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Abstract 

 

This doctoral dissertation represents a cluster of the research activities conducted at 

the DICAM Department of the University of Bologna during a three years Ph.D. 

course. 

In relation to the broader research topic of “road safety”, the conducted activities 

focused on the investigation of the interaction between the road and the drivers 

according to human factor principles and supported by the following strategies: 1) 

The multidisciplinary structure of the research team covering the following academic 

disciplines: Civil Engineering, Psychology, Neuroscience and Computer Science 

Engineering. 2) The development of several experimental real driving tests aimed to 

provide investigators with knowledge and insights on the relation between the driver 

and the surrounding road environment by focusing on the behaviour of drivers. 3) The 

use of innovative technologies for the experimental studies, capable to collect data of 

the vehicle and on the user: a GPS data recorder, for recording the kinematic 

parameters of the vehicle; an eye tracking device, for monitoring the drivers’ visual 

behaviour; a neural helmet, for the detection of drivers’ cerebral activity 

(electroencephalography, EEG). 4) The use of mathematical-computational 

methodologies (deep learning) for data analyses from experimental studies. 

The outcomes of this work consist of new knowledge on the casualties between 

drivers’ behaviour and road environment to be considered for infrastructure design. 

In particular, the ground-breaking results are represented by: 

- the reliability and effectiveness of the methodology based on human EEG signals 

to objectively measure driver’s mental workload with respect to different road 

factors; 

- the successful approach for extracting latent features from multidimensional 

driving behaviour data using a deep learning technique, obtaining driving colour 

maps which represent an immediate visualization with potential impacts on road 

safety. 
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1. Introduction 

 

1.1 Motivation 

1.1.1 Problem statement 

This doctoral dissertation deals with the topic of Road Safety, that field of research 

that studies methods and measures used to prevent road users from being killed or 

seriously injured.  

The importance of this subject results evident from the yearly statistics on road 

fatalities and injuries: despite the increasing diffusion of road safety policies, safety 

measures as well as stronger safety laws and public awareness safety campaigns, the 

number of deaths and injuries in the EU is undoubtedly too high. The World Health 

Organization recently estimated that 25,100 people still lost their lives on EU roads 

in 2018 and about 135,000 were seriously injured (WHO, 2018). 

As this is an unacceptable and unnecessary human and social price to pay for mobility, 

the European Commission has recently put forward a new and ambitious road safety 

agenda, which includes the challenging long-term goal of moving close to zero 

fatalities and serious injuries in road transport by 2050. The stand-out ambition of 

such target emphasizes the importance of pushing forward actions and strategies 

addressed to find more effective and efficient ways to reduce accidents and save lives 

on roadways. 

 

1.1.2 Approach 

Many investigations have proved that individual road accidents are complex events 

involving a variety of contributing factors mainly attributable to three categories 

represented by the infrastructure, the vehicle and the driver. Traditionally, the analysis 

of risk examines the three factors separately and there is a tendency by researchers 

and practitioners to look for one or a few factors, when in actual fact they should be 

analysing multiple factors. Accordingly, the traditional approach to road safety tackles 

the following well-known interventions: 
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a. Safer infrastructures, through planning and design; 

b. Safer vehicles, through better crashworthiness, active vehicle safety, and 

vehicle inspections; 

c. Human behaviour, through legislation, enforcement, and campaigns. 

Nevertheless, according to the Venn’s diagram typically used for the representation 

of the road safety paradigm, how do the factors relate between them is a less explored 

but fundamental understanding, allowing to introduce a broader perspective including 

the combination of the factors contributing to the occurrence and to the severity of a 

crash (Figure 1). 

 

 

Figure 1. Venn's diagram representing the road safety paradigm. 

 

In relation to this, William Haddon developed a matrix that identifies risk factors 

before the crash, during the crash and after the crash, in relation to the person, vehicle 

and environment (Figure 2). Haddon described road transport as an ill-designed “man-

machine” system in need of comprehensive systemic treatment and interactions 

between different components must be taken into account (Haddon, 1980). The 

essence of using a system approach is to consider the fact that road traffic injuries are 

a multidimensional problem that require a comprehensive view when examining the 

determinants, consequences and solutions. Reducing road traffic crashes to one 
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“cause” only imply to consider the components of the system – human, infrastructure 

and vehicle factors – as independent. Measures addressing any one component can 

thus be implemented separately but the opportunities to influence one type of factor 

through another (for example, to obtain more appropriate driver behaviour through 

changes in road design) are entirely ignored. 

 

 

Figure 2. Haddon's matrix identifying risk factors before the crash, during the 

crash and after the crash, in relation to the person, vehicle and environment. 

 

In conclusion, as crash factors relate to human as well as to physical and technical 

components of the road and transport system, a detailed analysis of road crashes and 

consequently of “road safety” requires a multidisciplinary approach (WHO, 2006), 

which is the major scope of this dissertation. 

 

1.2 Research objectives 

Road engineering is the body of research traditionally appointed to tackle the 

challenge of finding evidence in the relationship between infrastructure and road 

crashes aiming to define indications, rules and good practices in road design and 

maintenance. 

Considering that the infrastructure factor is estimated to contribute, alone or in 

combination with other factors, for the 30% to total yearly crashes in Europe (EU 

Commission, 2018) and that human error is the main cause of the 57% of road 

accidents and a contributing factor in over 90% of them (Treat, Tumbas, McDonald, 
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Shinar, & Hume, 1979), a “broader perspective” for the role own by road engineers is 

represented by the analysis of the interaction occurring between the infrastructure and 

the driver, which is possible by including ergonomics principles to the traditional 

analyses. This research approach deals with the commonly known “Human Factors 

engineering”, a science dealing with the application of information on physical and 

psychological characteristics to the design of systems (in this case the road or the 

vehicle) for human use. 

As the knowledge of Human Factors can help to better understand how road users 

behave and then address adjustments to the design of the environment according to 

human capabilities (Theeuwes, 2012), the strong ambition carried out with the 

investigation and application of those principles to road design is the reduction of both 

the whole number of accidents occurring on roads and the severity of those accidents.  

With reference to the problem statement described above, the main objectives of the 

research project presented in this dissertation are:  

- The identification and acquisition of the transversal knowledge and 

requirements needed to convert behavioural studies in engineering measures. 

In particular, are focused the causes of the manifestation of certain behaviours 

and the cause-effect mechanisms that regulate man-road interaction. That 

purpose, which is hard to reach because of the complexity of the arguments, 

is enabled throughout the cooperation between multidisciplinary research 

teams including psychologists, neuroscientists and computer science 

engineers sharing their knowledge in order to provide qualitative advances in 

the research.  

- The definition of engineering procedures that allow the use and application of 

Human Factors principles in road design and analysis (e.g. road safety audit – 

RSA; road safety inspection - RSI). Indeed, after understanding the process 

that regulate man-road interaction, the research project wants to identify the 

procedures that allow the use and application of Human Factors principles in 

road design (or implement the ones that already exist). 

The consolidated experience in the development of road safety studies owned by the 

DICAM Department of the University of Bologna allowed to identify the proper 



 

 

 

   

A multidisciplinary research approach for experimental                  Bichicchi A. 

applications in road-driver interaction analysis 

 

14 

 

methodologies for the research program, identified mainly with observational studies 

on existing roads. In addition, the multidisciplinary collaboration with national and 

international research institutions, provided the opportunity to address complex and 

interconnected challenges of the future of road safety where it is no longer possible 

for these issues to be solved in a single discipline or profession.  
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2. Research program 

 

This dissertation, structured in the form of a “collection of papers”, presents a wide 

part of the activities carried out in the doctoral course which converged into five 

journal papers. Those papers are an integral part of the dissertation and the reason why 

most of details are intentionally not recalled by the chapters is because publications 

are conceived to describe the methodologies, the numerical or statistical analyses and 

the results of the research in the most effective and clear way, representing lasting 

contribution to science. 

The author, thus, recommend the reading of full papers included in the Annexes 

section to catch most of the details on the methodologies and results. Vice versa the 

chapters, as the overall thesis, represent the tool aimed at ensuring that the 

multidisciplinary research performed can be put into perspective and the pieces of 

work performed are connected and aimed at a same final scope. 

 

2.1 List of publications 

The order of the listed papers follows the order of the activities indicated in the 

research program and discussed in the manuscript. 

- Vignali V., Bichicchi A., Simone A., Lantieri C., Dondi G., Costa M., (2019). 

Road sign vision and driver behaviour in work zones. Transportation Research 

Part F: Traffic Psychology and Behaviour, 60, pp. 474-484. ISSN 1369-8478, 

https://doi.org/10.1016/j.trf.2018.11.005. 

- Costa M., Bonetti L., Vignali V., Bichicchi A., Lantieri C., Simone A., (2019). 

Driver's visual attention to different categories of roadside advertising signs. 

Applied Ergonomics, 78, pp. 127-136. ISSN 0003-6870, 

https://doi.org/10.1016/j.apergo.2019.03.001. 

- Costa M., Bichicchi A., Nese M., Lantieri C., Vignali V., Simone A., (2019). 

T-junction priority scheme and road user’s yielding behavior. Transportation 

https://www.sciencedirect.com/science/journal/13698478
https://www.sciencedirect.com/science/journal/13698478
https://doi.org/10.1016/j.trf.2018.11.005
https://doi.org/10.1016/j.apergo.2019.03.001
https://www.sciencedirect.com/science/journal/13698478
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Research Part F: Traffic Psychology and Behaviour, 60, pp. 770-782. ISSN 

1369-8478. https://doi.org/10.1016/j.trf.2018.12.009. 

- Di Flumeri G., Borghini G., Aricò P., Sciaraffa N., Lanzi P., Pozzi S., Vignali 

V., Lantieri C., Bichicchi A., Simone A. and Babiloni F., (2018). EEG-Based 

Mental Workload Neurometric To Evaluate the Impact of Different Traffic and 

Road Conditions in Real Driving Settings. Frontiers in Human Neuroscience, 

12, 509. 10.3389/fnhum.2018.00509. 

- Bichicchi A., Belaroussi R., Simone A., Vignali V., Lantieri C. and Li, X. 

(2020). Analysis of Road-User Interaction by Extraction of Driver Behavior 

Features Using Deep Learning. IEEE Access, 8, pp. 19638-19645. 

10.1109/ACCESS.2020.2965940 

 

2.2 Author contribution 

The contribution of the author to papers consisted: 

- in the definition of the experimental protocol, development of the 

experimental activities, data analyses and paper writing (for papers n. 1, 2, 3, 

5); 

- in the definition of the experimental protocol, development of the 

experimental activities, minor data analyses and minor paper writing (for 

paper n. 4). 

 

2.3 Research activities 

As indicated in the following Figure 3, the research framework relies on a series of 

original research activities aimed to understand in-depth the interaction between the 

road and the road users. 

The activities have a common experimental strategy represented by the conduction of 

observational studies consisting in Instrumented Vehicles (IVS) tests with a standard 

experimental protocol, whereas the ground-braking multidisciplinary level of the 

activities includes insights dealing with the following subjects: 

https://www.sciencedirect.com/science/journal/13698478
https://doi.org/10.1016/j.trf.2018.12.009
https://dx.doi.org/10.3389%2Ffnhum.2018.00509
https://ieeexplore.ieee.org/document/8957135?source=authoralert


 

 

 

   

A multidisciplinary research approach for experimental                  Bichicchi A. 

applications in road-driver interaction analysis 

 

17 

 

- Civil engineering (i.e. road/traffic engineering); 

- Psychology; 

- Neuroscience; 

- Computer Science. 

Therefore, the different features belonging to each activity consist in a different 

experimental query, rationale, investigated data, technologies involved and data 

analyses. 

 

 

Figure 3. Framework of the doctoral thesis. 

 

The research activity I deals both with road engineering and ergonomics and is 

related to the understanding of drivers’ visual behaviour towards the road 

environment. Following the experiences of previous activities investigating the visual 

behaviour of drivers and the identification of the elements of road environment that 

most attract the drivers and how they affect them (Vignali, 2019), in this activity the 

focuses of a twinning experimentation are workzone signs and advertising signs.  

Basically, the dual scope of the activity is: 
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• To quantify and understand the effectiveness of workzone signs as elements 

of attention, indicating potential danger situation along the roadway, and 

potentially allowing to define new positioning/designing methodologies and 

best practice measures for those road elements for safer roads (1st publication); 

• To quantify and understand the potential distraction offered by advertising 

signs and billboards on the roadway (2nd publication). 

In both cases, the comparison between the visual behaviour data and the drivers’ 

performance, allowed to understand and make considerations on the effects induced 

by the visualization of both categories of signs. 

The research activity II deals with psychology, in particular with the “self-explaining 

road” concept. This concept is used to define road design principles in accordance 

with drivers’ expectations. In the conducted experimentation, T-intersections defined 

as “not-explicative” are investigated to understand drivers’ compliance to yielding 

rules (3rd publication) and make considerations on road design characteristics. 

The research activity III deals with neuroscience. More precisely, the concepts 

applied in this experimental study belong to the field of “neuroergonomics”, the 

research branch aiming to study the relationship between the human behavior and the 

brain at work (Parasuraman & Rizzo, 2008). Neuroergonomics provides a 

multidisciplinary translational approach that merges elements of neuroscience, 

cognitive psychology, human factors and ergonomics to study brain structure and 

functions in everyday environments. Applied to the scenario of driving a car, a 

“neuroergonomics” approach allows to investigate the relationship between human 

mental behavior, performance and road safety, providing a deeper understanding of 

human cognition and its role in decision making and possible errors (Lees, Cosman, 

Lee, Rizzo, & Fricke, 2010). The activity consisted in a pilot test involving an EEG 

device aiming to tackle the challenge of a real time measurement of driver’s workload, 

the commitment to which drivers are subjected while driving, and its comparison to 

visual behaviour and driving performance (4th publication).  

The research activity IV deals with Computer Science and, differently from the 

previous activities, tackles the issue of the processing of data. Machine Learning 

techniques are envisaged as an effective strategy to enhance research thanks to a more 
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effective processing of the large amounts of data coming from sensors and data 

recording devices, which are generally difficult and expensive activities. The 

conducted study represents, thus, one of the first attempts of a deep learning 

application for analyzing kinematic data from driving datasets (5th publication). 

 

2.4 Data collection 

Traditionally, three methods are commonly used by road safety researchers to collect 

data useful for the conduction of road-driver analyses: 

- Self‐reports; 

- Simulation of the driving task;  

- Observation through naturalistic driving studies (NDS).  

The scientific community divides on the reliability of self‐reported driving habits: 

some studies positively consider them for detecting Human Factors data related to 

driving behaviour (Åberg et al., 1997; Prabhakar et al., 1996; Ulleberg, 2002), whilst 

others consider their use only as a complement of driving simulator studies and NDS 

(Kapitaniak, 2015). Considering, instead, driving simulators or direct observation 

methods, one of the arguments criticising is that there is a possibility that drivers could 

be more disciplined than they would be when they feel they are not being observed 

(Ulleberg, 2002). 

In this research program, the data collection strategy is the same for all the 

aforementioned activities. The choice of the author’s research group consisted in the 

conduction of a particular typology of driving observations called “Instrumented 

Vehicle” studies (IVS) or “Semi-Naturalistic Driving” studies (S-NDS), which refer 

to driving tests where subjects are requested to drive in real traffic but in a special, 

highly equipped vehicle and with an experimenter on-board. With difference to NDS 

studies, who have no experimental control and undergo the impact of the long duration 

and high costs, IVS have a great potential in providing insights into the actual real-

world behaviour of road users with acceptable time and costs. The experimental 

conditions and related biases who may affect the outcomes are reasonably foreseen a 

priori and thus limited by means of proper experimental protocols (e.g. provision of 
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adaptation time to drivers), enabling the investigators to understand with reliability 

what happens on the road in real traffic situations (Barnard, 2016; Kim, 2017).  
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3. Activity I: Experimental study on drivers’ visual 

behaviour 

 

3.1 Introduction 

3.1.1 Visual behaviour 

Driving is a task strongly linked to human perception, being both a sight-based and 

an experienced-based activity, which means that car drivers are both influenced by 

what they see (road and road environment) and what they have seen.  

Literature suggests that the 90% of the information that drivers use in the 

accomplishment of that task is visual (Castro, 2009) and, according to Kapitaniak, it 

is substantially attributable to navigation (to go from one place to another), to driving 

(e.g. selecting a lane) and for checking the vehicle (i.e. setting speed, braking and 

turning) (Kapitaniak, 2015). Even some other research affirms that a similar 

quantification is difficult (Sivak, 1996), most people would nevertheless agree on the 

undiscussed importance of the visual information collected and used by drivers.  

The continuous search for useful information occurs according to drivers’ own visual 

strategy; the importance of those strategies and of the related behaviors relies in the 

possibility to gain insight for understanding the task of vehicle driving as-a-whole, in 

the broader view of their consequences in terms of safety.  

The method of tracking eye movements is currently the preferred method chosen for 

the study of different types of cognitive strategies, in particular visual strategy. Eye 

tracking, in fact, has been gaining in popularity over the past decade as a window into 

observers' visual and cognitive processes. Although the number of publications on the 

analysis of eye movements while driving has increased, it appears that much of the 

research in this area is not published basically because the experimentations with eye 

tracking devices undergo several limitations and the access to visual information by 

users can be very difficult (occurring conditions such as  darkness, inclement weather, 

glare due to the sun during sunset; physical characteristics of test participants; etc.). 

When those limitations are, somehow, overcame, researchers typically analyse eye 

movements in terms of the following parameters: 
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- Gaze points: are the instantaneous spatial locations of the visual axis landing 

on the stimulus. As such, they have an (x, y) coordinate and a timestamp 

corresponding to its measurement. To understand their entity, with devices 

operating at 300 Hz gaze points are spaced a mere 3 milliseconds apart; 

- Fixations ( the period of time where the eye is kept aligned with the target for 

a certain duration, allowing for the image details to be processed, i.e. longer 

gazes);  

- Saccades (are the type of eye movement used to move the fovea rapidly from 

one point of interest to another, representing thus the rapid movements 

between fixations).  

Accordingly, the main indicators evaluated for the assessment of visual strategies are: 

- the number of fixations; 

- the fixations length (time); 

- the exploration areas of the functional vision field (Areas of Interest). 

Other analysis metrics include average length of fixations, saccadic speed, saccadic 

amplitudes, and various transition-based parameters between fixations and/or regions 

of interest, pupil diameter. 

On the basis of the purposes of the present research, the most essential characteristics 

for understanding cognitive and visual processing behaviour are fixations, which are 

identified according to a fixed time length and considers the following hypotheses: 

- little or no visual processing can be achieved during a saccade; 

- smaller eye movements that occur during fixations, such as tremors, drifts, and 

flicks often mean little in higher-level analyses. 

After the identification of fixations, a qualitative analysis of fixations and saccades 

must be conducted. This analysis consists in the assignment of a category 

(attention/inattention) to the single element visualized in the fixation. Even if driving 

attention and inattention are generally associated to mental workload (as afterwards 

discussed in Activity ), the importance of such approach is undiscussed, as it is one of 

the most effective methodologies enabling to verify road readability and consistency.  

In general terms, the categorization of “target points” includes the following elements: 



 

 

 

   

A multidisciplinary research approach for experimental                  Bichicchi A. 

applications in road-driver interaction analysis 

 

23 

 

- Attentional target points: road, circulating vehicles and pedestrians, vehicle 

mirrors, road signs and markings, etc. 

- Inattentional target points: environment, internal vehicle, passengers, 

advertising signs and billboards, etc. 

 

3.1.2 The role of road signs 

"Reading traffic sign information correctly is crucial. It helps the transport operator 

(car driver, pilot or train driver) to anticipate future situations, make decisions, and 

start to carry out appropriate motor responses” (Castro, Horberry, & Tornay, 2004).  

The reported citation explains with simple words a crucial ergonomics principle, 

called “priming effect”. In general terms, this phenomenon consists in anticipating 

useful information about upcoming issues. Declining the question to the driving 

activity, it has been proven that being warned beforehand about something enables 

people to react more quickly, inducing more correct driving behaviour (Charlton, 

2006; Crundall & Underwood, 2001). The principal elements implementing that 

“priming effect” in roadways are undoubtedly temporary and permanent signage, who 

aims to actively protect vehicles, passengers, workers and site equipment. 

In the view of foregoing, studies concerning the quantification of signage 

visualization are as much crucial and cannot ignore the relationship occurring between 

signs and the driver (consider, for example, the effect that driver familiarity with the 

road may have on the capacity to recall signs). 

In this sense, also considering that literature refers to a series of principles 

(conspicuity, size and position of devices in relation to the required decisions or 

actions, visibility, comprehensibility, credibility) all differently considered in 

previous studies, the fundamental questions to whom answers are searched within 

those studies are the following: 

- Do road users refer to road signs?  

- Are road signs effective? 

One of the first studies - conducted in 1966 by Johansson and Rumar - attempted to 

answer the above mentioned questions by trying to find the number of road signs 
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recorded by a driver during the course of a car journey under the most favorable 

conditions and to find to what degree road signs act as signals, e.g. affect driving 

behavior. Although some participants of the study recorded 90% of the signs, the 

authors conclude that drivers cannot be expected - even under optimal condition (e.g. 

no distraction) to record every sign (Johansson and Rumar, 1966). Hereafter, another 

study reported that drivers are able to recall most of the traffic signs they pass if they 

are motivated enough (Summala and Näätänen, 1974), whereas others report that 

memory for signs is very often poor (Fisher, 1992; Costa et al., 2014). 

According to Martens, the former requirement is that road signs have to be 

conspicuous and the latter requires that the road sign's message needs to be significant 

(Martens, 2000). Furthermore, it has been argued that driving behavior is based on 

expectations and consequently, road signs should be placed where the road users 

expect them (Borowsky, Shinar, & Parmet, 2008). An interesting study by Viviani 

and Edquist the ratio between measurements of the maximum distance from which a 

driver can read the sign and the distance from which he/she actually begins to read it, 

provide indication of proper location of traffic signs (Viviani, 1990; Edquist, 2011). 

Another related problem to be solved is: how can road signs affect drivers who are 

not actively searching for them? This is especially important for road users in familiar 

environments. Johannson and Rumar (1966), Martens and Fox (2007) demonstrated 

that drivers on familiar roads do perceive new road signs but don't respond to them. 

As road users are likely to oversee important elements of a traffic scene, important 

elements have to be designed in a way that considers human limitations, captures the 

road users' attention and are in accordance with the road users' expectations (e.g. place 

a road sign where road users would expect it).  

 

3.2 Objectives and methods 

In the light of the several aspects concerning effectiveness of road signage above 

described, the objective of the here-presented experimental activity is to understand 

and quantify the drivers’ visual behaviour towards specific signs proper of the road 

environment. 
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A crucial type of signage is represented by workzone signage and, accordingly to the 

following considerations, has been object of an experimental study aimed to 

investigate their capability to be visible and easily readable to drivers, as afterwards 

discussed: 

- road work zones are unsafe locations as they disrupt the drivers’ expectations 

about the road geometry, meaning that they have to make sudden adjustments 

to their driving speed. 

- the risk of accidents and severity of collisions increases noticeably in road 

work zones, compared to the area’s pre-work conditions (Yang et al., 2015);  

- roadwork signs are supposed to cover an important role in the passive 

protection of vehicles, passengers, workers and site equipment.  

Vice versa, a singular signage category is represented by advertisements signs and, 

accordingly to the following considerations, has been object of an experimental study 

as afterwards discussed: 

- Hughes and Cole (1986) and Castro and Horberry (2004) have demonstrated 

that drivers pay more attention to advertisement than to road signs.  

- Consequently, many drivers don't perceive or respond to road signs that are in 

close proximity to an advertisement. When traffic signs are erected, it should 

be ensured that they are (a) not close to any possible sources of distraction and 

(b) placed where drivers would expect them. 

According to the premise, two experimental studies were conducted. Drivers who 

participated to both experimental tests underwent several signs, respectively work 

zone signs and advertising signs, and their visual behaviour was recorded by means 

of the eye tracking equipment together with the recording of driving performance in 

terms of kinematic variables by means of a GPS device (e.g. distance of fixation). 

Fixation rate, length of fixations, fixation distance and driving speed were assessed in 

both tests. 
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3.3 Outcomes 

Regarding workzone signs, the visual behaviour analyses revealed that drivers 

glanced at both the temporary and the permanent signs along the sites with a similar 

40% frequency. About the single/multiple temporary signs, isolated single signs in 

work zones caught more attention by the drivers (in terms of both frequency and 

average duration of the fixations) than a sequence of signs along a work zone. The 

statistical analysis shows that drivers’ familiarity of the route did not influence road 

signs fixation frequency, as did instead the vehicle speed. Visible workers activity on 

the work zone slightly anticipated the distance of first-fixation to the road signs, 

probably because the presence of dynamic elements on the visual scene increase the 

conspicuity and detectability of the work zone, but with no influence on speed. Age 

and poor expertise were predictors for higher speed reductions, but not for fixation 

rates. Overall, the outcome that had a direct implication for road safety and for future 

road design is the comparison between the fixation distance and the correspondent 

stopping distance. The sight distance was frequently lower than stopping distance, 

revealing inadequate effectiveness of signage positioning. 

Regarding advertising signs, as previous research has mainly investigated driver's 

visual attention to billboards, which represents only one category of advertising signs, 

in this study, driver's visual attention was assessed in a semi-naturalistic driving 

setting for six categories of roadside advertising signs: vendor signs, billboards, 

movable display boards, single and multiple commercial directional signs, and gas 

price LED displays. Additionally, the role of clearance from the road, elevation, 

height, width, surface, number and size of characters, total number of characters, side 

of the road (driving side, opposite side), context (rural, urban), were considered: 

fixation rate was also significantly influenced by clearance from the road and number 

of characters.  

Indeed, the 24% of the roadside advertising signs were fixated and fixation rate was 

significantly influenced by sign category. When assessing the distracting potential of 

an advertising sign (i.e., fixation rate and fixation duration) the critical factors that 

emerged were the clearance from the road and the amount of text included in the 

advertising sign. Distraction increases when the advertising sign is placed near the 
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road. The text included in the advertisement induce the driver to read, an activity that 

requires much more time than capturing the graphical content. 

In consideration of the outcomes of the twin activities, the following considerations 

and recommendations may be outlined: 

- Road signage is, generally, poorly considered by drivers; 

- As for the revealed inefficiency of work zone signals, the need of improved 

regulations is envisaged;  

- Advertising signs could have a significant distracting potential. Vendor signs, 

in particular, tend to be more frequent than billboards, and in many cases their 

size, visual complexity, and textual content is higher, determining a serious 

distraction source for drivers. In addition, regulations should focus also on 

vendor signs, commercial directional signs, gas price LED displays, and 

movable display boards since all compete with the driver's attention 

undermining traffic safety. 

- The visual complexity of roadsides could contribute to attract the driver's 

attention, diverting it from the driving and resulting in safety issues that should 

be assessed and controlled. 

Besides the increased awareness gained with this study, a limitation is envisaged in 

the reduced sample dimension which is expected to be increased in future 

experimentations. 
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4. Activity II: Experimental study on  

self-explaining road design 
 

4.1 Introduction 

For the evaluation of the influence of road design on road safety, it is important to 

consider the dual role to which the infrastructure is called to fulfil: 

• “Active” role, as well-designed and properly maintained roads can reduce the 

probability of road traffic accidents; 

• “Passive” role, as roads can reduce the severity of accidents that do happen. 

Respectively to those roles, find place two concepts, “self-explaining roads” and 

“forgiving roads”, whose difference has been clearly defined by CEDR (La Torre, 

2013). In this section, only the former principle, Self-Explaining roads, will be 

analysed. 

 

4.1.1 Self-explaining roads 

Anticipating drivers’ expectations is one strategy to provide for human information 

processing limitations. To give some examples of drivers’ short-term expectancies it 

is possible to consider the following: 

1. After driving a few miles on a gently winding roadway, upcoming 

curves will continue to be gentle;  

2. After traveling at a relatively high speed for some considerable 

distance, drivers expect the road ahead will be designed to 

accommodate the same speed. 

In relation to this has been described the principle of Self-Explaining Roads (SER), 

which refer to those roads characterized by a precise geometric identity that can 

suggest to the driver the most correct and safe driving style. Since the aim is to provide 

road users with road infrastructures that are safe and operationally efficient, the needs 

and limitations of road design, road signage and users need to properly integrate 

between them. 
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Theeuwes and Godthelp sustain that are safe only the roads that are self-explaining: 

this means that there users know how to behave because they can understand the 

infrastructure in the way it was designed and also because the road has features that 

are in line with their expectations (Theeuwes and Godthelp, 1992). The fact that road 

"explain itself” is a concept only related to design characteristics, not on external 

agents such as signals and signals for traffic regulation. Design characteristics, in fact, 

allow to maximize the amount of information coming from the environment and 

useful to the user for driving. 

The self-explaining roads approach exploits roads characteristics focusing on three 

key principles to influence drivers: functionality, homogeneity and predictability. 

Homogeneity is guaranteed by the creation of well-defined road categories that 

prevent large differences in speed between vehicles, direction and flow between each 

hierarchical level. Predictability, instead, means that the appearance and perception 

that each road category communicate must be characteristic and exclusive, so that the 

user's behavior is confident and comfortable. In this way, depending on the situation, 

an individual should be able to identify road type.  

By creating road categories and designing roads in a distinctive way for each category, 

users are able to be automatically informed about the context in which driving activity 

takes place and about the appropriate rules or behaviors to be followed (speed limits, 

the possibility of overtaking, presence of tight turns). Additionally, with 

categorization an individual is brought to act from experience: when, for example, he 

understands that he is on a motorway, he will automatically know how to behave (in 

addition to the rules) also according to his personal history of driving on motorways, 

with precautions, greater or lesser alert, personal experience. To sum up, a self-

explaining road must have the following characteristics: 

- exclusive elements and different behavior in each road category; 

- behavior suggested strictly by the physical elements of the road; 

- crossings, sections, and curves highlighted differently in each category; 

- no quick transition from one category to another, but the change must be 

clearly indicated and perceived;  
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- indications about the name of the road category and its behaviour to be 

followed (standards);  

- good night visibility of the elements; 

- at last, the road geometry, who must suggest the most appropriate speed for 

the road stretch. 

These needs have been improved over the years by the evolution of road engineering, 

the renewed design study and traffic calming techniques. Lately, focus is given to 

those measures capable of psychologically influence the user in terms of sensory and 

cognitive perception. 

SER approach is related with the principle of road consistency. Design consistency is 

defined as the relationship between the geometric characteristics of a highway and 

those conditions the driver expects to encounter. When the design is consistent with 

what the driver expects to find, the highway is also consistent. This reduces the 

possibility of driving errors and unsafe manoeuvring (Castro et al. 2008). The design 

consistency features mainly concern width of carriageway, road markings, signing, 

and use of street lighting. 

In addition, self-explanation is enhanced when a design is strongly based on an 

affordance analysis of its components. Affordance, a concept firstly introduced by 

Gibson (1979), indicates the physical properties of an object, place or situation that 

suggest to the user how to manipulate it properly. Affordance, therefore, indicates the 

self-explication in each object or context. It can be that an object has a good  

affordance, when it is immediate and intuitive to use it; vice versa, when being in front 

of an object does not automatically understand how to use it, it is said that this object 

is characterized by poor affordance. This idea can be adapted to the road allowing to 

consider that the lack of vision of a road sign (see Chapter 3), the ambiguity of a 

certain intersection and the poor visibility, are all indicators of little or no affordance. 

Road elements can function as affordances that serve as built-in instructions that can 

guide driving behaviour, either implicitly or explicitly (Walker, Stanton, & 

Chowdhury, 2013; Weller et al., 2008). They include road markings, delineated lane 

width, roadside objects, pavement evenness, but also more intrinsic properties such as 
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the geometry of road intersections (Charlton, 2007; Elliot, Mccoll, & Kennedy, 2003; 

Weller et al., 2008). For example, narrow lanes and street vegetation close to road 

shoulders have been shown to reduce vehicle speed by reducing the perceived road 

width (Ewing & Dumbaugh, 2009).  

To sum up, it is therefore important that in the design continuum the ambition is to 

create road infrastructures that have adequate affordance, with the aim of creating 

road routes that are easy to understand and to use. 

 

4.1.2 Intersections  

The role of intersections in the self-explaining road design is fundamental and hereby 

discussed. 

A road intersection is defined as the area where two or more roads intersect, allowing 

a partial or total exchange of vehicular currents through devices and equipment 

designed to limit mutual interference for vehicles in transit.  

Among the simpler intersections find place the T-junctions, who consist of a simple 

confluence between two roads that generate a cross of contrasting flows. The main 

aspects which it is necessary to address an ergonomics assessment are: arrangement 

of arms, optimization of visibility conditions, tricks for left and right turn maneuvers, 

measures in favor of weak users, traffic lights. 

According to FHWA, intersections are one of the most complex traffic situations that 

road users encounter. The intersections represent singular points of the road system 

and can constitute an element of criticality both for the quality of the circulation and 

the phenomena of co-management that can arise, and for the increase of accidents 

generally associated with them. 

Intersections represent a disruption in the driving task, generating a variation in the 

required effort. Their characteristics determine the magnitude of this variation: for 

example, according to Werneke and Vollrath (2012) and in reference to the contents 

of Paragraph 3.1.1, some intersection characteristics have effects on how drivers 

allocate their visual attention. 
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At a general level, the envisaged criteria for the good design of the intersections are 

(the first three points relate to the concept of self-explaining design): 

• ease of understanding of the geometry; 

• intuitiveness of the maneuvers; 

• adequate affordance for all types of users; 

• good conditions of visibility both day and night; 

• maintenance of a speed level the most homogeneous possible; 

• few points of conflict; 

• little chance of colliding with obstacles along the way; 

• sharp angles in the nodes in such a way as to avoid the dangerous collisions 

on the sides that would result from 90° angles. 

As for the arrangement of the arms at the intersection, who belongs to the geometry 

criteria, it is to be considered the angle at which the segments meet. The most 

advantageous solution would be to intersect the road segments at an angle of 90 

degrees, since it guarantees the following possibilities: minimizing the area of the 

intersection itself, since more acute corners would create an area of longer 

intersection, increasing the travel time of the crossing area and thus the permanence 

of vehicles in a dangerous area; improves visibility conditions because in a right-angle 

intersection you have a good view in all directions, while a more sharp angle would 

ensure an excellent vision on one side but a very reduced one on the opposite side. In 

order to create a proper arrangement of the arms at an intersection it is advisable to 

maintain a section of at least 20 m at the intersection, which as mentioned must have 

an angle as close to 90 degrees as possible. If this is not possible, for example, because 

of the territorial conformation, the angle must be at least between 75 and 105 degrees. 

The way the arms are disclosed can also influence the perception of precedence of one 

section of road over another: a road with precedence should be straight, or at least 

present less structural variations than its subordinate, also to meet the perceptual rules 

according to our cognitive system. 
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4.2 Objectives and methods 

An observational field study on the effects of self‐explaining roads on behaviour has 

been attempted. The presented study aims to verify the theory that affordance, the 

self-explanation inherent in every object or context, is the cause of the quality of the 

interaction between the object/context and the user. If it is adequate and clearly 

expresses the functions of the object the interaction will be valid and free of errors, 

vice versa the user's behavior will be inadequate and counterproductive. 

In the carried-out activity the affordance is tested by associating road linearity to the 

perception of priority in unsignalized T-intersections, thus investigating priority 

perception according to the self-explaining road approach.  

A T-junction is a grade three-way intersection between three road segments (arms) 

where two arms belong to a straight road. Authors focused on T-junctions because, 

when they are controlled by a yield or stop sign, priority could be assigned according 

to two very different and asymmetric schemes: in one case priority could be assigned 

to the vehicles approaching from the straight through road (priority-to-straight-arm 

condition) and in the other case priority is assigned to vehicles approaching from the 

intersecting arms (priority-to-intersecting-arm condition). 

In particular, authors start from the assumption that having to yield along the straight 

road of the junction would lead to unsafe behaviors, whereas having to yield at the 

intersecting road would prompt a much safer behavior (i.e., speed reduction, enhanced 

visual attention to the intersection). A schematic simplification representing the not-

auto-explicative priority scheme of a T-junction is shown in Figure 4. 

 

 

Figure 4. Scheme of an intersection with a not-autoesplicative priority rule. 
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To the contrary, the priority-to intersecting-arm condition mismatches suggestions 

inducing a perception of having priority that would clash with the actual need to yield. 

Also, is supposed that this mismatch would result in a driver’s unsafe behavior when 

approaching the intersection. 

In the conducted analysis the type of road design, self-explained or not (control), was 

established as an independent variable, while the dependent quantitative variable is 

the number of vehicles that perform, at the analysed intersection, a certain type of 

behavior, correct (safe) or incorrect (unsafe). Two experimental roads (not-self-

explaining, used as experimental intersections) and two corresponding roads in a 

similar context (self-explaining, used as “monitoring” intersections) were examined 

(an example is shown in Figure 5). Chosen samples of drivers were analysed on video 

and their behaviour, in terms of yielding/decelerating or not, was recorded.   

In the two analyses, yielding behavior was assessed together with approaching speed 

and gaze behavior towards the critical areas of the intersection. 

 

 

Figure 5. One of the experimental intersections analysed in the paper showing 

the priority given to the intersecting arm (via Moro). 

 

4.3 Outcomes 

The statistical analysis reveals a significant difference both in the explicative 

intersection and the monitoring one, thus demonstrating the causality between the 

above-mentioned variables. On the non-explicative intersections results a much 
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greater number of vehicles that implements transgressive behaviors with respect to 

the laws in force because they are misled by an intuitive design.  

More in particular, the results show a significant speed reduction and an increase of 

driver’s visual inspection to the intersection area in the priority-to-straight-arm 

condition in comparison to the priority-to-intersecting-arm condition. The eye 

movement analysis showed that total fixation time towards the intersection critical 

area and horizontal eye movements were significantly higher in the priority-to-straight 

arm condition, revealing drivers’ uncertainty.   

The results emphasize the importance of considering perceptual affordances and 

expectations for priority in intersection design to increase drivers’ compliance to 

yielding rules. This is only one of the potential affordances that could influence the 

perception of priority, and future investigations should focus on other affordances. 

For example, a road with a larger cross-section could be perceived as having priority 

over a road with narrow cross section, or, in case the intersection arms are not planar, 

a road that is more elevated could be perceived as having priority over an intersecting 

road that is less elevated. The approaching curvature and geometry of a road to the 

intersection could also play a significant role for the affordance of priority. For 

example, if a road is connected to the intersection by a straight line the perception of 

having priority could be significantly higher than a condition in which a road is 

connected to an intersection with a curve. In roundabouts, for example, road users 

enter with a curvilinear trajectory and this contributes to a speed reduction and hence 

to an increased safety in comparison to standard signalized intersections (Elvik, 2003; 

Gross et al., 2013; Jensen, 2013). Also, Stephens et al. (2017) proposed two 

intersection designs that succeeded in speed reduction eliminating the possibility for 

a road user to cross the intersection along a straight trajectory, introducing islands that 

induced curvilinear trajectories. 

In conclusion, self-explaining roads may be considered as the greatest result of 

ergonomics applied to the road environment, and the study of affordance the most 

suitable method for every situation with interventions that make the most of the 

perception of the driver, manipulating or even tricking him in following driving rules 

and adopting the most suitable driving style. 



 

 

 

   

A multidisciplinary research approach for experimental                  Bichicchi A. 

applications in road-driver interaction analysis 

 

36 

 

5. Activity III: Experimental study on drivers’ 

workload 
 

5.1 Introduction 

5.1.1 The concept of “workload” 

The mental workload is an important and central construct in ergonomics and human 

factor research. At a general level, it represents a complex construct that is assumed 

to be reflective of an individual’s level of attentional engagement and mental effort 

(Wickens, 1984). Even if nowadays still not exists a universal definition of workload, 

many have been given during the last decades:  

• “Mental workload refers to the portion of operator information processing 

capacity or resources that is actually required to meet system demands” 

(Eggemeier et al., 1991);  

•  “Mental workload is a hypothetical construct that describes the extent to 

which the cognitive resources required to perform a task have been actively 

engaged by the operator” (Gopher and Donchin, 1986);  

• “The reason to specify and evaluating the mental workload is to quantify the 

mental cost involved during task performance “in order to predict operator and 

system performance” (Cain, 2007). 

Such definitions show that the mental workload may not be a unitary concept because 

it is the result of different interacting aspects. 

In a more pragmatic sense, the word “workload” identifies the load of the activity 

brain which a person is subject while performing an action; its measurement, indeed,   

essentially represents the quantification of mental activity resulting from performing 

a task and, in addition, the different actions conducted at the same time. 

Although several studies about the workload we don’t have a complete knowledge of 

this subject yet. The complexity of workload estimation relies in the fact that the WL 

depends on many factors, such as circumstances and users’ skills, behaviors, and 

perception (Hart and Staveland, 1988). Intuitively, it is possible to affirm that more 

difficult is the task to perform, more workload is needed. When the workload is too 
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high, some users might elaborate the information with significant delay or may not 

react at all. On the contrary, when the workload is too low the user tends to be boring 

and may make some errors. Several empirical investigations have indicated that 

performance declines at either extreme of the workload demand continuum, that is 

when the event rate is excessively high as well as when the event rate is extremely 

low (Borghini et al., 2012). The presumed general rule, thus, is that it is important to 

preserve a good level of a user’s mental workload, avoiding mental under- or overload 

state, with the aim to maintain an optimal level of performance and reducing the 

probability of errors commission (Parasuraman and Hancock, 2001) 

The most famous relation that connects the workload and the performance level is 

described by the Yerkes-Dodson’s Law in 1908 (Figure 6, Yerkes and Dodson 1908). 

From their study is possible to consider that the performance increases with the mental 

request until when the workload becomes too high that leads to a reduction of the 

performance. 

 

 

Figure 6. Yerkes-Dodson’s Law describing the relationship between arousal 

and performance in a general context. 

 

Another relation between task demand and task performance has been described by 

Meister (Figure 7), who defined three regions, region A, B and C: 

• Region A is described as low operator workload with high performance. An 

increase in demands does not lead to performance decrements; 
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• In region B the level of performance declines with increased task demands; 

• In region C extreme levels of load have diminished performance to a minimum 

level and performance remains at this minimum level with further increases in 

demand. 

 

 

Figure 7. Meister regions describing the relationship between task demand and 

performance in a general context. 

 

According to this model, a primary-task workload measure, i.e. a measure of 

performance, will only be sensitive to variations in levels of workload (region B). In 

region A, performance remains constant and independent from variations in demand, 

while in region C performance will stay at a minimum level, independently from 

demand. Extreme levels of load resulting in overload can be situated in the C-region, 

but it is not clear where the domain of underload is. 

McCracken and Aldrich give a proper definition of the resources involved in each task 

(McCracken and Aldrich, 1984): 

- Visual and Auditory resources (external inputs); 

- Cognitive resource (as the component that describes the level of information 

required); 

- Psychomotor resource (as the component that describes the real action that the 

user has to perform in order to complete the task). 
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One of the most relevant theorems about the workload is the Multiple Resource 

Theory (MRT) by Wickens. The MRT proposes that the subject does not have one 

single information processing source that can be used, but several different groups of 

resources that can be consulted simultaneously. 

According once again to Wickens, workload and performance are described by a 

model where only one dimension of mental workload is displayed and described 

among 6 regions (Figure 8): 

- In region D (D for deactivation) the user’s state is affected; 

- In region A2 performance is optimal, the operator can easily cope with the task 

requirements and reach a (self-set) adequate level of performance;  

- In the regions A1 and A3 performance remains unaffected but the operator has 

to exert effort to preserve an undisturbed performance level; 

- In region B this is no longer possible and performance declines, while in region 

C performance is at a minimum level: the operator is overloaded. 

In this model what is depicted denotes the overall or sum relation between demand, 

workload and performance. Then, auditory task demands, visual task demands, and 

central demands do not necessarily have to be in the same region, which is in accord 

with Wickens’ MRT theory (Wickens, 1984). 

 

 

Figure 8. Wickens’ Multiple Resource Theory (MRT) describing performance 

and effort in relation to task demand. 
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Wickens’ theory considers the performance decrement as a lack of these different 

sources and describes subjects as having limited capability for processing information. 

In this view, excessive workload caused by a task using the same resource can cause 

problems and result in errors or slower task performance. For example, if a second 

task is being performed at the same time of the first and that makes demands on the 

same component, the result may be excess workload. 

 

5.1.2 Workload and the driving task 

The focus of this paragraph is to consider the application of the general theories to the 

driving task. For our purpose, a good definition of workload regarding the road 

environment was given by Messer (1980): “Driver workload is defined as the time 

rate at which drivers must perform a given amount of driving tasks that increases with 

the increase of the complexity of highway geometric features”. Additionally, Knowles 

defined workload as consisting of the answer to two questions: “How much attention 

is required?” and “How well will the operator be able to perform additional tasks?”. 

The latter is a definition particularly fitting to driving environment, given that the 

activity consists of many overlapping tasks, each requiring a portion of the drivers’ 

attention.  

Several are the studies conducted in last decades in relation to the concept of mental 

WL and to the assumption that the road environment affects the mental demand. To 

this regard is possible to consider that: 

- different studies strictly correlate the total amount of brain activity to the 

general complexity of the route; 

- WL represents an approach to measure or rate the road design, especially in 

terms of consistency (e.g. evaluation of a LOC – Level of Consistency) 

(Knowles, 1963, Messer, 1980). Also, Kanellaidis demonstrated that design 

consistency (see also Paragraph 4.1.1) is indirectly associated with how 

drivers maneuver geometric features, while drivers WL is directly related to 

it. Messer indicated that driver WL increases with reductions in sight distance 

and increasing complexity of geometric features.  
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The estimation of drivers’ WL is generally associated also to drivers’ attention, who 

is divided into three tasks (control, guidance and navigation) and is not fully within 

drivers’ conscious control, being in general, highly automated tasks. Attentional levels 

are in general associated to the principles of mental overload and mental underload 

(Brookhuis & De Waard, 2010; De Waard & Brookhuis, 1991): both results avoidable 

as the former is leading to distraction, the latter to state of drowsiness. In addition, the 

following considerations may be carried out: 

- Mental overload occurs when drivers have to attend to more one than one task. 

Various studies have for example demonstrated that a secondary task such as 

mobile phone usage or listening to the radio causes a decrease in brake reaction 

time (Brookhuis et al. 1991, Irwin et al. 2000, Consiglio et al. 2003).  Roadway 

design considerations for reducing driver workload are: 

o Presenting information in a consistent manner to maintain appropriate 

workload; 

o Presenting information sequentially, rather than all at once, for each of 

the control, guidance, and navigation tasks; and, 

o Providing clues to help drivers prioritize the most important 

information to assist them in reducing their workload by shedding 

extraneous tasks.  

- Mental underload occurs in the case of a lack of mental demands can, which 

can be as detrimental to performance as overload (Branscome & Grynovicki, 

2007). Mental underload is especially likely to occur when the driving 

environment is predictable, and it is associated with both predictability and 

monotony. In that sense, has been described the phenomenon of the  “highway 

hypnosis” (Tejero & Chóliz, 2002), firstly introduced by Williams (1963), 

postulating that prolonged driving in a monotonous environment leads to a 

trance like state who may also lead to drowsiness.  

 

5.1.3 Measurement methods 

Workload quantification, according to mental workload theories, assumes the 

following hypotheses: 
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- people have a limited cognitive and attentional capacity; 

- different tasks will require different amounts (and perhaps different types) of 

processing resources; 

- two individuals might be able to perform a given task equally well, but 

differently in terms of brain activation (Baldwin, 2003; Wickens, 1984). 

Over the years, many different measurement methods have been developed according 

to the following three macro-categories: 

a. Physiological measurements: are related to assessing the function of major 

human organ systems and provide useful information regarding how the 

human body responses in different external conditions. The human body’s 

responses seem to be the most accurate measurement methods. Due to the fact 

that some physiological reactions may be influenced by the previous driver’s 

experience each measure could be related to the physical and mental status of 

the user.  

Physiological measurements can be subdivided into five different areas:  

o heart's activity; 

o respiratory activity;  

o visual activity; 

o speech measure;  

o mental activity. 

Although these measurements require the subject to wear intrusive sensors, 

they provide an objective assessment for drivers’ attention level e.g. the 

variability of heart rate, breath rate or pupil diameter. 

b. Subjective assessments. The most common techniques are scales for the 

subjective mental workload. Their examples are:  

o the subjective workload assessment technique (SWAT); 

o the rating scale mental effort (RSME); 

o the NASA task load index (NASA-TLX). 

The most commonly used tool to conduct the subjective evaluation of workload is the 

NASA-TLX. It consists in a multidimensional assessment questionnaire that rates 

perceived workload in order to assess a task, system, or team's effectiveness or other 
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aspects of performance. It was developed in the 80’ by the Human Performance Group 

at NASA's Ames Research Centre over a three-year development cycle that included 

more than 40 laboratory simulations (Hart and Staveland, 1988). It has been used in a 

variety of domains, including aviation, healthcare and other complex socio-technical 

domains. The total workload score is calculated by the combination of six factors:  

o Mental Demand: How much mental and perceptual activity was required (e.g. 

thinking, deciding, calculating, remembering, looking, searching, etc.)? Was 

the task easy or demanding, simple or complex, exacting or forgiving?  

o Physical Demand: How much physical activity was required (e.g. pushing, 

pulling, turning, controlling, activating, etc.)? Was the task easy or 

demanding, slow or brisk, slack or strenuous, restful or laborious? 

o Temporal Demand: How much time pressure did you feel due to the rate or 

pace at which the tasks or task elements occurred? Was the pace slow and 

leisurely or rapid and frantic?  

o Performance: How successful do you think you were in accomplishing the 

goals of the task set by the experimenter (or yourself)? How satisfied were you 

with your performance in accomplishing these goals?  

o Effort: How hard did you have to work (mentally and physically) to 

accomplish your level of performance? 

o Frustration: How insecure, discouraged, irritated, stressed and annoyed versus 

secure, gratified, content, relaxed and complacent did you feel during the task?  

Subjects have to rate each factor (from 0 to 100) and then factors are compared in 

pairs to each other, and the number of times each factor is chosen is the weight by 

which the previous rates is multiplied. The linear combination of the weighted rates 

is then divided by 15 (number of total comparisons) and the NASA-TLX total score 

(value from 0 to 100) is provided. The test, if submitted immediately after the 

completion of the task, allow to capture accurate workload perception.  

 

5.2 Objectives and methods 

In the experimentation object of this study, it has been investigated the possibility to 

evaluate the mental workload experienced by a car driver, by means of his/her EEG 
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activity in real driving settings. The rationale was to use the EEG measures, instead 

of other neurophysiological or subjective measures, because of their specific 

suitability in objectively assessing human mental states and to test a machine learning 

algorithm (see also Chapter 6) for the calculation of a EEG-based Workload index, 

already validated for other operational settings (e.g. Aviation; Aricò, Borghini, Di 

Flumeri, Colosimo, Pozzi, et al., 2016).  

The real driving context represents the first added value of this study because, so far, 

all the works related to workload investigation by using EEG have been performed in 

simulator, or in poor realistic settings. It is important to prove the effectiveness of 

EEG-based metrics in real contexts, since it has been proven that same experimental 

tasks are perceived differently, in terms of mental workload, if performed in a 

simulator or in real environment (De Winter et al., 2014).  

The second added value of the work is the possibility of validation of a brand-new 

machine-learning approach for EEG based WL index, also through the integration 

with: 

- Eye-Tracking technology, to provide evidence of the complementarity of the 

obtained insights and the possibility to make considerations on visual 

behaviour; 

- GPS device, to evaluate driving performance in terms position, speed, 

acceleration; 

- A further analysis based on the NASA-TLX questionnaire, to assess if the 

neurophysiological measures were consistent with the perception of the 

workload.  

The study, indeed, explored the potential of integrating the above-mentioned new 

methodologies with traditional approaches in order to enhance and extent research on 

drivers’ behaviors and road safety. 

 

5.3 Outcomes 

The experimental investigation followed by the analysis of its results confirmed the 

validation of the envisaged methodology. The results demonstrated the reliability and 
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effectiveness of human EEG signals for measuring drivers’ mental workload and the 

ability to provide insights about human mind while dealing with tasks that are difficult 

or even impossible to obtain by using traditional approaches. 

The electroencephalographic technique resulted an appropriate solution to evaluate 

the mental workload in realistic and operational settings and capable to be integrated 

in passive BCI systems. 

The workload scores (WL score) have been used to evaluate the impact of different 

factors, that are the road complexity and the traffic as well as specific events along the 

driving experience and the outcome consists in their consistency.  

Nevertheless, the main limit that affects the present study is the algorithm calibration 

with data coming from the task itself and recorded in very similar conditions. From 

one side, it could be argued that in everyday life context such a calibration would be 

unfeasible; from the other side it could be argued that the proposed algorithm is not 

classifying the targeted mental state, i.e., mental workload, but only two conditions 

that are very similar. Regarding the calibration, actually it is one of the main still open 

issues in transferring machine learning approaches from research to applied field: 

several solutions have been explored, such as cross-task calibration or employment of 

unsupervised algorithms, but the problem is still open and needs further investigation. 

In conclusion, other than the specific obtained results, the present work breaks new 

ground for the integration of these new methodologies, i.e., neurophysiological 

measures, with traditional approaches in order to enhance and extend research on 

drivers’ behaviors and road safety.  
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6. Activity IV: Analysis of drivers’ behaviour with 

deep learning techniques 
 

6.1 Introduction 

With the constant increasing amounts of available data collected with the here-

presented experiences, one of the main problems faced is the difficulty and time-

wasting issue represented by data analyses. It is evident, indeed, that new approaches 

of data analysis are a necessary ingredient for improve the future research. 

Computers often undertake those problems simpler than human beings and Artificial 

Intelligence ecosystem is the strategy universally adopted for tackling data analyses. 

 

6.1.1 Principles of Deep Learning and Neural Networks 

Nowadays Artificial Intelligence, Machine Learning and Deep Learning are easily 

confused and often seem to be used interchangeably thinking that they refer to the 

same subject. Actually, they are not quite the same thing and, as a compulsory 

premise, terminologies are hereafter clarified and graphically represented in Figure 9: 

- Artificial Intelligence regards a width area of computer science aims to reproduce 

the human behavior on the machines; 

- Machine Learning is a sub-set of Artificial Intelligence where computer 

algorithms are used to autonomously learn from data and information. Machine 

learning provides to computers the ability to learn from data without being 

explicitly programmed and likely most of us are benefiting from that. A more 

general definition given by Arthur Samuel is: “Machine Learning is the field of 

study that gives computers the ability to learn without being explicitly 

programmed” and that is the reason of Machine Learning success over the past 

twenty years. This self “training” involves feeding huge amounts of data to the 

algorithm and allowing the algorithm to adjust itself and improve; Neural Network 

or Artificial Neural Network is a set of algorithms used for modelling the data 

using graphs of Neurons, capable to solve many kinds of problems. A Neural 

Network is based on a collection of connected units called Neurons (Figure 11) 
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which loosely attempt to model the neurons in a biological brain and, according 

to the neural network structure, the model can act as one or more algorithms 

working together; 

- Deep Learning is a sub-area of Machine Learning using “Deep Neural Networks”, 

i.e. a neural network consisting of more than one hidden layer. 

 

 

Figure 9. Venn's diagram for Artificial Intelligence, Machine Learning and 

Deep Learning. 

 

As a common peculiarity, learning algorithms are intended to be computational 

models of natural learning, or in other words, models that attempt to reproduce the 

learning process of the brain, whose first mathematical modelling dates back to 1943 

by the neurophysiologist Warren McCulloch and the logician Walter Pitts.  

Today, the learning algorithms reproducing human performance on complex tasks are 

nearly identical to the old first ones, and the modifications occurred substantially 

consist in the approach used to train the Artificial Intelligence systems. Additionally, 

the development occurred is given by the fact that we can provide these algorithms 

the resources they need to succeed. With “Big Data”, indeed, learning algorithms have 

been boosted as they have been provided with a huge amount of data to feed their 

knowledge, and, additionally, exists computational resources to run many complex 
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models today on the contrary of fifty years ago. Technology improvements (computer 

even faster, larger memory), in fact, are leading the success of the Artificial 

Intelligence.  

The learning algorithms in machine learning are several and can be addressed to two 

main typologies, Supervised and Unsupervised Learning (Figure 10), afterwards 

presented. 

 

 

Figure 10. Differentiation between Supervised and Unsupervised learning. 

 

• Supervised Learning: 

The most widely used machine-learning methods are supervised learning methods. 

Supervised learning systems, including spam classifiers of e-mail, face recognizers 

over images, and medical diagnosis systems for patients, all exemplify the function 

approximation problem where the training data take the form of a collection of (x, y) 

pairs and the goal is to produce a prediction y* in response to a query x*. Supervised 

Learning Algorithms experience a dataset contains features where each example is 

associated a label (or target). So, roughly speaking, they are able to analyze a dataset 

and learn how to associate the input x to a given output y (Godfellow, 2011). 

• Unsupervised Learning: 

Unsupervised Learning Algorithms experience a dataset containing many features and 

learn useful properties of the structure of the dataset. They are focused on find out 

correlations, hidden patterns and insights between the examples of the dataset. 
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Unsupervised training occurs when you do not provide the expected outputs to the 

algorithm and usually, when we are going to handle a specific problem, we have a set 

of many algorithms that we can use to solve it, which algorithm to use it’s due the 

boundary conditions, restriction and to the initial assumptions. 

 

6.1.2 How Neural Networks work 

The simplest form of a Neural Network is given by the basic computational unit that, 

given an input x = [ x1, x2, … , xn ] and a term b called Bias Unit (typically set equal 

to +1 ), produces an output (Figure 12): 

y = f (Wx + b) 

where f : R → R is called “Activation Function”.  

The Activation Function can be a linear or non-linear function (Linear function, Step 

function, Hyperbolic Tangent (tanh), Sigmoid function, Rectified Linear Units, 

Softmax function). Using the Sigmoid Function is obtained exactly the input-output 

mapping algorithm defined by Logistic Regression Algorithm. 

 

 

Figure 11. Graphical diagram of a single neuron. 

 

Many simple “neurons” stacked together are called “Layer”. Conventionally, in a 

neural network the first layer is called “Input Layer”, the last layer “Output Layer” 

and the middle layer “Hidden Layer”.  

A typical example of Neural Network is showed in Figure 123, where nl is the number 

of layers we label L1 as Input layer, L2 as Hidden layer and L3 as Output layer. 
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Figure 12. Graphical diagram of a Simple Feed-Forward Neural Network. 

 

The neural network has parameters that describe each connection between the units 

of the different layers, in the case above: 

(W, b) = [ W(1) , b(1) , W(2) , b(2) ] 

Where: 

- W(l) ij indicates the weight parameter associated to the connection between unit j 

in layer l and unit i in layer l+1 and  

- b(l)i indicates the Bias associated to the unit i in level l. 

In this way the mathematical notation of the model is: 

a(2) = f ( W1 *  a(1)
  + b1 ) 

a(3) = f ( W2 *  a(2)
  + b2 ) 

More generally, given an input vector x = a(1)
  , it results possible to compute the 

layer’s activations a(l)
  given the activation of the previous one : 

z( l + 1)  = Wl *  a(l)
  + bl 

a( l + 1)   = f ( z( l + 1)  ) 

The architecture of the model may be changed by simply modified by adding multiple 

hidden layers to the previous neural network (examples in Figure 13). 
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Figure 13. Graphical diagram of a Feed Forward Neural Network with 2 

hidden layers. 

 

Since in the described networks there are no backward connections, loops or cycles, 

this is an example of “Multilayer Perceptrons” or well-known as “FeedForward 

Neural Network”. Mathematically we can look at a feedforward network as a set of 

function in which the model describes how those are composed together: 

f (x) = f(3)  (  f(2) ( f(1) (x))) 

Where each function represents a single layer and the overall length of the chain gives 

the “Depth” of the model. 

More than one hidden layer identifies a neural network as Deep Neural Network 

(Figure 14). 

 

 

Figure 14. Graphical diagram of a Deep Feed Forward Neural Network. 
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In practice, Deep Neural Network is used to approach complex problem where a 

common single-hidden-layer neural network may fail. In deep-learning networks each 

layer of nodes trains on a distinct set of features based on the previous layer’s output, 

and the further you advance into the neural net, the more complex the features your 

nodes can recognize. 

The DNNs are aimed to overcome lack of the common neural networks in order to 

handle complex problem, with high-dimensional datasets and billions of parameters 

that pass through non-linear functions. These networks are in fact capable of 

discovering latent structures within unlabelled, unstructured data, which is the vast 

majority of data in the world.  

When training on unlabelled data, each node layer in a deep network learns features 

automatically by repeatedly trying to reconstruct the input from which it draws its 

samples, attempting to minimize the difference between the network’s guesses and 

the probability distribution of the input data itself (Heaton, 2013).  

Restricted Boltzmann machines, Autoencoder and Convolutional neural networks for 

examples, create so-called reconstructions in this manner. 

 

6.1.3 Autoencoder 

An autoencoder is a neural network that is trained to attempt to copy its input to its 

output. In the middle, it has just one hidden layer h, where its output wants to be the 

same as the input (Figure 15). 

 

 

Figure 15. Graphical diagram of an Auto-Encoder. 
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The autoencoder neural network may be viewed as consisting of two parts: 

• Encoder Function: h = f (x) 

• Decoder Function: r = g (h) 

The structure of an autoencoder forces the model to choose which aspects of the input 

data should be copied. Typically, there is no interest in the output of the decoder; 

instead,  it is interesting to train the autoencoder to perform the input by copying task 

that will result in h, taking on useful properties.  

The learning process is described simply as minimizing a Loss (or Cost) Function: 

L ( x, g ( f(x) ) ) 

where L is a loss function that penalizes the mean squared error between the input data 

and the reconstructed same data: 

MSE = [ g ( f (x) ) – x ]2 

Improvements in the learning process can be obtained by changing the Cost Function 

or changing the reconstruction error term of the Cost Function. 

The denoising autoencoder is an autoencoder that receives a corrupted data point as 

input and is trained to predict the original, uncorrupted data point as its output. DAE 

minimizes: 

L ( x, g ( f (𝒙̃) ) ) 

where 𝒙̃  is a copy of x that has been corrupted by some form of noise. 

 

6.1.4 Stacked Autoencoder 

Stacked (Denoising) Autoencoders have multiple layers but its training is not same as 

a multi layered neural Network.  

Autoencoders can be stacked to form a deep network by feeding the latent 

representation autoencoder found on the layer below as input to the current layer. The 

unsupervised pre-training of such an architecture is done one layer at a time.  
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Each layer is trained as an autoencoder by minimizing the error in reconstructing its 

input (which is the output code of the previous layer). Once the first l layers are 

trained, we can train the l+1-th layer because we can now compute the code or latent 

representation from the layer in Figure 16: 

 

 

Figure 16. Graphical diagram of a Stacked-Autoencoder. 

 

To produce better results, after the completion of the phase of training, fine-tuning 

using backpropagation can be used to improve the results by tuning the parameters of 

all layers are changed at the same time. 

 

6.2 Objectives and methods 

The activity mainly takes inspiration from a research by Liu et al. (2014). In order to 

exploit the large availability of real-time vehicle trajectory data which, in general, are 

difficult and very costly to treat (see Paragraph 2.4) and  with limited accessibility to 

the general research community, the aims of this activity is to apply a machine 

learning technique for the graphical visualization of latent features extracted by 

observational driving studies. More specifically, distinctive driving behaviour 

patterns are searched among kinematic data obtained from sensors connected to the 

vehicle.  



 

 

 

   

A multidisciplinary research approach for experimental                  Bichicchi A. 

applications in road-driver interaction analysis 

 

55 

 

The data were recorded for ten users driving a car for 6 laps on a round circuit route. 

The obtained dataset thus consisted in a multi-dimensional time series dataset, 

including driving kinematic parameters recorded by a GPS device. In particular, the 

considered dimensions were: 

• Distance; 

• Vertical Speed; 

• Longitudinal speed; 

• Vertical acceleration; 

• Longitudinal acceleration; 

• Heading; 

• Absolute height; 

• Relative height; 

• Latitude; 

• Longitude; 

• Radius of turn;  

• Centre line deviation; 

• Combo G (ratio of the components of the acceleration). 

 

In many cases, the recorded dimensions of the time-series data were not independent 

from the others (e.g. lateral acceleration results highly correlated to the radius of turn 

or to heading). Thus, essential latent features from measured driving behaviour data 

were extracted and reduced while preserving information.  

A Deep Sparse Autoencoder (Paragraph 6.1.352) was chosen to extract hidden 

features from the driving behaviour data and the Python libraries used are Numpy, 

Scipy, Scikit-learn and Theano.  

In order to visualize the latent features time-series we used a method called “Driving 

Colour Map” that maps the extracted 3-D hidden features to the Red Green Blue 

(RGB) colour space. A driving colour map is produced by placing the colour in the 

corresponding position in the map. 
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6.3 Outcomes 

The experiment shows that the features extraction method based on the DSAE 

facilitates a visualization of driving behaviour better than conventional methods. From 

a theoretical point of view, the low-dimensional time series of latent features extracted 

using DSAE resulted useful for driving behaviour visualization. Feature extraction 

resulted robust against defects and outliers. This is a direct consequence of the training 

method used on the DSAE, namely the back-propagation method that minimize the 

square error between the input data and the reconstructed data. 

The research demonstrated also that dataset with high correlated inputs features 

obtained best results in term of defects reparability and latent features extraction. 

By reducing the dimension of feature vectors while retaining the information 

contained within the time-series data, the proposed approach is able to reduce the 

computational cost of possible post-processing tasks, such as prediction or 

classification. 

From a practical point of view, considering the impacts on road safety of driver 

behaviour recognition from large datasets, is possible to evaluate this first attempt as 

a successfully one, as resulted the capability of the method to recognize both road 

complexity and external events (as pedestrians) in the majority of cases. 

The envisaged study limitation consists on the necessity to involve different categories 

of experimental variables in order to go beyond the limit of using only one typology 

of data (kinematic data). In particular, it is expected that physiological drivers’ 

measurements (i.e. oculometry, direct measure of workload) and road conditions, if 

implemented, would add significance to the graphical outputs. 
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7. General conclusions 
 

As road safety has become a significant public health issue and it has been found that 

driver is a contributing factor in the 90% of cases, a sound understanding of driver 

behaviour and attitudes towards the road infrastructure and environment may help in 

the development of effective countermeasures and in the definition of new road design 

principles. For this reason, this dissertation investigated the interaction between the 

road and the drivers according to human factor principles and assessing the effects 

that some road-related factors have on driving behaviour and performance, also 

addressing some of the gaps currently present in the literature on the casual links 

between drivers’ behaviour and road features. 

In particular, the Activities I and II investigated the road characteristics (road signs, 

geometry and readability) relating them with drivers’ expectations. The Activity III 

focused on the driver and the effort spent in particular conditions of driving. The 

analysis of the relation between driving conditions, effort and performance allowed to 

validate the methodology used for the measurement of the mental workload resulting 

an important achievement for the possibility to integrate new indicators, i.e., 

neurophysiological measures, to traditional approaches in order to enhance and extend 

research on drivers’ behaviors and road safety. At last, the Activity IV consisted of a 

first attempt to analyse data from semi-naturalistic driving studies with deep learning 

techniques. This latter result paves the way for more effective and reliable data 

analyses. 

Overall, it is possible to consider that the strengths of the presented work are multiple 

and represented by: 

- A multidisciplinary approach to the investigation of drivers’ behaviour; 

- The results reliability and significance, founded on the data collection i.e. real 

experimental driving test, who do not undergo simulator studies limitations; 

- A technological innovation upscale, represented by the high use of technologies 

for the experimental studies. 
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Considering the increasing research maturity achieved over the doctoral period, the 

author envisages the following as the ground-breaking results of the overall research. 

The first is represented by the reliability and effectiveness of the methodology 

allowing the measurement of a “workload” index (i.e. the mental commitment to 

which drivers are subjected while driving) with EEG device. Hence, this method 

enabled to evaluate the impact of different factors, specifically the road complexity, 

the traffic intensity, and external events (a pedestrian crossing the road and a car 

entering in the traffic flow).  

The second is represented by a novel successful approach consisting in the application 

of a Deep Learning methodology allowing to extract low-dimensional time series of 

latent features from multidimensional driving behaviour data using a Deep Sparse 

AutoEncoder. This revealed useful for obtain graphical visualization of driving 

behaviour representing a potential tool for driver behaviour recognition from large 

datasets.  

Regarding future research, fine-tuning activities are undoubtedly required (mainly on 

experimental protocols e.g. sample type and dimension, road typology, etc.) and 

additional variables might be added (e.g. vehicles’ automation, adaptive or not, which 

is already underway from the research group). 

Even if the research path allowing a sound understanding of the occurring phenomena 

in driving safety is still long and complex, the achieved findings allow the definition 

of best practices and guiding principles for the road design, which should no more be 

considered just a road engineering task but the outcome of a multidisciplinary process. 
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