a task, the machine is 

“trained” using large amounts of data and algorithms that give it the ability to learn 

how to perform the task [71]. 
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Artificial Neural Networks 

Commonly called Neural Networks, are inspired by the biology understanding of the 

human brains, the only difference between the biologic approach and the Machine 

Learning approach is that unlike a biological brain where any neuron can connect to 

any other neuron within a certain physical distance, these artificial Neural Networks 

have discrete layers, connections and directions of data propagation [71]. 

Deep Learning 

Deep Learning is a Machine Learning technique that teaches computers to do what 

comes naturally to humans: learn by example. Deep Learning models are also called 

as Deep Neural Networks. The term “deep” usually refers to the number of hidden 

layers in the neural network. Deep Neural Networks can have as many as hundreds 

hidden layers [76]. In the next sections, Deep Learning will be introduced, and it will 

be explained the way it works. 

 

2.2. Advanced Driver-Assistance Systems 

 

Figure 1: Overview about existing ADAS [113]. 
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Park Assist 

Using vision-based systems and ultrasonic sensors to offer information about the 

immediate surrounding that is mostly used for parking assist functions. Some 

systems can judge the size of a parking space and inform the diver about the 

suitability. Furthermore, some can steer into a parking space parallel as well as bay 

parking. This helps to reduce material damages [161]. 

Driver Drowsiness Detection 

As mentioned above, drowsiness is a major cause of accidents. There are three 

different ways of measuring a driver’s drowsiness [13]. These measures are: 

 Vehicle-based measurements. Metrics as a deviation from lane position, 

movement of the steering wheel, pressure on the acceleration pedal, etc., are 

constantly monitored and any change that crosses a specified threshold 

indicates a significantly increased probability that the driver is drowsy. 

 Behavioural measurements. Behaviour of the driver, including yawning, eye 

closure, eye blinking, head pose, etc., is monitored through a camera and the 

driver is alerted if any of these drowsiness conditions are detected. 

 Physiological measurements: Physiological signals such as 

electrocardiogram (ECG), electromyogram (EMG), and 

electroencephalogram (EEG) are analysed to determine the probability of a 

drowsy driver scenario. 

Brake Assist 

The brake assist increases braking pressure in emergency situations. It faces the 

problem that most of the drivers fail to brake with enough force when faced with an 

emergency. By interpreting the speed and force the brake pedal is pressed, the 

system detects if the driver is trying to execute an emergency stop and if so, the 

system overrides and fully applies the brakes [162,164]. 
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Collision Avoidance System / Collision Mitigation System 

Collision avoidance system is a generic term for automobile systems to reduce the 

severity of rear-end collisions. It usually uses radar and sometimes camera and laser 

to detect an imminent crash. After the detection, the systems either provide a 

warning to the driver or act autonomously by steering or braking the car.  

Collision mitigation systems offer a more detailed description of actions performed 

by a braking system. It distinguishes three stages of warning depending on the Time 

To Collision (TTC): first, it only warns optically (TTC~3s). At TTC~2s it additionally 

warns acoustically and brakes with 25% of the maximum braking force. And at 

TTC<1s it prepares the driver for the crash by pulling the seatbelts and brake with 

60% of the maximum braking force [163]. 

 

Emergency Stop Signal 

The emergency stop signal is emitted, when the car detects that the deceleration is 

high enough to be considered as an emergency or heavy braking situation. Both 

turning signals are repeatedly turn on and off. 

 

Adaptive Cruiser Control 

Mostly using the same sensors as the collision avoidance system, the ACC is 

designed to avoid accidents by maintaining the distance to a vehicle ahead, using 

only on-board sensors. The traffic ahead is watched by a small radar unit, usually 

located behind the front grille or under the bumper, that looks on to the preceding 

vehicle in the lane. Based on the radar signals, a control unit computes the distance 

to the preceding vehicle, the relative speed, and the lateral position on multi-lane 

roads to determine which car to track. Apart from radar, using a laser or an optical 

system based on stereoscopic cameras is also possible. Regardless of the 

technology, the ACC slows the car down or speeds it up to keep pace with the 

preceding vehicle. It works at the day as well as by night, but its abilities are limited 

by heavy rain, fog, or snow. Also, the system does not detect stationary obstructions. 
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The cooperative adaptive cruise control extends the automation of navigation by 

using information gathered from fixed infrastructure like satellites and roadside 

beacons or mobile infrastructure [110,111,163]. 

 

Lane Departure Warning 

The Lane Departure Warning systems are using a camera that is mostly mounted 

up in the windshield, to watch the road ahead. The processing software breaks down 

the digitized image identifying straight or dashed lines as the lane markings. Since 

the driver is supposed to centre the car between the lane markings, the system 

monitors the vehicle's distance to the road markings, predicts unplanned lane 

crossing and warns the driver. If the driver indicates his lane change by using the 

turning lights, he is not alerted by the system, because an intentional lane change is 

assumed. In some cases, the lane departure warning is realized by a set of laser or 

infrared sensors. Also, a rear-facing camera can be used to watch the road markings 

behind the car [35]. 

 

Lane Keep Assistant 

The Lane Keeping Assistant is a more evolved version of the Lane Departure 

Warning but uses the same sensing. As a difference, the Lane Keeping Assistant is 

not only warning the driver but directly intervenes when unintentionally leaving the 

lane. If the vehicle reaches the lane markings, the assistant automatically corrects 

the course, or it even keeps the vehicle centred in the road. The corrections can be 

affected by braking the opposite front wheel to turn the car or by steering the car 

back into the lane. The driver can always overdrive the car's guideline even though 

the system is adding up to 80% of the maximum steering torque to keep the vehicle 

on the road [35, 20]. This is only executed when: 

 The driver has contact to the steering wheel. 

 Turning lights are not activated. 

 The driver’s steering angle indicate that he is trying to change lane 
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Lane Change Assistant / Blind Spot Monitors 

With adding an extra camera to the side of the mirrors or radar sensors concealed 

in the rear bumper, vehicles and VRUs in the blind spot of the car can be detected. 

The driver can then be warned when trying to change the line [165].  

 

2.3. State of the Art and Benchmarking 

Advanced Driver Assistance Systems are becoming increasingly important and 

extensive in modern cars. One of their main purposes is to improve vehicle safety 

and thereby reduce traffic deaths. Statistics show that there is a clear correlation 

between the improvements of safety related ADAS and the reduction of traffic 

deaths. Figure 2 shows that the number of persons killed in car accidents reduced 

by 70 percent in Germany within ten years. The figure 2 also shows that a growing 

number of assistance systems became widespread among middle and high-class 

cars. 

 

Figure 2: correlation between Traffic deaths and assistance systems [29] 

While there are already many existing safety systems for cars, they are either only 

providing a subset of possible safety functionalities or they are too expensive. This 

section will present some of the existing solutions, highlighting their drawbacks which 

the new concepts aim to solve. 
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2.3.1. Existing ADAS and safety-related Apps for Cars. 

According to [52] there are currently 45.1 million cars on the road in Germany with 

an average age of 9.2 years and both numbers increase in countries like Mexico, 

India or Venezuela. Based on this average age and keeping in mind that the ACC 

system for example has only been built into high-end cars from 1999 [49] on, it 

becomes obvious, that most cars on the road today cannot enjoy the safety benefit 

of recently developed ADAS systems. 

Original Equipment Manufacturers (OEMs) usually offer a set of powerful safety 

features built into their high-end cars. As one example, the Mercedes Intelligent 

Drive system [22] includes collision prevention, an active lane keeping, and an active 

blind spot assistant as well as an ACC and night view assistant. The system is 

furthermore capable of actively braking if necessary. Besides relying on multiple car 

sensors these services also use expensive radar technology. Standing to the benefit 

of this system is only possible when buying a specific car model, as it is built-in and 

therefore not possible to retrofit it to older cars. 

External devices in the market such as Nauto [23], Caruma [9] or Carvi [10] aim to 

close this gap by providing devices that may easily be built into any car. Some of 

them also include emergency services and different add-ons, trying to satisfy the 

driver. However, they come at a considerably high cost and many of them are not 

clear enough to understand and interpret the indications in an easy, non-distracting 

way.  

One of the main problems of the existing devices like CARVI is the use of the 

smartphone as a way to get information or to interact with the driver. This is followed 

by some different issues, since not every driver owns a smartphone or wants to use 

it in this way. Also, Carvi only provides a subset of features: it just monitors the road, 

therefore never checking on the driver’s state. 

Some wearable devices are designed to monitor the driver’s sate. The wearables 

AdvicyDrive [41] and StopSleep [42] are specifically designed to detect drowsy or 

sleeping drivers. While AdvicyDrive is based on measured heartbeat, StopSleep 

analyses the skin conductivity to infer on brain activity. However, the devices are 

only of help regarding a tired driver but do not consider any other potential risk for 

accidents such as unexpected situations occurring on the road ahead. Furthermore, 
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StopSleep may disturb the driver while driving as it hinders one hand from freely 

moving the fingers. 

The cheapest safety functionalities on the market are offered by smartphone apps. 

As they are easy to develop and distribute to customers, there exist multiple ones 

on the app market or in research projects designed for different requirements: the 

project CarSafe [2], from Dartmouth college, monitors both the road and the driver, 

proving that this is possible based on both front and rear-facing camera of the phone.  

The app DriveSafe [19] evaluates the driver’s performance and builds up a scored 

driving profile. Additionally, the road ahead is checked for dangerous situations 

which will trigger warnings. ACoDriver [3] similarly assists in driving by identifying 

road signs, checking for lane changes or the distance to the car in front. Other apps, 

like iOnRoad [61], also offer lane-departure warning functions. 

Besides this group of apps that are serving as an additional “co-pilot”, there exist 

multiple ones displaying position-based information to the driver based on driver’s 

reporting on the road. The most vivid traffic community is probably offered by Waze 

[34]. Their maps provide drivers with multiple warnings and information in addition 

to the best route based on the current traffic. However, they rely solely on users 

reports and no additional car information is analysed.  

This makes the use of the app unappealing in areas without an already existing 

community. All of the presented apps are constrained in their accuracy and in the 

dimension of their provided functionalities due to the limited resources of the 

smartphone. Most important they only provide a subset of possible functionalities 

and rely on the phone alone being able to process all data, which might be difficult 

on old phones for computationally expensive tasks such as image processing. 

One common problem of the existing solutions is the quantity of information that is 

shown to the driver (i.e., the output to the driver) by a smartphone or by an external 

display. If the way to deliver information to the driver is incorrectly addressed, it will 

imply a distraction while driving. Another disadvantage of the existing solutions is not 

only the way to show the alerts to the driver but also the way to determine whether 

the system should emit the alert and with what intensity. Most of the commercial 

devices just use a common “alert” or “no alert”. 

More detailed information about the mentioned products or apps, it is showed in the 

Appendix A – Benchmarking description. 
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2.3.2. State of the Art in Motorcycle’s Safety. 

Until now, the deploying of technologies developed for cars into Powered Two 

Wheelers (PTW) is a highly complex task. For instance, a system that shows how 

complex a transfer between the types of vehicles can be is the emergency braking 

system that is built into modern and mostly higher-priced cars. It represents systems 

with high complexity. Cars and their physics do not depend on the passenger’s 

behaviour. In contrast to that, an assistive system in a motorcycle can only work 

properly and without harming the rider if his or her behaviour is suitable to the 

intervention. 

Especially cooperative systems attend to have a huge potential such that BMW 

Motorrad, Honda, and Yamaha founded the Connected Motorcycle 

Consortium(CMC) [174] in 2015 and settled that there will be one cooperative 

system in at least one of each of the company’s motorcycles until 2020. With this 

goal in mind, there is a lot of research in progress to achieve this. 

One example was presented by Continental at the CES2017, called eHorizon-

concept [171], that was originally developed for cars is now adapted to motorcycles. 

The instrument cluster does not only offer information about the current speed and 

the status of the motorcycle but also about potentially dangerous situations including 

construction sites, loose chippings, or oil on the road.  

This data is retrieved from the cloud which is filled by the input of other drivers. And 

therein lies the drawback: The system only works if enough motorcyclists participate 

actively in the community. The basic principle is to indicate every dangerous situation 

during driving by pressing a button. 

After the ride, it must be specified which kind of threat has been seen. An entry is 

made in the dedicated app, which causes effort for the rider without direct benefit. 

Again, on CES2017 Honda revealed Cooperative Mobility Ecosystem” [173] which 

builds the framework for dedicated short-range communication to implement 

cooperative motorcycle safety functions. 

One assistive system that is partly already available and partly in development in 

many companies is the eCall system for motorcycles. There are different approaches 
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to transfer the well-known function from cars to motorcycles. As the common crash-

sensors used in cars (acceleration, pressure, and sound sensors) are not easily 

transferable to the changed driving physics of PTW. BMW Motorrad, for example, 

introduced a system that relies on lean angle and acceleration sensors to detect an 

accident [172]. Together with a mobile phone module, a set of data can be forwarded 

to an emergency central. A button on the handle bar also allows indicating an 

accident manually. The rider is tried to be contacted by a phone call that comes 

through a speaker and microphone module on the handle bar. 

 

Figure 3:  Motorcycle eCall by BMW Motorrad [172] 

The German helmet producer Schuberth also invented a system called Rider eCall 

and introduced it to the market in 2013 [26]. The basic principle was equal to the 

BMW Motorrad system, only with having the acceleration sensors in the helmet. 

Unfortunately, they had to withdraw it from the market only one year later because 

they had too many false alarms [27]. This already shows the complexity of correct 

accident detection. For retrofit system, dGuard [167] claims to offer the first eCall 

system for motorcycles. The system is similar to the BMW Motorrad system but 

suitable for every bike. Using vision-based environment perception systems is so far 

not widespread among PTW producers. Nevertheless, BMW Motorrad developed a 

vision system for traffic sign detection, which is either mounted on the helmet or in 

the front of the motorcycle. Camera-systems in or on motorcycles are so far mainly 

used to record the ride for entertainment and sometimes analyse afterwards.  

Besides well-known action-camera producers like GoPro [15] that can easily be 

mounted on different spots using suction cups, a company called Waylens [18] offers 
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a camera system that combines high-resolution footage with additional information 

from OBD-II. A comparable system for PTW could not be found, even though the 

multiple usage of unspecialized cameras on motorcycles shows the big market 

potential. 

Navigation systems that are specifically designed for PTW are available in various 

shapes and implementations. Alongside many retrofit systems that are comparable 

to systems used in cars, there are several built-in systems in motorcycles. As they 

are specifically designed for this purpose, they all work well and give back the 

needed information to the driver. Thereby the most important issue is to transmit 

information in an easy and understandable way without disturbing the driver. 

Concepts try this by mainly using two transmission channels the human body offers: 

acoustic and optic. The easiest and hence most common way is to give back 

feedback visually. This does include not only ordinary displays but also innovative 

systems like head-up displays (HUD) in helmets in many shapes. Some of them also 

come with acoustic signals to avoid distraction. All the commonly available systems 

resemble in the fact that they do not offer information to make the ride safer but only 

to make it more convenient and faster. 

 

2.3.3. Augmented Reality and Projection Systems 

An Augmented Reality head-up display shows information in the windscreen for the 

driver. As part of Lane-Departure Warning systems, actual road markings can be 

emphasized by overlaying with a virtual image. Another augmented reality solution 

is the holographic navigator from WayRay [6], which combines the use of a camera 

and the GPS signal to navigate the driver by displaying indicators on the road ahead 

[14]. 
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          Figure 4: Head-up display [16]                            Figure 5: Holographic navigator [6]  
 

On the downside, this technique does not work without actual road marks to detect. 

However, in most situations, drivers are capable of detecting road marks 

themselves. Therefore, safety would be further improved, if road marks were 

displayed especially on streets without any markings or in situations with difficult 

weather conditions when the marks cannot be seen.   

Except detecting road markings, there are also approaches to improving the safety 

by projecting road markings onto the street with laser light. Most commonly this is 

used in bicycles lights, for example in the Bike Lane Safety Light from XFIRE. 

 

Figure 6: Bike Lane Safety Light from XFIRE [8] 

Also, automobile applications are conceivable, like in the F015 research vehicle from 

Mercedes-Benz. This self-driving concept car is equipped with a laser projection 

system to communicate with the surrounding [31]. 
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Figure 7: Mercedes-Benz F015 [31] 

While these solutions generate bicycle lanes or crosswalks for pedestrians on the 

street, the safety for pedestrians could also be enhanced by projected warnings. 

While detecting pedestrians and predicting their path is susceptible to slip-ups, a 

visual warning on the road around the car could raise attention without disturbing the 

driver with false warnings. 

Another method of warning pedestrians rather than the driver is currently discussed 

with acoustic warnings for electric vehicles. While constant acoustic signals increase 

the noise level, acoustic signals are generally jeopardized to be superimposed by 

other sounds like ambient noise or music. 

 

 

2.4. Accident Statistics and survey 

Road traffic injuries can be prevented. Governments need to take action to address 

road safety holistically, that requires involvement from multiple sectors (transport, 

police, health, education) and that addresses the safety of roads, vehicles, and road 

users themselves. 

Effective interventions include designing safer infrastructure and incorporating road 

safety features into land-use and transport planning; improving the safety features 

of vehicles; and improving post-crash care for victims of road crashes. Interventions 

that target road user behaviour are equally important, such as setting and enforcing 

laws relating to key risk factors and raising public awareness. 
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Even though cars get increasingly equipped with modern safety systems, road traffic 

is still dangerous and causes tremendous damages. In 2015 the World Health 

Organization (WHO) revealed an extensive status report on road safety, showing 

that worldwide the total number of road traffic deaths has plateaued at 1.25 million 

per year. Figure 8 shows that road traffic injuries still cause the most deaths among 

young people. Besides the burden this means for the surviving dependents of the 

victim, it produces enormous economic damage. 

 

Figure 8: Top ten causes of death among people aged 15–29 years, 2012 [37] 

Germany and Mexico are both below the average of killed persons per capita. The 

German average of 4.3 is especially remarkable in respect to an average of 9.3 killed 

inhabitants per 100,000 persons in whole Europe. Reasons for the low rate are 

manifold: High safety standards for cars, good road conditions and the ability to 

afford modern cars with sophisticated active and passive safety systems. 

 

Figure 9: Traffic deaths per 100000 in Germany and Mexico (Data from [37]) 
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Figure 9 is a result of the development in the past 20 years. As evaluated by the 

German statistical federation and shown in Figure 10 the number of traffic deaths 

decreased from 9454 in 1995 to 3377 in 2014. Unfortunately, the number increased 

again to 3459 in 2015. 

 

Figure 10: Total traffic deaths in Germany 1995-2015 [29] 

To get a better understanding of the reasons why road accidents still happen and 

even tend to increase again, details of accidents need to be investigated. 1.2 errors 

per accident were detected in Germany in 2015 [28]. In other words, this means on 

average every accident is related to a human error. The fact that humans are 

possibly the most dangerous source of error results in the accelerating growth of 

Automated Vehicles. Elon Musk even goes as far to state that “People may outlaw 

driving cars because it's too dangerous” [175]. Up to now, the technology cannot 

completely replace the cognitive capabilities of human drivers. However, modern 

assisting systems can guide the way to automated driving and by that already offer 

safety benefits for the drivers. To identify the biggest potentials of cloud-based 

assisting systems, the most frequent human errors are evaluated. 

Analysing road accidents caused by human, errors can be classified by answering 

the following questions: What is happening, or which mistakes are made and why is 

it happening?  

For the first question, the German Federal Statistical Office offers detailed 

information about what causes the most deaths on the roads. These numbers are 

compared to a survey among 111 participants who formed an order of what they 

think causes the most traffic deaths. This order is shown in the red boxes. The 

position (among these factors) in the statistics is shown in the blue boxes. 
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Figure 11: Comparison between statistics of accident causes and survey results [28] 

While speeding is determined as the most dangerous misconduct by both – the 

survey and the statistics – the more interesting findings can be seen where the 

results differ a lot. While having too little distance to the preceding car is ‘only’ 

responsible for 161 fatalities in 2015, the participants see it as the third most 

dangerous error.  

A similar imbalance can be seen in overtaking: while 282 traffic deaths caused by 

errors during overtaking mean place five in the statistics, the subjective feeling of 

the participants is that it is the second most dangerous. On the other hand, the 

wrong usage of the road is seen as the least dangerous but in fact, causes 473 

traffic deaths and is with this the second most dangerous error. Summarizing the 

above, it can be said that the subjective feeling of being endangered differs a lot 

from the objective, assignable dangers highlighted by statistics. 

After a clearer view on what is happening on the road, the question arises: Why 

are those mistakes happening? What key risk factors lead to those accidents?  

During the development process, the team identified four main problems that 

contribute to crashes: environmental influences, distraction, inappropriate driver’s 

behaviour, and drowsiness. In the following, it is tried to estimate their influence on 

road safety. 
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From the team’s point of view, the environmental influences include two mayor 

types of dangers: bad roads and different weather conditions. The term ‘bad roads’ 

is not only related to worn streets with potholes but also to road-designs that do not 

offer sufficient safety for vulnerable road users (VRU). In Germany, 155 accidents 

with fatalities occurred in 2015 because of the road conditions.   

 

Figure 12: Influences of road conditions on accidents with fatalities [29] 

As Figure 12 shows, most accidents (86%) where the road conditions had an 

influence happened because of slipperiness. Herein rainy and icy roads had the 

biggest proportion. Another 74 accidents with fatalities happened because of other 

weather conditions that did not influence the road conditions directly, especially by 

visibility impairments caused by the sun or fog.  Another big issue that causes many 

accidents is the distraction of drivers. Before showing statistics of how crucial drivers’ 

attention is, distraction is going to be defined. Combining various approaches, some 

key elements which have been thought about in defining driver distraction can be 

revealed: 

 There is a diversion of attention away from driving or safe driving; 

 Attention is diverted towards a competing activity, inside or outside the 

vehicle, which may or may not be driving-related; 

 The competing activity may compel or induce the driver to divert attention 

towards it; 

 There is an implicit, or explicit, assumption that safe driving is adversely 

affected [24]. 
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There are three main types of distraction [30]: 

Visual 

Visual distraction occurs when a driver looks at anything other than the road ahead. 

As an example, drivers who check their children’s seatbelt are visually distracted. 

Manual 

Manual distraction is when the driver takes one or both hands off the wheel for any 

reason. Some common examples include eating and drinking in the car, adjusting 

the GPS, or trying to get something from a purse, wallet, or briefcase. 

Cognitive 

Cognitive or mental distraction is when a driver's mind is not focused on driving. 

Talking to another passenger or being preoccupied with personal, family, or work-

related issues are some examples. 

Using the smartphone during driving is especially dangerous as it includes all three 

kinds of distraction. The number of smartphone users is constantly increasing. The 

combination of those two facts is also alarming the WHO. Stating that 69% of drivers 

in the United States of America had used their mobile phone while driving within the 

previous 30 days, it shows how common the usage of the smartphone during driving 

is. Among the survey participants, 42% confirmed this fact. Concurrently, 34% 

indicated that they think that using the smartphone during driving influences their 

road safety the most. These numbers show that drivers are aware of the dangers 

smartphone usage during driving has, yet still many of them use it. It is reported that 

texting while driving caused 1.3 million crashes in one year [1]. 

Besides the accidents caused by a lack of attention on the driving task, inappropriate 

driver’s behaviour provokes many incidents. It is supposed that this term mostly 

refers to aggressive driving style. As this kind of misbehaviour is mostly intentional, 

it is hard to overcome it with technological approaches. Governments, therefore, 

therefore created various approaches to show the hazards this behaviour could 

cause. The foundation for Traffic Safety in the US surveyed almost 200.000 fatal 

crashes from 2003 to 2007. In more than 55% of the cases, at least one aggressive 
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action was reported. In very most of the cases (30,7%) speeding over limits or too 

fast for the condition was the causing reason [4]. According to the WHO, ignoring 

speed limits is most common among male and young drivers. The given statistic also 

shows that an adult pedestrian has less than a 20% chance of dying if struck by a 

car at less than 50 km/h but almost a 60% risk of dying if hit at 80 km/h [37]. However, 

the report also states that speed limits can only be truly effective with enforcement, 

assisting systems that act contrary to the driver’s intention will not be used by the 

drivers.  32% of the participants in the safety-cloud survey indicated that they think 

that misbehaviour of other drivers influences their driving safety the most. 

The last key risk factor is drowsiness. In the year 2009, the US National Sleep 

Foundation (NSF) reported that 54% of adult drivers have driven a vehicle while 

feeling drowsy and 28% of them actually fell asleep [13]. 

The Allgemeiner Deutscher Automobilclub (ADAC) underlined that sleeping drivers 

are responsible for one-fourth of all fatal crashes on highways. Furthermore, a study 

by researchers in Australia showed that being awake for 18 hours produced an 

impairment equal to a blood alcohol concentration (BAC) of .05, and .10 after 24 

hours; .08 is considered legally drunk. In fact, the number of crashes caused by 

drowsiness might even be higher as there is no measurement tool like there is for 

intoxication. Comprehensively drowsiness can be identified as one main cause of 

accidents. 

All the facts support that drivers are responsible for a lot of accidents. Except for the 

intentional inappropriate behaviour, drivers are making mistakes whenever the level 

of stress is too high (overtaxed by the amount of information) or too low (boredom 

or mental underload). As the Yerkes-Dodson law states, the ideal performance is 

possible when the stress load remains on a medium level. The proposed assisting 

system should therefore always help to keep the stress for the driver on a medium 

level. 
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Figure 13: Yerkes-Dodson Law [38] 

 

2.5. Artificial Intelligence 

2.5.1. Background 

Self-learning machines are the essence of Artificial Intelligence (AI). Concepts 

already date back more than 50 years. However, AI itself gained wider functional 

applicability only in the past few decades, with the rise of Machine Learning and 

Deep Learning. Only recently, technological advances have enabled successful 

implementation at industrial scale. AI is finally bringing a multitude of capabilities to 

machines which were long thought to belong exclusively to human, like processing 

natural language or visual information, recognizing patterns, and decision making. 

Figure 14: Artificial Intelligence timeline [71] 
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The essence of intelligence is learning. Just as humans learn how to identify audio-

visual patterns, play a game or drive a car, machines can be trained to perform such 

tasks based on learning algorithms. One commonly method for training consists of 

providing to the machine labelled data [72]. This type of training is also named 

supervised training. Such machines are then said to possess a level of AI, then they 

can, with the previous training, get the correct label to a previously unknown data 

set with sufficient accuracy. 

Well-trained AI can perform certain tasks at the same skill level as humans. The 

trained AI has the additional advantages of high scalability and no need for pauses. 

AI can discover some data patterns that are too complex for human experts to 

recognize. In some specific applications such as computer vision, AI has already 

achieved performance levels surpassing that of humans (e.g., in skin cancer 

diagnostics, heart disease diagnostics and others). The beginning of AI dates to the 

1950s. In the last years, established IT companies have begun bridging the gap 

between science and business applications. Nowadays, adoption of AI has become 

increasingly easier due to open source available algorithms and libraries, relatively 

inexpensive cloud-based computing power and the proliferation of sensors 

generating data. In the industrial sector, the AI application is supported by the 

increasing adoption of devices and sensors connected through the Internet of Things 

(IoT).  

Vehicles, assembly lines, production machines or devices carried by human workers 

generate enormous amounts of data per week. With the use of AI, it is possible to 

enable the use of such data for highly value-adding tasks like predictive maintenance 

or performance optimization with high levels of accuracy. Hence, the combination of 

IoT and AI is expected to kick off the next wave of performance improvements, 

especially in the industrial sector. Given its growing accessibility, broadening 

applications and specific relevance to the industrial sector, AI is a hot topic for 

leading researchers, investors and companies [72]. 

The overall interest in AI could lead to a considerable willingness to pay for those 

features in automotive/mobility technology. There are high expectations around the 

topic, with the average of all consumers expecting full autonomy to be widespread 

on the road already in about five years [74]. 
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Figure 15. - Artificial Intelligence simplified story [73]. 

2.5.2. Machine Learning and Deep Learning 

Machine Learning came from minds of the early AI academic community and the 

algorithmic approaches over the past years (e.g. decision tree learning, Bayesian 

networks).  

For many years, computer vision was one of the most used application areas for 

Machine Learning. However, to achieve good results it required a lot of hand-coding. 

Engineers and scientists developed and used hand-coded classifiers. With the 

developed algorithms, it was possible to analyse some images and “learn” to 

determine whether it was a stop sign, a car, a pedestrian or a tree. 

These classifiers had good results in ideal and controlled conditions, but some 

algorithms have problems in accuracy with hard conditions when objects are not 

perfectly visible (for instance, a foggy day), or when a tree obscures or occludes part 

of the objects. Due to those problems, Machine Learning algorithms were too brittle 

and too prone to error. 
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Another approach from the early Machine Learning community was the Artificial 

Neural Networks, came and mostly went over for many years. The Neural Networks 

(NN) have been shunned from the academic community until recently. This was due 

to the expensive computational resources that NN use, making them an unpractical 

approach. NN have discrete layers, connections and directions of data propagation.  

Figure 16. – The relationship between Artificial Intelligence, Machine Learning and Deep Learning 

[75]  

 

Each neuron assigns a weighting to its input, this means how correct or incorrect it 

is relative to the task being performed. The final output is then determined by the 

total of those weightings.  

Deep Learning is a specialized form of Machine Learning and both fall under the 

broad category of Artificial Intelligence. A Machine Learning pipeline starts with 

relevant features being manually extracted from images. The features are then used 

to create a model that categorizes the objects in the image. With a Deep Learning 

pipeline, relevant features are automatically extracted from images. Also, Deep 

Learning performs “end-to-end learning”, this means a network is given raw data and 

a task to perform, such as classification, and it learns how to do this automatically 

[76]. Deep Learning focuses even more narrowly on a subset of Machine Learning 

tools and techniques and applies them to solving just about any problem which 

requires human or artificial “thought” [89]. 
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Deep Learning algorithms scale with data which is another key difference, whereas 

shallow learning converges. Shallow learning refers to Machine Learning methods 

that do not improve at a certain level of performance when more examples and 

training data are added to the network. 

A key advantage of Deep Learning Networks is that the models often continue to 

improve as the size of the data increases. In Machine Learning, manually features 

and classifiers are selected to sort images. With Deep Learning, feature extraction 

and classification steps are automatic [76]. 

 

 

 

 

 

 

Figure 17. – Comparing a Machine Learning approach (left) and a Deep Learning approach (right) 

to categorize vehicles [76] 

 

 

2.5.3. Deep Learning 

2.5.3.1. Overview 

 

Deep Learning is the current state of the art in AI, the potential of which has 

only recently been unlocked through advances in computing power and the 

availability of big data [74] 

 

Deep Learning is a Machine Learning technique that teaches computers to do what 

comes naturally to humans: learn by example. Deep Learning is a key technology 

behind driverless cars, enabling them to recognize a stop sign or to distinguish a 

pedestrian from a lamppost. In Deep Learning, a computer model learns to perform 

classification tasks directly from images, text, or sound. Deep Learning models can 
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achieve state-of-the-art accuracy, sometimes exceeding human-level performance. 

Models are trained by using a large set of labelled data and neural network 

architectures that contain many layers. Deep Learning has been the most successful 

approach to many areas where Machine Learning is applied. There are two main 

reasons it has only recently become useful [76]: 

1) Deep Learning requires large amounts of labelled data. For example, 

driverless car development requires millions of images and thousands of 

hours of video. I.e., millions of driven miles to get good results. 

2) Deep Learning requires substantial computing power. High-performance 

GPUs have a parallel architecture that is efficient for Deep Learning.  

Deep Learning applications are used in industries from Automated Driving to medical 

devices. Deep Learning breaks down tasks in ways that make all kinds of machine 

assists seem possible [71]. Some examples are: 

 Automated Driving 

 Aerospace and Defence 

 Medical Research 

 Industrial Automation 

 Electronics 

Most of the Deep Learning methods use neural network architectures; therefore, 

Deep Learning models are also called as Deep Neural Networks. The term “deep” 

usually refers to the number of hidden layers in the neural network. Deep Neural 

Networks can have as many as hundreds hidden layers [76]. 

The advantage of multiple layers is that they can learn features at various levels of 

abstraction. For example, if a deep convolutional neural network is trained to classify 

images, the first layer will train itself to recognize very basic things like edges, the 

next layer will train itself to recognize collections of edges such as shapes, the next 

layer will train itself to recognize collections of shapes like eyes or noses, and the 

next layer will learn even higher-order features like faces [90]. 
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Figure 18. – Neural Networks architecture [77] 

 

Multiple layers are much better at generalizing because they learn all the 

intermediate features between the raw data and the high-level classification.  

Specialized neural networks have emerged for different use cases, for example, 

convolutional neural networks (CNN), which pre-process and tile image regions for 

improved image recognition. Conversely, recurrent neural networks add a hidden 

layer that is connected with itself for better speech recognition applications. 

Promising advances have been made in automatically learning features (also 

referred to as representation learning), through auto-encoders, sparse coders and 

other techniques. This is particularly important as labelled data is difficult to obtain 

and the costs for feature engineering are high [78]. 

AI is the present and the future. Deep Learning is showing great promise when it 

comes to developing the automated, self-teaching systems which are revolutionizing 

not only products, many industries as well. 

 

2.5.3.2. Convolutional Neural Networks 

Convolutional Neural Networks (CNNs), also named ConvNets, are arguably the 

most popular Deep Learning architecture and have played an important role in the 

history of Deep Learning. ConvNets were some of the first deep models to perform 
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well. ConvNets were some of the first working deep networks trained with 

backpropagation. Through backpropagation, losses calculated during training can 

be used to stimulate changes in network parameters, allowing the mastering of 

complex and varied tasks [115]. It is not entirely clear why convolutional networks 

succeeded when general backpropagation networks were considered to have failed. 

ConvNets models carried the torch for the rest of Deep Learning and paved the way 

to the acceptance of neural networks in general. 

 ConvNets were also some of the first neural networks to solve important commercial 

applications and remain at the forefront of commercial applications of Deep Learning 

today. For example, in the 1990s, the neural network research group at AT&T 

developed a convolutional network for reading checks. By the end of the 1990s, this 

system deployed by NEC was reading over 10 percent of all the checks in the United 

States. Later, several OCR and handwriting recognition systems based on 

convolutional networks were deployed by Microsoft [79].  

The most recent interest in ConvNets started with AlexNet in 2012 and it has grown 

exponentially ever since. In a few years, researchers have some progress about the 

depth of the layers, from 8-layer AlexNet to 152-layer ResNet [72].  

ConvNets provide a way to specialize neural networks to work with data that has a 

clear grid-structured topology and to scale such models to very large size. This 

approach has been the most successful on a two-dimensional image topology [79]. 

To process one-dimensional sequential data, another powerful specialization of the 

neural networks framework is used: recurrent neural networks; nevertheless, those 

type of networks will not be included in this research. 

ConvNets are now the go-to model on every image related problem (i.e., object 

detection, classification, segmentation). ConvNets are successfully applied to some 

tasks like recommender systems, natural language processing, and other tasks. The 

main advantages of ConvNets in comparison to their predecessors are two: The first 

one is that the model automatically detects the important features without any human 

supervision. For example, when the model is fed with many pictures of cats and 

dogs, the model learns distinctive and important features for each class by itself. The 

second advantage is that ConvNets are computationally efficient too.  
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2.5.3.2.1. Architecture Overview 

ConvNets take advantage of the fact that the input consists of images and they 

constrain the architecture more sensibly. The layers of a ConvNet are arranged, 

unlike a regular NN, in 3 dimensions: width, height, depth (depth, in this case, refers 

to the third dimension of an activation volume, not to the total numbers of layers in 

the network). This means that the input images in whatever dataset, are an input 

volume of activations, and the volume has dimensions width x height x depth. The 

neurons in a layer will only be connected to a small region of the layer before it, 

instead of all the neurons in a fully-connect manner. For instance, if the image 

dataset used for training the model has 10 classes (i.e., CIFAR-10 [91]), the final 

output layer would have dimensions 1 x 10 x 10 for that image dataset. This is 

because, by the end of the ConvNet, the architecture will reduce the full image into 

a single vector of class scores, arranged along the depth dimension [80]. The figure 

19 is a visualization of the latter: 

 

 

 

 

 

 

Figure 19. - Explanation of the activation volume [80] 

A simple ConvNet is a sequence of layers, and every layer of a Convolutional 

Network transforms one volume of activations to another through a differentiable 

function.  

To build ConvNets architectures, three main types of layers are used: 

 Convolutional Layer. 

 Pooling Layer. 

 Fully-Connected Layer. 

The layers will be stacked to form a full Convolutional Network architecture. A simple 

ConvNet for CIFAR-10 classification will be used as an example architecture: 

[INPUT - CONV - RELU - POOL - FC].  
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 The INPUT will hold the raw pixel values of the image, For this case an image 

of width 32, height 32 and with three colour channels (R,G,B). 

 The CONV layer will compute the output of neurons that are connected to 

local regions in the input. Each computing is a dot product between their 

weights and a small region which they are connected to in the input volume. 

If it is decided to use a filter of size 12, this may result in volume such as 

[32x32x12].  

 The RELU (REctified Linear Unit) layer will apply an elementwise non-

saturating activation function, such as the f(x) = max(0,x), thresholding at 

zero. It has been shown that the network can train several times faster using 

this non-saturating function, as compared to using saturating functions such 

as f(x) = tanh(x) or the sigmoid function [114]. Also, this function leaves the 

size of the volume unchanged ([32x32x12]).  

 The POOL layer will perform a down sampling operation along the spatial 

dimensions (width, height), resulting in volume such as [16x16x12].  

 The FC (i.e. fully-connected) layer will compute the class scores, resulting in 

volume of size [1x1x10], where each of the 10 numbers correspond to a class 

score, such as among the 10 categories of CIFAR-10 (also the MNIST has 

10 classes). As with ordinary Neural Networks and as the name implies, each 

neuron in this layer will be connected to all the numbers in the previous 

volume. 

 

 

 

 

 

Figure 20. - Convolutional Neural Network architecture [81]. 

Thereby, ConvNets transform the original image layer by layer from the original pixel 

values to the final class scores. Some layers contain parameters and other do not. 

The CONV/FC layers perform transformations that are a function of not only the 

activations in the input volume, but also of the parameters (the weights and biases 

of the neurons). The RELU/POOL layers will implement a fixed function. The 

parameters in the CONV/FC layers will be trained with gradient descent so that the 
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class scores that the CNN computes are consistent with the labels in the training set 

for each image [80]. 

The main building block of Convolutional Networks is the convolutional layer. 

Convolution is a mathematical operation to merge two sets of information. In this 

case, the convolution is applied to the input data using a convolution filter to produce 

a feature map [82].  

Figure 21. – Convolutional layer (Input) and a 3x3 Convolutional Filter (Kernel) in 2D [82] 

The convolution operation is performed by sliding the filter over the input. At every 

location, element-wise matrix multiplication is done and after that, sum the result. 

This sum goes into the feature map. The green area in figure 21, is where the 

convolution operation takes place. This area is called the receptive field. The 

receptive field will have the size of the filter, in this case 3x3. 

Figure 22. – Convolution operation in 2D [82]. 

 

Figure 22 is an example of a convolution operation in 2D using a 3x3 filter. These 

convolution operations are performed in 3D. In the real world, an image is 

represented as a 3D matrix with dimensions of height, width and depth, where depth 

corresponds to colour channels (R, G, B). A convolution filter has a specific height 
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and width, like 3x3 or 5x5, and by design, it covers the entire depth of its input, so it 

needs to be 3D as well. Multiple convolutions are performed on an input, each using 

a different filter and resulting in a distinct feature map. After that, all these feature 

maps are stacked together, and that becomes the final output of the convolution 

layer [82].  

Figure 23. – Convolution in 3D [82]. 

In this case (figure 23), the input is a 32x32x3 image, and a filter of size 5x5x3 is 

used (the depth of the convolution filter must match the depth of the image, in this 

case both are 3). When the filter is at a certain position, it covers a small volume of 

the input and the program performs the convolution operation. The filter slides over 

the input like in 2D and performs the convolution at every location aggregating the 

result in a feature map. This feature map is of size 32x32x1, shown as the red slice 

on the right. 

If the architecture uses 10 different filters, the output would have 10 feature maps of 

size 32x32x1 and stacking them along the depth dimension would give the final 

output of the convolution layer: a volume of size 32x32x10 (large blue box on the 

right). If a padding it is used, the height and width of the feature map are unchanged 

and still the same size, in this case 32. 

The stride and padding specify how much the filter would be moved at each step. 

Usually the stride value is 1. It is possible to have bigger strides if it is desired to 

have less overlap between the receptive fields. The result of using a bigger stride is 

having a feature map smaller since potential locations are skipped over. The padding 

is used if it is desired to maintain the same dimensionality. There are 2 options, either 

pad with zeros or the values on the edge. When the padding surrounds the input 

with zeros, this is usually called zero padding. 
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Figure 24. - Stride 1 with padding [82]. 

In figure 24, the grey area around the input is the padding. When padding is used, 

the dimensionality of the feature map matches the input. Padding is commonly used 

in ConvNets to preserve the size of the feature maps. Otherwise they would shrink 

at each layer, which is not desirable. The 3D convolution operation showed above 

is using padding with a stride of 1, in this way the height and width of the feature 

map were the same as the input (both 32x32), and only the depth changed. 

After a convolution layer, it is usually performed the pooling, this helps to reduce the 

dimensionality. The pooling enables to reduce the number of parameters, which both 

shortens the training time and combats overfitting. Pooling layers down sample each 

feature map independently, reducing the height and width, keeping the depth intact. 

The most common type of pooling is “max pooling” which just takes the max value 

in the pooling window.  

Pooling has no parameters. It slides a window over its input, and simply takes the 

max value in the window. The window size and stride are specified in the pooling 

operation. By halving the height and the width, the number of weights is reduced to 

1/4 of the input. Considering that is typically dealt with millions of weights in 

ConvNets architectures, the reduction operation helps to reduce the computer 

processing times. 
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Figure 25.- Using max pooling with 2x2 window and stride with a value of 2 [82] 

 

The windows are no overlapping because the window size and stride are 2. If the 

input to the pooling layer has the dimensionality 32x32x10, using the same pooling 

parameters described above, the result will be a 16x16x10 feature map. Both the 

height and width of the feature map are halved, but the depth does not change 

because pooling works independently on each depth slice the input. 

After the convolution plus pooling layers, a couple of fully connected layers is added 

to wrap up the ConvNet architecture, the last layer is the fully connected layer. The 

output of both convolution and pooling layers are 3D volumes, but a fully connected 

layer expects a 1D vector of numbers. The output of the of the final pooling layer 

needs to be flattened to a vector, and that vector becomes the input to the fully 

connected layer. Flattening is simply arranging the 3D volume of numbers into a 1D 

vector [80]. 

A ConvNet model can be considered as a combination of two components: feature 

extraction part and the classification part. The convolution plus pooling layers 

perform feature extraction. The fully connected layers then act as a classifier on top 

of these features and assign a probability for the input image being a dog, a cat, a 

cheetah, etc. [82]. 

Topics like batch normalization, vanishing gradients, dropout, initialization 

techniques, non-convex optimization, biases, choices of loss functions, data 

augmentation, regularization methods, computational considerations, 

backpropagation, modifications of backpropagation, and a few more were not 

discussed in this research, but are important topics in the design and performance 

of Deep Learning architectures and models. 
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2.5.3.2.2. Case Studies 

There are several architectures in the field of Convolutional Networks that have a 

name. The most common are [80]:  

 LeNet. The first successful applications of ConvNets were developed by 

Yann LeCun in 1990’s. The best known is the LeNet architecture and it was 

used to read zip codes, digits, etc.  

 AlexNet. The network developed by Alex Krizhevsky, Ilya Sutskever and 

Geoff Hinton, popularized ConvNets in Computer Vision. AlexNet had very 

similar architecture to LeNet, but was deeper, bigger, and featured 

Convolutional Layers stacked on top of each other (before this model, it was 

common to only have a single CONV layer always immediately followed by 

a POOL layer).  

 ZF Net. The ILSVRC [92] 2013 winner was a ConvNet from Matthew Zeiler 

and Rob Fergus, the ZFNet (short for Zeiler & Fergus Net). This model was 

an improvement on AlexNet by tweaking the architecture hyperparameters.  

 GoogLeNet. The ILSVRC 2014 winner was a ConvNet from Szegedy et al. 

from Google. Its main contribution was the development of an Inception 

Module that dramatically reduced the number of parameters in the network 

(4M, compared to AlexNet with 60M). Also, this paper uses Average Pooling 

instead of Fully Connected layers at the top of the CNN, eliminating a large 

number of parameters that do not seem to matter much. There are also 

several follow-up versions to the GoogLeNet, most recently Inception-v4 [93]. 

 VGGNet. The network developed by Karen Simonyan and Andrew 

Zisserman is the VGGNet. The main contribution of this model was in 

showing that the depth of the network is a critical component of good 

performance. Their final best network contains 16 CONV/FC layers, featuring 

an extremely homogeneous architecture that only performs 3x3 convolutions 

and 2x2 pooling from the beginning to the end. This model is more expensive 

to evaluate and uses a lot more memory and parameters (140M). Most of 

these parameters are in the first fully connected layer, and it was since found 

that these FC layers can be removed with no performance downgrade, 

significantly reducing the number of necessary parameters. 
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 ResNet. The Residual Network was developed by Kaiming He et.al. This 

model was the winner of ILSVRC 2015. It features special skip connections 

and heavy use of batch normalization. The architecture is also missing fully 

connected layers at the end of the network. ResNets are currently by far state 

of the art ConvNets models and are the default choice for using ConvNets in 

practice. 

 

2.5.3.3. Transfer Learning 

In practice, very few people train an entire ConvNet from scratch (with random 

initialization), because it is relatively rare to have a dataset of sufficient size. Instead, 

it is common to pre-train a ConvNet on a very large dataset (e.g., ImageNet [94], 

which contains 1.2 million images with 1000 categories), and then use the ConvNet 

either as initialization or a fixed feature extractor for the task of interest. The three 

major Transfer Learning scenarios are [83]: 

 Convolutional Neural Network as fixed feature extractor. Take a ConvNet 

model pre-trained on any database (i.e., ImageNet [94]), remove the last fully-

connected layer and then treat the rest of the Convolutional Network as a 

fixed feature extractor for the new dataset. After that, train a classifier that 

aligns to the system new task for the new dataset. 

 

 Fine-tuning the Convolutional Neural Network. This method is to not only 

replace and retrain the classifier on top of the ConvNets on the new dataset 

but to also fine-tune the weights of the pre-trained network model by 

continuing the backpropagation. It is possible to fine-tune all the layers of the 

ConvNet, or it is possible to keep some of the earlier layers fixed (due to 

overfitting concerns) and only fine-tune some higher-level portion of the 

network. This is motivated by the observation that the earlier features of a 

Convolutional Network contain more generic features (e.g. edge detectors or 

colour blob detectors) that should be useful to many tasks, but later layers of 

the model become progressively more specific to the details of the classes 

contained in the original dataset. For example, in the case of ImageNet, this 

dataset contains many dog breeds. Therefore a significant portion of the 

representational power of the ConvNet may be devoted to features that are 

specific to differentiating between dog breeds. 
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 Pre-trained models. Since modern ConvNets take from 2 to 3 weeks to train 

across multiple GPUs on many big datasets (i.e. ImageNet), it is common to 

see people release their final ConvNets checkpoints for the benefit of others 

who can use the networks for fine-tuning. For example, the Caffe and 

Tensorflow libraries have a “model zoo” where people share their network 

weights. 

 

2.5.3.4. Object Detection 

In a daily basis, a person classifies and detects hundreds of objects. The human 

perception allows undertaking complex, dynamic tasks such as driving in a 

seemingly easy effort. Emulating the efficiency with which the human brain is 

processing the environment at driving, is a huge step in the current development of 

Self-Driving cars functionalities and Advanced Driver-Assistance Systems. With the 

rise of these systems, fast and accurate models for object detection are rising in 

demand. 

Object detection refers to the capability of a system to locate and identify each of the 

objects in an image or scene. In the automotive industry, object detection is a core 

part of many collision warning systems. This task requires to give information about 

the location of a classified object(s) usually in the form of bounding box coordinates 

in the image pixel grid. In the beginning, ConvNets were originally shown to have 

promising results for classification tasks. However, some modifications were made 

to the most successful approaches of image classification models, allowing these 

new models to perform object detection tasks.  

Implementing a model which is capable of predicting the two-dimensional location of 

objects in the road, can be integrated into the final concept functions. This could 

allow the possibility that the general performance of the system will be improved. 

Nevertheless, factors like robust performance, high inference speed, and memory 

requirements are really important to considerate in automated object detection 

systems.  
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2.5.3.4.1. Models 

2.5.3.4.1.1. R-CNN 

The Region-based CNN [120] combines the Selective Search [116] algorithm for 

scanning the image and create region proposals, then uses a ConvNet to find and 

classify objects in the proposed regions. Then, the last step is to take the output of 

each ConvNet and feed it into a Support Vector Machine (SVM) to classify the region 

and a linear regressor to adapt and tight the shapes of the bounding box of the 

object, if the object exists [121]. This model is trained on 2012 ImageNet dataset. 

However, this model has a high computational cost making it very slow. Figure 26 

describes the steps taken.  

Figure 26.- R-CNN architecture [120, 121]. 
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2.5.3.4.1.2. Fast R-CNN 

The Fast Region-based CNN was the immediate successor of R-CNN. The purpose 

of this model was to improve the high computational cost related to the high numbers 

of models necessary to analyse all-region proposals. One of the improvements was 

the Region-of-Interest (ROI) pooling layer. In this model, the entire image is first 

processed by a ConvNet (feature extractor), producing a single set of features maps 

for the whole image. Then, these feature maps are the input for the fully connected 

layers and output a SoftMax classifier, which displays classes and confidence 

scores. Lastly, the linear regressor outputs the bounding-boxes [122]. 

Figure 27.- Fast R-CNN improvement description [121]. 

2.5.3.4.1.3. Faster R-CNN 

Faster R-CNN is composed of two modules. The first module is the Region Proposal 

Network (RPN) which proposes regions, and the second module is the Fast R-CNN 

detector. RPN is a Fully Convolutional Network (FCN) and can be trained end-to-

end to specifically generate detection proposals. A window of size 3x3 slides all the 

feature maps and outputs a features vector linked to two fully-connected layers, one 

for box-regression and one for box-classification. Multiple region proposals are 

predicted by the fully-connected layers. A maximum of “k” regions is fixed thus the 

output of the box-regression layer has a size of 4k (coordinates of the boxes, their 
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height and width) and the output of the box-classification layer size of 2k 

(“objectness” scores to detect an object or not in the box).  

Figure 28.- Sliding window location and description [121] 

The “k” region proposals detected by the sliding window are called anchors. When 

the anchor boxes are detected, they are selected by applying a threshold over the 

“objectness” score to keep only the relevant boxes. These anchor boxes and the 

feature maps computed by the initial CNN model feeds a Fast R-CNN model [123, 

125]. Figure 29 shows the Faster R-CNN architecture. 

Figure 29.- Faster R-CNN architecture [121] 
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2.5.3.4.1.4. Mask R-CNN 

Mask R-CNN [126] is an intuitive extension of Faster R-CNN. This model extends 

Faster R-CNN to object instance segmentation. It is added a third branch to the 

Faster R-CNN model, this branch is for predicting an object mask in parallel with the 

other 2 existing branches, the RPN (localisation) and the classifier. It uses RPN to 

generate bounding boxes proposals and produces the three outputs at the same 

time for each Region of Interest (RoI). The mask branch is a small fully-connected 

layer applied to each RoI, predicting a segmentation mask in a pixel-to-pixel manner. 

Figure 30.- Mask R-CNN architecture [127] 

 

Pixel-level segmentation requires more fine-grained alignment than bounding boxes. 

The Mask R-CNN model proposes the RoIAlign layer, which improves the RoI 

pooling layer. The RoIAlign layer provides scale-equivariance and translation-

equivariance with the region proposals, with this the RoI is better mapped into the 

original image [127].   
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2.5.3.4.1.5. SSD 

The Single Shot Detector (SSD) [124] provides enormous speed gains over Faster 

R-CNN. These models predict all at once the bounding boxes and the class 

confidence with and end-to-end ConvNet architecture. This model passes through 

the input image, multiple convolutional layers with different sizes of the filter (3x3, 

5x5, 10x10). Features maps from convolutional layers at different positions of the 

network are used to predict the bounding boxes. After this, they are processed by 

specific convolutional layers with 3x3 filters called “extra feature layers” to produce 

a set of bounding boxes similar to the anchor boxes of Fast R-CNN model.  

Each box has 4 parameters: The width, height, and coordinates of the centre. It 

produces a vector of probabilities corresponding to the confidence over each class 

of object [125]. 

Figure 31.- SSD architecture [124] 

The Non-Maximum Suppression (NMS) method is also used at the end of the SSD 

model to keep the most relevant bounding boxes, this means that groups together 

highly over-lapping boxes into a single box. The Hard-Negative Mining (HNM) 

technique is used due to the large number of negative boxes predicted. This 

technique consists in selecting only a subset of negative examples (boxes) with the 

highest training loss (i.e., false positives) during the training. The boxes are ordered 



54 
 

by confidence, and the top is selected depending on the ratio between the negative 

and the positive which is at most 1/3 [121,125].  

Ideally, confidence scores can be used to estimate the probability that an object lies 

within the bounding box. Confidence in this context should not be confused with the 

notion of confidence in the context of statistics (e.g., confidence intervals). These 

scores are normalised between 0-1 and are often erroneously referred to as 

probabilities in the literature (e.g. [123]). 

 

2.5.4. Deep Learning Libraries 

Figure 32 describes the different layers than can be found in a Deep Learning 

system. Nowadays, Graphic Processing Units (GPUs) have been proven to scale 

NNs in a good way but are presenting limitations when the input images have a large 

size. Some libraries rely on GPUs for optimizing and running the training of NNs, but 

other libraries have CPU and GPU versions. Some higher-level Deep Learning 

libraries emerged in different languages like Python, Java, R and among others. 

Examples of these libraries are shown in figure 32. 

Figure 32. - Deep Learning software and hardware [78]. 

 

2.5.5. Cloud Services 

Cloud computing provides comprehensive services for computing processing, 

backend services for applications and data storage services. For these reasons, it is 

becoming increasingly a viable platform for developing and implementing end-to-end 
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Deep Learning products or applications. Lately, an increasing number of 

Infrastructure-as-a-Service (IaaS) offerings with GPU support exists: for example, 

Amazon Web Services (AWS) [95] provide the hardware necessary for deep training 

and exploration while removing the necessity of obtaining a physical system for 

computation. All services such as GPU computing and data storage utilize the cloud 

and can, therefore, be managed accordingly. AWS is not the only provider with IaaS, 

it is possible to find similar systems with similar capabilities with other companies 

like Microsoft Azure Cloud [97] or Paperspace [96]. Google provides CLOUD AI [98] 

which is a managed PaaS environment.  

Google was one of the first companies to offer services in the cloud about Machine 

Learning classifications and predictions, Microsoft and Amazon offer similar services 

as well. Those type of services allow fast and simple access and deployment of 

Machine Learning, there are several models available for deployment. It is common 

that those companies often provide black-box models with limited calibration and 

modifications of the model [78]. 

 

2.5.6. Machine Learning and Deep Learning in the 

automotive industry 

Machine Learning has the potential to unlock completely new product offerings which 

could improve productivity and build these products on consumer interest. Thereby, 

Machine Learning will create new value pools which could drive the Artificial 

Intelligence technology’s impact on the automotive industry [74]. 

Despite all the technological developments, the automotive/mobility industry is still 

only at the beginning of the AI disruption. State-of-the-art AI applications remain in 

the narrow realm of the AI (performing better than humans but only in very specific 

tasks). Matching human ability in an even larger number of contexts is still some 

years out. 

Deep Learning architectures have a wide application field in the automotive industry 

inside and outside the car. Those applications can involve topics like visual 

inspection in manufacturing, predictive maintenance, and topics about user 

experience as social analytics, customization settings, Human-Computer Interaction 

(i.e., conversational user interfaces), Automated Driving, among others [84]. 
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Figure 33. - Different opportunity areas in the automotive industry [84] 

 

A common challenge of these applications is the need for storage and processing of 

large volumes of data as well as the need to deal with unstructured data as videos, 

images or text. As an example, the images from camera-based sensors on machines 

in manufacturing and assembly processes.  

2.5.6.1. Deep Learning in Self-Driving Vehicles 

Deep Learning models are already starting to complement and, in some cases, 

replace rule-based systems in ADAS modules. The main goal is to design and 

deploy fully integrated, learning-based systems enhanced by AI algorithms. Sensor 

processing, data interpretation, planning, decision making, and execution are the 

major steps needed to fulfil the goal [72].  

Eventually, the systems will learn from all new situations they encounter. Therefore 

the performance is continuously improving. Also, the systems will be able to share 

their knowledge and learnings in a centralized platform or other methods as direct 

interaction. Ideally, the accumulated knowledge of all the systems could be used to 

enhance the performance of each individual vehicle of the market.  

Companies like Google and Tesla, used in their test vehicles the first hybrid systems 

that add self-learning elements to conventional systems. Several automotive start-

ups aim at extending the usage of AI, some of these start-ups are Argo.ai [101], 

Drive.ai [103], nuTonomy [102], Otto [106], Preferred Networks [105] and Zoox [104]. 
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These companies are pursuing L4 and L5 automated vehicles [100], which aim at 

operating vehicles without restrictions in any environment.  

As humans started to hand off their decision making to machines, the interaction 

between machines will become more important [72]. It is important to mention that 

advancements in self-driving cars are closely correlated with those of machine-to-

machine interactions. 

  

“Automated Driving holds the promise of a smoother, safer, and more 

comfortable mobility experience” [72] 
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3. Concept Development Process 
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4. Concepts 
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5. Final Concept 
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II. Second Stage: Igniting the spark with AI. 

Following some ideas of the first concepts, Artificial Intelligence is an excellent way 

to improve the final thought. Deep Learning is a trending Machine Learning 

technique which has shown good performance for different tasks on several 

application fields.  By using Deep Learning techniques, it is possible to improve some 

of the final concept functions and upgrade the overall performance of the system. 

The objective of this stage was to test some Deep Learning models and set the 

foundations of how it will be the best option to increase the reliability of the system. 

Therefore, creating a new State of the Art model is not on the scope of this stage.  

In this section, the results of the testings and deployment of some models will be 

shown along with the proposal of how to create a new dataset with new “hazardous” 

objects of interest as potholes, construction sites, and other situations which must 

be labelled personally by the user.  
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6. Data & Deep Learning Models  

As introduced in section 2.5, Deep Learning is guiding the way that automotive safety 

systems are designed. However, it is needed that these systems are in a continuous 

improvement process, and one of the key-elements is that the models keep learning 

new elements on the driving scene. The foundations of the process how to achieve 

this will be described in the next sub-sections.  

6.1. Datasets 

There are several datasets for object detection challenges. The most common are 

PASCAL Visual Object Classification (Pascal VOC) [117], ImageNet [94] and 

Common Objects in COntext (COCO) [118,119]. These datasets include daily basis 

objects from bottles, dogs, birds, surfing boards, persons to cars and buses. 

Another dataset is the KITTI Dataset [150,151]. This dataset includes diverse 

scenarios from real-world traffic situations, ranging from freeways over rural areas 

to inner-city scenes including several dynamic and static objects. Usually, this 

dataset is used in mobile robotics and Automated Driving research. In this case, the 

datasets selected are the KITTI and COCO Datasets, which include categories of 

the driving environment. 

 

6.2. Tests & Results 

The objective is not to design a new state of the art model or improve one state of 

the art model. In this case, the main purpose is to select and test some pre-trained 

Deep Learning models which can improve the main functions of the final concept, 

for example, the object detection task for Front Collision Warning and the creation 

and maintenance of the training dataset. In this stage, transfer learning was used 

with the Tensorflow Object Detection API [149,152]. 

This API provides a collection of detection models called the Tensorflow detection 

model zoo, pre-trained on the COCO dataset, the KITTI Dataset and the Open 

Images dataset [153]. Also, these models can be useful for initializing the customized 



65 
 

models when training on the novel dataset. The selected COCO and KITTI trained 

models are shown in figure 88. In this API, it is important to mention that the KITTI 

dataset only has two classes, pedestrians, and cars. 

Figure 88.- Models used for inference. 

 

As one of the objectives is the labelling of new objects on the road that are not 

present in the common datasets (i.e., potholes, construction sites, among other 

hazardous objects), the idea is to use the trained models to infer some classes that 

the model already know and add the new classes in an effective way. For this reason, 

the used models in this stage will perform high accuracy results, and it will not matter 

that the inference speed is slow.  

Labelling is one of the most consuming tasks in the creation of the datasets. There 

are several computer programs which assist to label the datasets, one of them is the 

software LabelIMG [155]. The normal procedure is to have one image (road image 

in figure 89) and label (create bounding boxes) the different classes contained in that 

image.  
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Figure 89.- Image on LabelIMG software 

Figure 89 shows one image before the annotation. It is possible to add as many 

classes as needed. Figure 90 shows the bounding boxes of two classes in the same 

image, car, and truck.  

Figure 90.- Manual labelling 

The problem relies on that this process is really slow. Let’s imagine that there is a 

dataset of ten videos with a duration of 15 minutes each video, and each video is 

recorded at 60 frames per second (FPS). This means that for only one video there 

are 54000 labelling frames (15 min * 60 secs * 60 FPS).  
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LabelIMG has the option to open and add to the current image an annotation file. 

This file must be in an XML format and it will have the coordinates of the bounding 

box and its class. By editing the code used in the API, it is possible to add the 

coordinates of the bounding boxes into an XML file and then read that file in 

LabelIMG. 

A comparison of the pre-trained models was made to determine which is the best 

classifier model and fulfils the objective, label the dataset of the final concept. 

Elapsed time is not included in the comparison. Hence comparison between other 

methods only focus on the performance in object detection, regardless of run time. 

It was decided to use the best accuracy model regardless of the running time 

because it will reduce the time of labelling. Thus, the annotator only must include the 

desired new classes, increasing the efficiency of the labelling process. 

(a)                                                           (b) 

   (c)      (d) 

Figure 91.- Comparing Faster-RCNN models. (a) Faster-RCNN with inception-ResNet on COCO 

dataset, (b) Faster-RCNN with NAS on COCO dataset, (c) Faster-RCNN with ResNet101 on COCO 

dataset and (d) Faster-RCNN with ResNet101 on KITTI dataset 
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These models have a good performance at the accuracy and show high confidence 

levels. However, they have small differences between each model. Some show a 

better accuracy in some classes and show different results for the same classes. For 

example, in figure 92 it is possible to notice some of the differences that these 

models can have between each other.  

In this image, the model trained with inception-ResNet is missing the traffic lights as 

well as the ResNet101 model. The ResNet101 model trained on the KITTI dataset 

is not detecting the bus because there is not a class defined as bus. Also the truck 

on the right is detected as car due to the same reason. The ResNet101 model trained 

on the COCO dataset is detecting the bus as a truck.  

(a)                                                           (b) 

(c)                                                           (d) 

Figure 92.- Comparison of Faster-RCNN models. (a) Faster-RCNN with inception-ResNet on 

COCO dataset, (b) Faster-RCNN with NAS on COCO dataset, (c) Faster-RCNN with ResNet101 on 

COCO dataset and (d) Faster-RCNN with ResNet101 on KITTI dataset 

 

With the analysis of randomly frames from the video, around 300 randomly selected 

frames, it was decided that the best model to fit the purpose is the Faster-RCNN 

NAS [156], which achieved high confidence results in a city drive video.  



69 
 

As the COCO dataset has some variety of classes, there are some objects that could 

be detected as an “unnecessary object” in road situations. In figure 93, an example 

of this situation is shown. In this situation, there is an advertisement on the road from 

an international brewery, and the model detects the bottle in this ad. 

Although the model makes the detection with a high level of confidence, this class is 

not necessary for the project purpose. Therefore this class can be kicked out on the 

next training stage. 

Figure 93.- Bottle detection. 

In other cases, the model makes some mistakes that do not affect the purpose of 

the new dataset. This situation is shown in the next figure when the model detects a 

“potted plant” which is a tree, which is a big mistake but has no difference for the 

dataset purpose. As well, this class can be kicked out. 

Figure 94.- Tree detected as a potted plant 
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These types of results, mean no danger for the driver or passengers safety, however, 

it may exist the possibility to gather all the types of objects that represent a 

hazardous situation for the driver, and create a new class called “Hazardous Object” 

with the condition that those objects must be on the road surface. Nevertheless, that 

possibility will not be addressed in this project. In other occasions, the model could 

miss objects, like the pedestrian in figure 95 (which is the next frame of figure 94) or 

have false positives when detecting cars at long distances. In those cases, the 

annotator will address that situation and label the missed objects.  

Figure 95.- In this frame, the model misses the pedestrian next to the light pole. 

The selected model has good performance even with significant changes in the light 

conditions. Figure 96 shows the results with dark conditions and bright conditions. 

Figure 96.- Results with contrasting light conditions. 

After the object detection, the program will create an .xml file and will write the 

bounding boxes results (coordinates, class, and confidence) into the file. 

Consequently, every frame will have its annotation file which the annotator could add 

new classes if needed and/or delete bounding boxes of classes that are not part of 
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the dataset’s purpose. Therefore, this procedure will make the labelling task more 

efficient. The process is described in figure 97. 

 

Figure 97.- Labelling workflow diagram. 

The bright image in figure 96 will be used as an example of the annotation file for 

the LabelIMG software, due to the big number of labels that are on that image. In 

this case, the only excluded class was the “potted plant” and new classes were not 

added to the file. However, new classes as “bus stop sign” may be added to the 

dataset. 

Figure 98.- Labels with bounding boxes neural network output. 
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Once that the labelling process has been completed, the next step is to use transfer 

learning. The idea is to use a pre-trained COCO model as a fixed feature extractor 

and then use the new dataset to fine tune that model with the new data. Two models 

must be selected to fulfil the improvement of the final concept functions. One of them 

will be chosen to keep improving the dataset when new events are sent by the 

concept’s social community, this model must fulfil the same requirements as the 

model used in the labelling process: the runtime will not be important, and the 

accuracy is the key element. For now, the Faster-RCNN NAS has good results and 

could be selected again, unless a model with better accuracy it is available.  

The second model must be able to run in the Jetson TX2 board with real-time 

inference. To this end, several light-weight ConvNets models have emerged, 

explicitly designed for real-time processing in embedded systems, for example, the 

SSD model presented in section 2.5. Those models have decreased computational 

complexity to make the system run in a feasible time frame. Although these models 

are able to perform in real-time requirements, the accuracy of those models is also 

decreased. The training, comparison, testing, and selection of the model for the 

Jetson TX2 board implementation, will be addressed in future work. 

Lastly, it is important to mention that by improving the training dataset, the general 

performance of other main functions of the final concept, as the Front Collision 

Warning, are being improved as well.  

Naturally, there are other ways to improve the Front Collision Warning and the other 

main functions of the final concept, but a different approach is needed, and 

consequently, the scope of the improvements will be more specific about technical 

details as run-time. As well, those improvements will be addressed in the future work 

of the concept. 
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III. Third Stage: UX between human and AI 

User experience is a hot topic nowadays and at the same time, is one of the most 

important elements that need to be considered when designing a system or a 

product. Using critical function prototypes and simulators in the first stage of the 

project, not only contributed to having a better overview of the possible features for 

the final concept, but these tools also guided to obtain some insights about the 

behaviour of the driver, allowing to know about their concerns and feelings with 

specific situations or actions.  

It is really interesting to notice that some of the issues detected on the first stage 

have a big relationship with issues that Artificial Intelligence and self-driving 

technology are confronting lately. One of those concerning issues is “trust”. The trust 

issue stands out in the last months in the automotive industry due to the road traffic 

crashes involving some companies pursuing the self-driving car. Trust, therefore 

constitutes an essential research area for the introduction of Automated Vehicles to 

road traffic and the improvements of Advanced Driver-Assistance Systems. 

The purpose of this stage was to address the problem regarding the acquisition of 

drivers’ effective trust metrics. This stage gave as a result, the conceptual design of 

a study which could evaluate the relationship between the drivers’ automation trust 

and their physiological state, specifically the driver’s gaze behaviour.  

It is important to note that this study is focused about measuring driver’s trust in self-

driving technology. However, it could be used to measure the driver’s trust with 

ADAS technology, as the final concept showed above. The study is on the 

development stage and, if possible, will be conducted in collaboration with an 

automotive safety research centre.  
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7. Study Description 

 

 

 

 

 

 

 

 

This chapter is confidential due to a Non-Disclosure Agreement. The complete 

document is kept in the Centre of Mechanical Design and Technological Innovation 

of the National Autonomous University of México (UNAM). For more details, please 

contact Dr. Alejandro C. Ramírez Reivich. 
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8.  Future Work 

As this is a conceptual design, there are a lot of opportunity areas which can be 

addressed with a multi-disciplinary team. However, following the work of this thesis, 

the future work is divided into two parts.  

 

8.1. Future work for Stage I and II 

Several tasks have been settled to keep working on, like the creation of the new 

dataset adding specific road hazards with the labelling process mentioned in section 

7. Shortly, it is probable that new labelling tools and methods will be created, allowing 

to achieve better results with a reduction of the labelling time. Anyway, a significant 

effort in maintaining this dataset must be made to keep improving the general 

performance of the final concept.  

Another critical task is the deployment of the training and inference systems on the 

cloud. It is needed to plan, and design how is going to be the procedure to receive 

new dataset information, how often the models will be trained, and which platform 

will be used to train the models and manage all the information regarding the final 

concept functions.  

As well, real-time implementation is a critical requirement in the real-world 

deployment. Different models must be tested and compared before the deployment 

on the Jetson TX2 board. Therefore, this task opens a new whole horizon to explore 

and apply Deep Learning architectures with good performance in real-time. 

 

8.2. Future work for Stage III 

Stage III unlocked a new opportunity area. With the deployment of Deep Learning 

models, there is a possibility to improve and thrive the User Experience along with 

Augmented Reality. Nowadays there is a big expectation about Head-Up Displays 

(HUDs), and extensive research is in the process to identify the best way to deliver 

critical information from the driving task, without distracting or overloading the 
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drivers. Using models as the mask-RCNN, which highlight specific information about 

the environment could help to the aim of delivering critical information. 

Figure 101.- Instance segmentation with Mask-RCNN. 

For the reason that Highly Automated Vehicles are not commercialized yet, it is 

important to examine drivers’ behaviours and attitudes toward Highly Automated 

Vehicles. Deep Learning models could not be only used for developing new 

experiences, with those models it is possible to study the behaviour and 

physiological state of the drivers. Therefore, a better understanding of the drivers 

could be achieved. One possible application is to use physiological data along with 

vehicle data as an input to the neural network. By training a model to predict driver 

manoeuvres and intentions, the capabilities of ADAS and the driver’s performance 

could be enhanced.  

The most ambitious future work for this stage is the design of a system which can 

calibrate the drivers’ trust in real-time. This novel system could lead to a huge and 

disruptive change in drivers’ User Experience.  
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9. Discussion 

9.1. Technology 

For several fields, including automotive and mobility industries, Machine Learning 

will not be optional; it will be a technological foundation making it the source of 

significant competitive advantage for the next years. AI can be used to help human 

users make critical decisions, especially with cars that do not have ADAS. While 

powerful and appropriate hardware exists to run the algorithms in the back-end 

environment, the embedding of the whole systems requires technological hardware 

advancements and connection solutions [74].  

Designing and implementing a system that can operate in (mostly) unrestricted 

environments will require huge amounts of effort, due to the virtually infinite number 

of use cases that must be covered and tested. For instance, the system must be 

able to guess which areas are appropriate for moving vehicles where the lane 

markings are inexistent or roads without any traffic sign. Those types of issues can 

become more difficult for specific areas. For example, a Computer Vision problem 

appears if the road surface is significantly the same as its surroundings (roads 

covered in snow), the system would be struggling to define where are the road and 

the sidewalks. Nowadays, even the biggest automotive manufacturers are struggling 

with these kinds of situations. 

 

9.2. Regulations and Standards 

The term “Automotive-grade”, requires higher safety standards and more accurate 

than many current Machine Learning application cases. In automotive and mobility, 

regulatory involvement is usually together with coordination of industry standards to 

allow scaling and integration of various systems. It is expected that the first “players” 

in the field might shape the standards during the early development of the technology 

and its applications, as some did when Antilock Braking System (ABS) was 

developed [74]. As the final concept is not part of the car’s systems, it might not have 

to get the “automotive grade,” but it might be needed to fulfil some standards and 

regulations about data usage and data confidentiality. 
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9.3. Test and Validation 

Although the system is not forced to obtain the “automotive grade,” it is needed to 

assure that the system is robust and efficient. In the automotive industry, techniques 

as Brute Force, Software in the Loop (or Model in the Loop) and Hardware in the 

Loop are used for test-and-validation purposes [86]. The Brute Force technique, 

which consists of exposing the system to millions of driving miles to determine 

statistically that the system is safe and operates as expected. If it is decided to use 

this technique, the main challenge is the number of miles required. Some research 

shows that the driving miles required to achieve, with 95% confidence, that the failure 

rate was 1.09 fatalities per 100 miles (as the equivalent of the 2013 US human-

fatality rate) is about 275 million miles. “With a fleet of 100 Automated Vehicles being 

test-driven 24 hours a day, 365 days a year at an average speed of 25 miles an hour, 

this would take about 12.5 years to achieve 275 million miles” [99]. To demonstrate 

better-than-human performance, the number of miles required can quickly reach the 

billions. Of course, if the decision is taken to drive on highways, it is easier to achieve, 

but the system will not learn any new hazardous situations from city environments, 

making even harder to use this technique for the purposes of the final concept. The 

Software in the Loop technique combines real-world tests with simulations. Using 

this technique could make possible, to greatly reduce the number of testing miles 

required. Lastly, by using the Hardware in the Loop technique, pre-recorded sensor 

data can be fed into the system simulation, making possible to validate the operation 

of actual hardware.  

It is crucial to choose an effective way to implement test and validation. The goal is 

to achieve the required confidence levels in the least amount of time for the purposes 

of the final concept. For this reason, it might be needed to develop or implement a 

hybrid approach involving the techniques previously mentioned.  

 

9.4. Human Factors 

Although the next insights are more related to the self-driving technology, they have 

a big relationship with ADAS. Nowadays there is a huge misunderstanding about 

partially automated VS. Fully automated cars. If this issue is not addressed in the 

right way, it will only grow over time. There are several videos on social media 

showing motorists putting enormous faith in the partially automated driving 
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technology and the Advanced Driver-Assistance Systems. “There is a sense of 

complacency when you’re driving the same loops over and over, and you trust the 

vehicle” [159] says an Uber former self-driving vehicle operator.  

The partially automated systems have a good performance in the functions that were 

designed for, then it is natural that people trust them more than they should, but 

these systems are a form of Driver-Assistance Systems, this means that the most 

critical decisions are still determined by the driver.  

Unfortunately, controlled experiments as well as real-life situations, show that drivers 

who place too much trust in automation end up crashing into stationary vehicles or 

other objects [86].  The last two years, the automotive industry had some serious 

road traffic crashes involving partially automated driving features. In the first fatal 

road traffic accident, the vehicle crashed into a semi-truck in Florida while the 

partially automated driving feature was engaged. The vehicle’s data logs revealed 

that the driver had his hands on the wheel for 25 seconds of the 37 minutes the 

partially automated driving feature was activated during the trip, and that the driver 

had received seven visual and six auditory warnings to return his hands to the wheel. 

In the second fatal road traffic crash, the vehicle crashed into a highway barrier in 

California. It was confirmed that the partially automated driving feature was engaged 

during the collision and that the driver had received multiple warnings to put his 

hands on the wheel during the drive. In another road traffic crash, the driver had the 

partially automated driving feature activated at the time of the crash. The driver took 

her hands off the wheel over 12 times during the drive, including the 80 seconds 

before the collision, the driver was using her phone [160]. 

Those drivers seemed to expect more from their cars than they can actually perform. 

And that is understandable since the systems give the perception of being able to 

self-drive km after km of uneventful highway driving. The better they work, the more 

the drivers will trust them, to the point where it is easy to forget that they are not 

infallible. The current capabilities of ADAS are limited, something many early 

adopters fail to understand. Right now, the systems are not sophisticated enough to 

operate without human oversight, all these systems rely on the human paying 

attention, ready to intervene in case the car encounters something it cannot handle 

on its own. 

The conceptual design of the study shown in section 8, represents a step forward in 

the development of more objective and continuous measurements of drivers’ trust in 
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self-driving systems. Driver’s physiological state could be used as a way to assess 

real-time changes in driver’s trust having an important role in real-world scenarios. 

For instance, if the drivers over-trust or mistrust the self-driving vehicle, the system 

could react by modifying the driving behaviour or it may provide to the driver, more 

information about the road situation or the driving performance. Several studies have 

shown that designing systems that provide users with accurate enhanced feedback 

of how they operate could create appropriate trust [168]. Thereby, a safer and 

efficient driver-vehicle interaction could thrive. 

In this way, it could be possible to avoid the fatal accidents caused by over-trust and 

at the same time, eliminate the mistrust of the users so they can benefit from the 

self-driving and Advanced Driver-Assistance systems. Trust is a sensitive topic that 

can affect users from minor discomforts to more safety critical situations in the driving 

task. Lastly, trust is among the key mindsets and attitudes of successful human-

machine collaboration.  

 

9.5. Thesis Outcome and Conclusion 

This master research project was the journey into discovering a new horizon of the 

automotive safety systems. At the beginning of this thesis, the objective was to 

create (along the Safety Cloud teammates) a conceptual design for a retrofittable 

automotive safety system. Then, the objective changed when the approach with 

Artificial Intelligence (AI) surfaced.  

Although the AI is nowadays a trending topic and marvellous things have been 

developed with AI, it is stunning to observe that some AI issues are very similar and 

very related to the issues that the Safety Cloud team found within the GlobalDrive 

project. Consequently, the initial objective changed again.     

Thus, the scope added the research of human factors in the automotive safety. In 

summary, it is possible to say that the main objective of the human factors research 

is to provide an understanding of how drivers perform as a system component in the 

safety systems. This role recognizes that driver performance is influenced by many 

environmental, psychological, and system design factors. 
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Therefore, it is possible to think each stage as one different element. In other words, 

the GlobalDrive stage (a), the human factors stage (b) and the AI stage (c). 

Figure 102.- Each stage figure description. 

The thesis outcome, in the opinion of the author, is that even though each stage is 

from a totally different study field, several relevant sub-fields must be bonded for the 

success of using existing or new safety technologies and thus, users' benefit. 

The designers, researchers and developers will need time to adjust to this shift, to 

find the relevant sub-fields and to implement the techniques and methodologies that 

will thrust the whole user experience regarding safety and comfort. This thesis was 

the journey of embracing that AI, human factors and concept development must be 

linked for a successful ideation and development of an automotive system. 

Figure 103.- Sub-fields fusion. 

The human factors research must be at the centre of this shift because it is the 

foundation of how researchers could determine which aspects of the safety systems 

should be modified to improve drivers’ performance and reduce unsafe behaviours. 

Getting started early not only helps produce results quickly but also helps speed up 

an organization’s journey toward embracing this new paradigm shift. 

a) b) c) 
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At the same time, AI must be embraced so the full potential of AI could be deployed 

for the benefit of the automotive industry. “An organizational culture open to the 

collaboration of humans and machines is crucial for getting the most out of AI” [72]. 

Now is the right time to start thinking about the best way to adjust social and 

economic structures to be aware of this new AI reality.  

 

“Often people only think of AI boosting growth by substituting humans, but 

actually huge value is going to come from the new goods, services and 

innovations AI will enable [107]”. David Autor, Professor of economics MIT. 

 

AI is much more than a new set of tools and technology, it will help reshaping the 

world as we know, just as it was the internet in its time. To date, the researchers, 

designers, developers and engineers are deploying systems that were upgraded by 

using AI, however it is uncertain if they are using human factors research in the 

design process of those systems. Fortunately, at the same time the AI will assist in 

the human factors research and new insights will be generated by the deployment 

of AI technologies.  

The automotive industry still needs to overcome some challenges and shortcomings 

to allow that self-driving and ADAS technology can thrive in the future and generate 

a new era for transportation. The end-to-end solution for a disruptive change in 

transportation needs to implement not only better hardware and software, it needs 

the research and application of knowledge about human factors (human abilities, 

limitations and other human characteristics) and AI to achieve the goal of having a 

novel and disruptive driving experience. There is a long way to go, but history has 

demonstrated that when humans push their own limits, amazing things happen. 
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Appendix 

Appendix A – Benchmarking Description. 

External Devices 

Besides ADAS that are directly equipped in new cars, there are different retrofit-

systems available that can easily be used in older vehicles regardless of 

manufacturer or type. These systems are using different ways to gather information 

about the driver, the driving state, the road or the car E.g. the OBD port, cameras or 

various sensors. 

CarVi (Price $300+) 

CarVi [10] is a stick-on unit that adds front collision warnings, lane change assistance 

and driver skills assessment to the driver’s current ride. It incorporates a 720p 

camera, a three-axis accelerometer, a microphone, a speaker, and a Wi-Fi unit to 

allow wireless connection to the smartphone. It costs around $300 and is under 

development until now. The camera captures video from what’s happening in front 

of the driver, analysing the data in real time to provide feedback to the driver and 

warn against dangerous situations. Amongst that, it builds up a report on the user 

driving skills, taking note of overly incidents like hard braking and dodgy "jackrabbit" 

starts, to give a score for the trip. The idea behind that is to improve the driving score 

by following certain driving tips. 

AUTOMATIC (Price: $80+) 

Another device in the market is AUTOMATIC [166]. It connects the car via the OBD 

port to the smartphone to provide several driving data. There are two main versions, 

the Pro and Lite versions. In 2013, the first AUTOMATIC device was released to the 

market. The most complete version is the AUTOMATIC Pro, which includes trained 

responders that are ready 24/7 and will contact the driver in case of an emergency. 

The device allows to connect the car to several apps that let the driver for example 

log trips to a google sheet, turn on lights and includes also engine diagnostics. In the 

technical aspect, the AUTOMATIC use the vehicle OBD to provide car-data, 

connection via Bluetooth or 3G. Depending on the version, an app or not us used for 

the synchronizing the driving data. 
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Caruma (No price yet) 

Caruma [9] is an innovative connected car camera with dual high-definition cameras, 

a variety of sensors, and advanced wireless technology that seamlessly integrates 

with the driver’s smartphone. It improves driver safety by monitoring subtle details 

about the driver to detect fatigue, attentiveness, and driver distraction. 

Advicy Drive (No price yet) 

This wearable device, measures the driver’s heartbeat to prevent him from falling 

asleep. To check if driver is driving safely or not, Advicy Drive [41] detects its 

personal attention value (AV). At driving the heartbeat changes continuously, and 

even the attention value changes with it, this can be easily checked by looking the 

cursor movements in the app. 

If the cursor is in the green zone the driver is driving safely, but if the cursor moves 

to the red zone, the driver’s physical conditions are lower than the safety threshold 

and an alarm will warn the driver to prevent a possible falling asleep at the wheel. 

Navion (No price yet) 

Using True Holography, Navion [14] displays virtual indicators exactly where the 

driver needs. Using True Holography, Navion displays virtual indicators on the road 

ahead, exactly where the driver needs them to be. It is the first true Augmented 

Reality car navigation system that applies aeronautical principles to land navigation. 

The system responds to simple voice commands, letting the driver interact with the 

car without having to peer about the dashboard. Also, it works with gesture 

commands for determined features.    

Navion allows controlling navigation using the smartphone, the driver will be able to 

set routes and check map for points of interest. The driver can also see all the data 

from previous trips. The system fits for almost any car, no headgear or eyewear 

required. 

Xfire bike lane Safety light [8] ($40) 

This device is designed to project a bike path onto roadways only. The light uses 

two 5mW red lasers to create bike lane markings and five red LEDs for increased 

visibility overall. “To enjoy the night ride Safer”. 
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Dguard ($569 +) 

Dguard [167] is a retrofit eCall system for motorcycles. It is using acceleration 

sensors to detect accidents and automatically send emergency call. Also, it offers 

an antitheft system with notification on the smartphone. 

 

Existing Smartphone Applications 

Currently there are around 2.6 million apps available on the Google Play Store and 

their number is growing day by day. This shows that it is impossible to give a 

complete overview of safety related applications available for costumers. 

Nevertheless, some apps that most influenced the development process of the 

concepts are presented in the following. 

Some of them have only been developed as benchmark in university research and 

are not available in the app store. The three overall services provided by existing 

applications on the market are road monitoring, driver surveillance and providing 

position-based information about the environment. Due to the resource-constrained 

environment on the smartphone, the apps are mostly only able to provide a subset 

of possible safety functionalities. 

ADAS functionality 

CarSafe [2] is an app developed at the Dartmouth College in 2013. Both the road 

and the driver should be monitored continuously by rear-end and front camera 

respectively. Machine Learning algorithms analyse the images delivered from the 

inner car about whether the driver is tired or distracted. It focuses on driver features 

such as his head pose, eye gaze direction and blinking rate, which allow inferring on 

his drowsiness, periods of micro sleep and distraction. Meanwhile, the back camera 

tracks environmental conditions. 

Combining with other smartphone sensors such as the GPS, accelerometer, and 

gyroscope, the app is able to alert the driver about potentially dangerous situations, 

such as short distance to the car in front, lane weaving/drifting or risky lane change 

conditions. If the app detects a risky situation in or out the car, it will alert the driver 

by displaying a related icon on the touchscreen accompanied by an audible alert. 

Similar apps available on the app market are aCoDriver [3] or IOnRoad [61]. They 
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serve as an additional smartphone-camera-based co-pilot for the driver: the app 

checks the distance to the car in front to prevent from rear-end collisions; also, it 

warns the driver on unintentionally leaving his lane. Furthermore, it assists by 

tracking road signs and speed limits. 

Educating the Driver 

The DriveSafe [19] application, developed at the University of Alcalá, processing the 

phone’s accelerometers, GPS, and rear-camera to produce a complete behaviour 

profile of the driver that can be checked either on real-time during the trip or be 

reviewed in detail when having reached the target. The app monitors and scores the 

driving performance as well as alerts on dangerous behaviour. Evaluating the rear-

camera, microphone, inertial sensors, and GPS, seven different manoeuvres are 

monitored: accelerations, braking, turnings, lane-weaving, lane-drifting, speeding 

and car-following. Each trip will then be classified as normal, drowsy, or aggressive. 

The application is designed to educate the driver by giving feedback about his driving 

patterns. By doing this in a game-like character that allows for comparing to others, 

this should be made more appealing to drivers. Apps following a similar intention are 

for example Flo-Driving Insights [60] or the AXA Drive app [59]. 

Position- based Information and Navigation Service 

The app Waze [34] provides real-time road information to its users based on reports 

of its community. As millions of users report incidents as accidents, construction 

sides, road closure or dangerous spots together with their position, future drivers 

approaching the same spot may be warned beforehand. Furthermore, it provides 

useful information about the driver’s positions’ surrounding, e.g. cheap fuel costs, 

good restaurants. As with Google Traffic, Waze is able to provide users with the 

currently best route to their target based on real-time traffic information of users 

using their applications. 

While Waze reports a bunch of different information categories to the driver, there 

also exist lots applications targeting one specific area: the app Wuidi [62] warns 

drivers about dangerous areas for animals crossing on the road for example and 

tells them step by step what to do in case of an accident with an animal. Warnings 

are displayed depending on the position, the time of day, the season and information 

from hunters. Another example is the application Blitzer Deutschland Österreich [58] 

that warns drivers from both static and moving radar controls, as well as warns the 

driver on exceeding his speed limit. 
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