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Executive Summary

Executive Summary

Road safety is a central issue in the management and development of the road
infrastructure network. Alongside efficiency and functionality, a road must allow you to reach
your destination not only fast but safely. Unfortunately, even today, the number of accidents
that occur on our roads is high, as the number of accidents involving deaths and injuries.
Considering all the existing roads, single carriageway rural highways roads are among the
most dangerous.

Road agencies must therefore try to cope with this situation, identifying the most
dangerous sections of their network, and acting on them through interventions to improve
safety. One of the main difficulties of the road safety management system is therefore that of
identifying the sections of the network that require priority intervention. The most used
procedure for this purpose is to consider specific indicators based on the number of accidents
observed over the years. An approach of this type, certainly useful, however, has some
limitations, one among all that it allows to intervene only after accident occurrence. A more
mature road safety management system, on the other hand, must be able to assess the safety
of a road section before accidents occur. The European Community is moving in this direction.
With the update of Directive 2008/96 / EC (updated through Directive 1936/2019), it makes
explicit the need to define network analysis procedures based on an analysis of the intrinsic
safety of the road and not only on the number of accidents observed over the years.

This work aimed exactly at the definition of a Network-wide Road Safety Assessment
procedure for two-lane two-way rural roads, namely Human Factors Evaluation procedure,
which accounts for the influence of Human Factors in accidents triggering factors. The purpose
of such a procedure is to provide an instrument to evaluate the risk of accidents occurrence
because of wrong perceptions and expectations caused by the road. This often translates in
operational errors, which may become driving errors that finally results in accidents, if
uncorrected. The need of a Network-wide Road Safety Assessment procedure which accounts
for Human Factors, together with an overview of considered methodologies, is discussed with
a focus on Road Safety Inspection procedures. Indeed, visual site inspections and surveys
allow to identify specific critical issue that may otherwise be missed while using big data
analysis. Moreover, it has been decided that the Human Factors Evaluation procedure must
follows the requirements of the updated 2008/96/EU directive (European Parliament and the
Council, 2019). This will let it be a usable instrument for road agencies.

To better address the importance of Human Factors in road safety, and to understand
which mechanisms influence drivers” behavior, a wide literature analysis has been carried out,
starting from the analysis of the processes at the basis of the driving task. Different driving
models have been analyzed for this purpose, underlying which factors may contribute to
increase the probability of an accident. A special focus was placed on risk perception as a key
factor of drivers’ behavior, which in turn determines the real risk of an accident. The risk
perception has been found to be related to many factors. Some of these factors do not directly
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concern the road and its environment, but most of them are directly related to the road
perception. For this reason, additional insights have been provided about the relation between
sensation and perception and the way human beings “manage” and perceive reality. This
clearly reflects on driving. The characteristics and properties to consider understanding how
the world is perceived and responded by human beings, are exactly Human Factors.
Comprehension of Human Factors allow to understand if the road and its environment can be
easily driven and comprehended by drivers.

After having clarified the relevance of Human Factors, it is highlighted how and why
expectations play a fundamental role. Expectations are part of Human Factors, and they
influence the way the world is perceived and responded. Two different types of expectations
have been identified: general expectations and punctual expectations. The first mainly account
for the whole road stretch configuration (e.g., concept of self-explaining roads), while the latter
account for the specific road and road environment layout close to an approached potentially
critical location. Potentially critical locations are points of the road where a change in the
driving program is required (e.g., curve, intersections, pedestrian crossings). Together with
expectations, the visibility of potentially critical locations influences the risk of an accident.
The greater the provided sight distance, the higher the time to realize wrong expectations and
to correct them.

The identification of two types of expectations and the analysis of visibility, is a crucial
part of this work. Indeed, within this research a significant effort has been made to translate
these theoretical concepts into usable engineering parameters.

To develop the procedure, the PIARC Human Factors principles has been taken as
reference. PIARC Human Factors principles consider three rules of Human Factors: one
accounting for the visibility of potentially critical locations, one accounting for the influence of
the field of view, and one accounting for the driving logic. Visibility, punctual expectations,
and general expectations, fit exactly the principles stated in those PIARC rules. Moreover,
PIARC proposed an instrument, namely Human Factors Evaluation Tool, to quantify road
safety for single potentially critical locations accounting for Human Factors principles. It
provides numerical scores. The Human Factors Evaluation Tool has been considered has the
core instrument of the Human Factors Evaluation procedure.

The first theoretical part set the main objectives of the procedure and set the instruments
for its development. Six main objectives must be considered in the procedure development.

Main objectives

a) Definition of Network-wide Road Safety Assessment procedure, that

b) Isbased on Human Factors (expectations should have a major role in the analysis)
¢) Includes visual inspection of the road (European Parliament and the Council, 2019)
d) Is a pro-active procedure (European Parliament and the Council, 2019)

e) Provides at least three level of risk (European Parliament and the Council, 2019)
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f) Includes the Human Factors Evaluation Tool

Therefore, the first stage to develop the procedure was to assess strengths and weaknesses
of the Human Factors Evaluation Tool both considering its application on single potentially
critical locations and considering applying it at a network level. Therefore, the Human Factors
Evaluation Tool has been applied to two road stretches and the outcomes of the application
have been analyzed. Some slight modifications of the tool have been identified as mandatory
for its inclusion in the procedure. Moreover, to include the Human Factors Evaluation Tool in

a network analysis, the procedure considered the following main requirements.

a) A double segmentation should be considered: one for the application of the Human
Factors Evaluation Tool, and one for summarizing the results for a Network-wide Road
Safety Assessment. Segmentation required for the application of the Human Factors
Evaluation Tool should be made after identifying the area of influence of each
potentially critical location. The sections representing the segmentation for the
Network-wide Road Safety Assessment must be long enough to be representative and
should be the same length as far as possible.

b) The number of potentially critical locations to analyze must be reduced, without
compromising the results.

¢) The results should account also for the results from each Human Factors Rule, and not

only for the total (all rules together).

To achieve all the objectives set, following the identified requirements, the procedure has

been structured into three different steps, each one aiming at reaching specific objectives.

The first step is the most relevant part of this research. It allows to make a first screening
of the road to identify the potentially critical locations which have a high possibility to be at
high-risk. In this step the road is divided into different sections which have the same
characteristics in terms of factors influencing expectations (those sections are called

“expectation sections”). This is a fundamental step of the procedure because of three reasons.

1. It provides inspectors by an overview of the road, forcing them to understand what
expectations drivers have about a specific road stretch. This will help making the
next evaluations.

2. It measures the risk related to the difference between expectations and reality, and
the visibility of the potentially critical locations.

3. It allows to identify the most relevant (dangerous) potentially critical locations to
include into the analysis and thus to reduces the number of potentially critical
locations to be analyzed in detail. This saves much time (and thus resources) in the

Step 2 of the procedure.

XVII



Development of a Human Factors Evaluation Procedure for Network-wide Road Safety Assessments

The screening process is based on the evaluation of the difference between reality and
possible expectations induced by the road, considering punctual expectations, general

expectations, and visibility.

In the second step (evaluation process) the riskiest potentially critical locations are
identified based on the expectations parameter defined in step 1 and they are grouped in based
on their area of influence into segments, namely Human Factors evaluation segments. The
Human Factors evaluation tool is than applied to each Human Factors evaluation segment.
This process requires a visual detailed inspection of the road. This step is a fundamental part
of the procedure because it provides the evaluations of the analyzed road. The visual
inspection carried out during this step, can be carried out together with standard RSI
procedure, because it doesn’t require any specific additional operations. This is another
strength of the whole procedure.

To be applicable to segments, the structure and mechanics of the Human Factors

evaluation tool have been modified and adapted.

The third step allows to organize the results so that they are suitable for a network
classification. This means to group many Human Factors evaluation segments into singles
network assessment sections. For each network assessment section, a risk code is calculated.
The risk code allows to both identify four different levels of risk and to make a ranking of the
network assessment section. The Human Factors Evaluation procedure, allows to define
specific length for the network assessments sections, based on the road agency ‘s requirements.
However, as highlighted in this research, it has been found that a segmentation of a fixed
length of 1 km, could be the best choice.

Finally, the Human Factors Evaluation procedure has been tested to evaluate its
effectiveness and reliability, its repeatability, its consistency against different segmentation,
and to understand how practical its application is.

The effectiveness and reliability have been tested comparing the outcome from the
application of the HFE procedure to six road stretches in Europe for a total of about 62 kms,
with the outcome of accident-based analysis on the same stretches. The accident-based
analysis was performed accounting for the accident rate. Accidents databases have been
analyzed to account only for accidents which can be related to Human Factors. For example,
animal collisions, vehicle breakdowns and accidents due to sudden illness, have been

excluded.

- The results show that the relationship between Human Factors-related issues and
accidents is high. Overall, it has been found a rate of concordance between 56% and
81%. The relationship has also been tested accounting for the ranking derived from the

two procedures (Human Factors Evaluation and accident-based), showing good
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consistency (Kendall'W of 0.774, statistically significant with p-value < 0.05). These
results demonstrated that the way the road is perceived by the driver has a great
influence (probably the most important) in accident occurrence. Thus, it must be

considered in road safety analysis.

A repeatability test has been also carried out thank you to two master’s degree students,
who chose to implement the Human Factors Evaluation procedure on one of the road stretches
already analyzed within this study. The results from the two applications are consistent (the
risk levels identified are the same).

The overall results are encouraging to promote the Human Factors Evaluation procedure

as a usable procedure to assess the risk level of a road network.
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Chapter 1

CHAPTER 1 INTRODUCTION

Chapter list of acronyms
HFE Human Factors Evaluation
HFET Human Factors Evaluation Tool
NWRSA Network-Wide Road safety Assessment

1.2 Another step to enhance road safety

The issue of road safety still has strategic importance in the development and well-being
of a country. Road accidents continue to be one of the leading causes of death in the world,
despite the numerous efforts made to improve road safety conditions. Approximately 1.35
million people die because of road accidents every year (WHO, 2019). This number roughly
corresponds to the number of inhabitants of the city of Milan. Thus, every year a city like
Milan disappears.

Accidents are the main performance measure of road safety. The greater the number of
accidents, the lower the safety on our roads.

As it is known and evidenced by experience, most road accidents occur in relation to
driver behavior. The driver behavior is not always the primary cause of an accident, but his
contribution, positive or negative, is always present, as all the actions and maneuvers that
occur on the road are commended to driver behavior. However, if the risk of an accident
depended solely on the driver, this would be uniformly distributed throughout the network,
and the number of accidents in each road section would be only proportional to the traffic. The
presence of many points characterized by a high accident rate and others characterized by a
low accident rate, net of traffic, leads to one logical consequence: the road, its configuration,
and its environment, affect the behavior of the driver and therefore the occurrence of an
accident. The reader may argue that the conclusion reached by this reasoning is obvious, but
the reasoning itself is not, since it highlights and makes explicit the centrality of human
behaviors as a response to the road environment. Accidents, drivers, and road characteristics,
including the environment, are related.

Solving problems related to road safety means, at a first glance, identifying and
intervening on those points with a high number of accidents. Therefore, the road safety
engineer will have to determine a methodology that allows to identify these points, to study
them, and to determine the probable causes of future accidents. This allows to plan
interventions that can improve the situation. The classic procedure for identifying these points
has been for a long time, and still is, to evaluate the number of accidents that occurred along a
certain road section. Regardless of the indicators used, the concept underlying by this
procedure can be summarized as “the frequency of accidents in the past is an estimate for the
risk in the future”. Although practical, this approach has two main problems: the first is that

the data relating to accidents can be prone to error, and the second, more important, is that
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this procedure requires accidents to occur. A mature and modern road safety management
system can no longer be based only on reactive methods, that is, capable of intervening only
once the accident has occurred. Acting sooner can mean saving lives. It is therefore necessary
that technicians and researchers work to implement methodologies that are proactive, i.e., able
to assess the safety risk of a road before accidents occur, both in the design phase and on roads
currently open to traffic. This must be the main objective to take that additional step necessary
to enhance safety on our roads.

Identifying road safety issues is not an easy task. Accidents triggering and influencing
factors are numerous, and accidents may derive from various complex situations. Procedures
based only on accidents observation, or which consider only some of the road main
geometrical features, may not be sufficient. Sometimes, the “simple” use of road data (e.g.,
geometric, functional, and cross-sectional data) into an equation, which does not consider the
specific development and configuration of the analyzed road section, may not be enough.
Approaches based on equations defined by means of statistical inferential analysis, are many
times a useful and fast instrument to investigate and quantify the level of risk of a road, but
often they seem to be unable to explain and to “read” all the possible critical conditions. Road
safety inspections based on visual on-field inspections are instead an instrument that allow to
evaluate peculiar aspects of the analyzed road section. This is because road safety inspections
are carried out by inspectors, who can accurately analyze the stretch and discern which factors
may contribute to accident occurrence.

Finally, road safety analysis procedures, should account for aspects related to the man-
road interaction. Up to date, much research has been conducted in this field, and it is now
known that those aspects are a fundamental part of road safety analysis. We can now speak of
Human Factors applied to the road field and to road safety. This means defining which
elements of the road and its environment may influence driver perception and consequently
affect driver behaviors. This means also determining analysis procedures capable of
considering these aspects. The analysis of these aspects provides the answer to the problem
mentioned above, namely that accidents are almost always caused by human behaviors and
that most of the time, where many accidents occurred, it is the road and its environment that
negatively affect these behaviors. To analyze the aspects related to Human Factors means to
analyze the aspects that affect the driver's behavior while driving. Therefore, procedures are
required that allow to analyze road safety considering Human Factors aspects.

PIARC (World Road Association) has been attentive to the aspects of Human Factors for
several years. In 2019, PIARC published the Human Factors Evaluation Tool (HFET) based on
visual inspection procedures, capable of assessing and quantifying the impact of these aspects
on single road locations (e.g., curves, at-grade intersections, etc.). The HFET was the starting
point of this research.

From these premises, considering the need for a proactive analysis procedure based on
Human Factors and the possibilities offered by the PIARC HFET, this work focuses on the
development of a proactive Network-Wide Road Safety Assessment (NWRSA) procedure,
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which is structured around the HFET, namely Human Factors Evaluations-based (HFE)
procedure. The HFE procedure shall include visual analysis from inspectors. The HFET, in
turn, has been studied and adapted to be used for this purpose.

In sum, the HFE procedure shall aim achieving three main goals.

- The procedure shall be based on Human Factors, which means that it must account for
driver behavior. To do this, and to provide a quantification of the analyzed aspects, it
has been decided to consider the HFET from PIARC as the starting point of the
research.

- The procedure shall be useful to assess the network safety level by means of proactive
analysis, capable of identifying risky road sections, without the need of accident data.

- The procedure shall be based on road safety inspections (visual inspections), which
provide detailed analysis of the road and can identify road deficiencies that are specific
of the analyzed road section.

It was also decided to develop a procedure which can be applied to single-carriageway
rural highways, both because of the importance of this road type for road safety, both because
the three years PhD period didn’t allow to expand the procedure development also to other

road types (i.e., motorways, rural local roads, urban roads).

1.3 Structure and development of the thesis

One of the main points of this research was to understand if the HFET can be applied to
implement a NWRSA procedure.

Consequently, during the first stage of this PhD research, the HFET was applied to two
case studies to allow for the evaluation of its use also for a network analysis. The application
made it possible to identify the weaknesses and strengths of the tool and therefore to define
the starting point for the procedure development.

In the second stage, the procedure has been theoretically developed and calibrated on a
rural road stretch. The development of the procedure required a deep study about Human
Factors and their influence on road safety. For this reason, a wide background about Human
Factors is provided in this thesis. Specifically, the influence of expectations while driving has
been investigated. The analysis of expectations has provided a decisive contribution in the
development of the procedure, and one of the main effort made in this work was to “translate”
the concept of expectations in engineering processes.

In the third stage, the procedure has been applied to other rural roads from Italy, Germany
and Slovenia and the results have been discussed and analyzed to test its effectiveness. Further
analysis and comparisons have been lastly implemented to also test the repeatability and
consistency of the procedure.

The structure of the thesis follows exactly these steps. The thesis consists of a total of nine
chapters (including introduction). The introductory part comprises CHAPTER 1 and
CHAPTER 2, while a wider background and literature review about the driving task and
Human Factors is presented in 0. 0 is wholly related to the HFET, both presenting the

3
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background premises and its development and improvements. The methodology considered
for the development of the procedure is instead provided in CHAPTER 5, together with the
structure of the HFE procedure itself. In CHAPTER 6, the results from the application of the
procedure to some case studies are presented, and in CHAPTER 7 these results are discussed.
Final conclusions are reported in CHAPTER 8. A detailed description of each chapter is
provided in the following.

Moreover, at the beginning of each chapter, excluding CHAPTER 1 and CHAPTER 8, a
chapter abstract is provided, which describes the contents and the main findings/significance
of the chapter. A list of acronyms is also provided at the beginning of each chapter, which

contains all the acronyms used in the chapter.

Chapters summary

CHAPTER 2 provides additional insights about the main aspects related to road safety
that have stimulated the realization of this work, and thus which contribute to set the
objectives of the HFE procedure. Moreover, it clarifies what are the main approaches to road
safety and which approach can be strategic for improving current road safety standards, with
a deeper insight on RSIs, as a procedure to overcome some limitations linked to other currently
used procedures.

0 provides all the conceptual and theoretical bases, along with the main literature review
concerning Human Factors. In this chapter it will be clarified what are Human Factors
principles and how they can be applied to road design. A detailed background is also provided
about driving models, risk perception, and psychological aspects related to driving. In the
chapter the concepts of expectation as an essential part of the analysis will be explicit.
Expectations are the basis of the HFE procedure logical approach.

In 0 the HFET from PIARC is analyzed. A background about its development is provided,
and its structure and contents are described. Moreover, weaknesses and strengths emerged
from its application to two test roads are discussed, and the amendments and improvements
presented. In this chapter, it will be considered the aspects related to the applicability and
consistency of the HFET itself, and not to how including it in the whole HFE procedure.

CHAPTER 5 deals entirely with the procedure, the core of this thesis work. In this chapter
the assumptions made, and the methodology followed to improve the procedure, will be
provided and all the considerations made will be explained in detail. The chapter also presents
the weaknesses and strengths of the HFET considering its application to a network, both in
term of reliability and possible real implementations (e.g., understanding the application time
of the HFET). This set the basis to define HFE procedure’s requirements. The result of the
research work presented in this chapter will be the procedure itself.

CHAPTER 6 presents the application of the procedure to some case studies. The case
studies are composed by six road stretches of two-lane two-way rural roads: two from Italy,
three from Germany and one from Slovenia. In this chapter the description of the road
stretches will be provided, along with the description of the available road’s databases
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(accidents, traffic, geometrical features). The results of the application of the procedures to
those stretches will finally be presented.

In CHAPTER 7, the discussion concerning the results is presented. The numerical
outcome from the procedure will be analyzed and compared with the outcomes from accident
analysis to test its effectiveness. Moreover, a comparison is presented between the results
obtained on the same stretch from the application of the HFE procedure by different
inspectors. The comparison allows to make a first repeatability test. The consistency of the
procedure has also been tested against different segmentations. Together with the numerical
evaluation of the results, the discussion of the application of the procedure itself is presented,
highlighting its strengths and weaknesses.

Finally, CHAPTER 8 comprises the conclusions of the work. In this chapter a summary of
the objectives achieved is provided, considering the step implemented and the outcomes from
the analysis of the results. Possible suggestions for further improvements of the HFE

procedure are here presented.
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Chapter 2

CHAPTER 2 DEALING WITH ROAD SAFETY

Chapter abstract

This chapter describes the approach to the problem used in this work, highlighting the importance
of a wider approach to road safety. This approach must be based on experts’ knowledge, and must
comprises different disciplines, among all, engineering, and psychology. The chapter highlights the
importance of network-wide road safety assessments (NWRSAs), and how it is intended in the updated
EU Directive on road safety. Accident prediction models (APMs) and road safety inspections (RSIs) are
also discussed, highlighting their strengths and weaknesses, defining the reason of the choice of

considering the RSI as a most practical instrument to carry out NWRSAs.

Chapter list of acronyms

APM Accident Prediction Model
ARAN Automatic Road Analyzer
CMF Crash Modification Factors
EB Empirical Bayes

HFE Human Factors Evaluation
HSM Highway Safety Manual
LOSS Level of Service Safety

NSS Network Safety Screening
NWRSA Network-wide Road safety Assessment
RSA Road Safety Audit

RSI Road Safety Inspection

RTM Regression to the Mean
SAPO Safety Potential

SPF Safety Performance Function

2.1 A scientific approach to road safety

Accidents are the outcome of some concurring factors, and thus they are the possible
consequences of some causes'. Unfortunately, the complexity of the factors influencing the
accident occurrence, makes identifying causes very difficult, even more, because accident
causes are mainly identified observing the result and not the cause itself. For this reason, a

quality scientific approach to road safety must start with accidents data observation, but it

1 “Causes” may not appear a correct term, because it may imply that something is to blame.
“Influencing factors” or “contributing factors” are more suitable terms. However, in this work, the term
“causes” will be also used, including in this term all the contributing factors, because they contribute
and concur to the accident causation. Moreover, to intervene on the accident’s cause, means to intervene

on the contributing factors.
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must than relate with knowledge. Road safety experts must consider all their knowledge to
try to understand accidents. This leads to theory formulations that need to be tested. This is
the base of a scientific approach and the way to add a little brick to the building of science.

Unfortunately, defining theories and test them, it is not an easy task talking about road
and accidents: it is not easy to prove the goodness of a theory or even the effectiveness of some
countermeasures, because implementing real measures in the real world is expensive, and if
the safety theories are not true, they can translate into accidents. Driving simulators come in
our help to overcome this issue, nevertheless, driving inside a driving simulator is not the
same as driving on roads. Drivers behavior, which is the leading cause of accidents, can be
highly influenced by the simulator itself (Bruck et al., 2020) (Espie et al., 2005). Despite those
difficulties, all efforts should be made to enhance this approach, relying more on critical
evaluations and reasoning about accidents causation, than on accidents as data extrapolated
from the context. Additional information is also provided by the naturalistic driving data.
With this data it is possible to relate some near crash conditions, to accidents triggering and
contributing factors (Guo et al., 2010) (SWOV, 2012) (Jia et al., 2021) (Singh and Kathuria, 2021).
Such types of analysis are proactive analysis and are extremely useful to improving the
knowledge on accidents causation (van Schagen and Sagberg, 2012). Their main limitation is
that the analysis of such data requires many efforts, which are hardly addressed by a human.
Likely, always more often, machine learning processes are implemented and used to analyze
those data. However, sophisticated algorithms which allow to consider all the risk factors of a
road, are not present up to date.

Whatever the case, the knowledges applied by road analysts (engineers, psychologist, or
simply technicians) to identify and solve road safety issues, are crucial.

Concerning the current situation, since the end of the last century, mathematical and
statistical approaches have grown across all fields, from physics, to medicines, to economy, to
sports, to social science, and so on, providing an amazing instrument to analyze observed data.
Statistical analysis, inferential statistics, and regression models, perfectly fit the concept of
empiric science and empiric research. Empiric research means, in its extreme level, to define
all the possible relationships between different variable, only looking at data. A more
theoretical-oriented approach is historically linked to the concept of rationalism. Well, while
approaching to road safety, both these two approaches must be considered. A methodology
based only on statistical inference, may provide good calibration, and in some context may
provide extremely higher goodness of fit coefficients, but it can lack of one of the most
important parts that is the knowledge behind the results, and the analysis of the specific
situation.

The field of road safety is not suitable for a rationalistic approach, because it is exceedingly
difficult to define and to test a theory, because of the complexity of accident causation.
Nevertheless, if the road safety system wants to improve its effectiveness, the theoretical part
is crucial in developing road safety analysis procedure. Theories must develop from

observations and must be finally proven with observations, but must pass through a cognitive
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analysis, an evaluation that goes a little far above the statistical regression alone. This is what
this work, with all the consequent possible limitations, have tried to do. Providing a procedure
that derives from the knowledge about road safety, and then applying the procedure to some

roads to evaluate the results.

2.2 Engineering and psychology

The analysis of road safety, or rather the aspects and features of the road that influence
road safety, is not a trivial process. To understand what factors can cause an accident, it is
necessary to analyze the road carefully, and primarily understand which factors must be
consider understanding the how the driving task is carried out. Human factors are among
those factors. The represent how human beings can read, interpret, and react to the road and
its stimuli. To fully understand this topic, it is necessary to cross over into subjects that, at least
at first glance, seem not to have much to do with engineering. One of these subjects is
psychology. And although the classical approach prefers to place psychology in a "literary”
subject, psychology is in effect a scientific subject, which has its roots in medicine and physics.
It is essential that as engineers use concepts and rules from physics, they must also consider
rules and concepts from psychology. Figure 2.1 illustrates the well-known conceptual scheme
of the most influencing factors for road safety: driver, road, and vehicle. Moreover, the figure
also presents the specialist which must deal with those factors. Talking about Human Factors
in road design means to evaluate the relationship between the road factors and the driver

factors, thus a strictly collaboration between engineers and psychologist is mandatory.

PSYCHOLOGIST

ROAD —

CIVIL ENGINEERS MECHANICAL
ENGINEERS

Figure 2.1 — Main factors influencing road safety

Some researchers in the field of human factors have proved their importance under many
safety and functional aspects. The many years that have passed since the invention of the car,
the advances in psychology, the many data available from all over the world, allow us today

to clearly say that there are reasons behind driver’s behavior. These reasons are most often
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automatic and involuntary and are derived from the driver’s road perception. Within these
reasons, expectation plays a fundamental role. Expectations are linked to the experience of the
driver and are a powerful instrument used by human beings to overcome some of their
physical limitations (e.g., the inability to read in a few seconds all the information deriving
from the surrounding environment). Therefore, expectations will be a central concept in this
work and a fundamental concept for the improvement of the procedure.

Addressing the issue of road safety from a human factors point of view means placing the
driver at the center of the system, and building the road around him, in an ergonomic way,
considering a road that adapts to his needs, and not a driver who adapts to the road. Or rather,
the second option must be considered because of the first: the driver adapts to the road, but
within certain limits and these limits are considered when the road is designed, and they

derived from the human capabilities to interact with the road.

2.3 Overview of current road safety analysis procedures

2.3.1 The need of a well-defined procedure to analyze road network safety

The process to analyze the level of safety of the road network, is the so-called Network
Safety Screening (NSS), which has the same meaning as the Network-wide Road Safety
Assessment (NWRSA). For the purpose of this work, the term used will be NWRSA, which is
the same term used by the updated European Directive (European Parliament and the Council,
2019). The NWRSA process assumes different names within different Road Agencies (road
agencies), however the objective of the process is always the same: it is “the process of
identifying sites for further investigation and potential treatment” (Srinivasan et al., 2016), or
“to identify sections of the network that should be targeted by more detailed road safety
inspections and to prioritize investment according to its potential to deliver network-wide
safety improvements” (European Parliament and the Council, 2019). The identification of the
riskiest sections of a road and the classification of all the sections belonging to the road
network, allows to prioritize the interventions, choosing the site which has the highest impact
on road safety. Nowadays, NWRSA procedures mainly rely on accidents data, both
considering “standards” indices such as the accidents frequency, the accidents density, the
accidents rate (PIARC, 2013), the safety potential (SAPO) (Kathmann et al., 2016) (Ministero
delle Infrastrutture e dei Trasporti, 2012), and the Level of Service of Safety (LOSS) (Kononov
et al., 2019) and also considering more advanced procedures, like the use of Accident
Prediction Models (APMs) and Empirical-Bayes procedures (AASHTO, 2010).

Approaches based on accidents data are recommended if data are available and reliable,
because accidents may provide extremely useful information about road deficiencies.
However, specific conditions of a site, which include all the factors influencing an accident
occurrence, can be really identified only by means of visual safety inspection. Furthermore,
accident data may also present some issues that influence the reliability of the analysis:
accidents need to occur (must wait for them, with the consequences of possible injuries and

deaths), accidents are still a stochastic variable that are influenced by the regression to the
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mean phenomenon (RTM) and a non-linear relationship is present between traffic and
accidents (Srinivasan et al., 2016), and finally accident data are not always available (e.g. there
is a high lack of data in Low- and Medium-Income Countries). To avoid some of the issues
related to accident data, Accident Prediction Models (APMs) has been adopted, with Empirical
Bayes (EB) adjustments (see 2.3.2). APMs are a powerful instrument to evaluate the level of
safety of a road and thus of a network. Nevertheless, they must rely on a high number of data,
that are not always available, both to define and calibrate a specific model. Lastly, considering
the state of the art of these procedures, they lack aspects related to the man-road interactions.

Those limitations highlight the need to implement some new approaches, which may
allow to analyze the safety level of a road network, without the requirements of a wide
accident database. An answer to this demand has been provided by the development of
approaches based on road surveys and inspections, which must evaluate the road safety
without considering the number of accidents. This type of approaches are proactive
approaches because they are based on the road in-built safety analysis (an approach based on
accidents is called “reactive approach”, because it can only be implemented after accidents
occurrence). Proactive approaches should be the focus of road agencies to avoid as much as
possible any risk of accidents before they occurred. After an accident has occurred, it is
impossible to come back.

One of the most used proactive approach procedures, is provided by the Road Safety
Inspections (RSIs). At first, RSIs were mainly used as an instrument to carry out specific
analysis on sites identified as “high risk sections” from an NWRSA. However, nowadays RSIs
are widely used in a systematic and periodic process to screening the network. The results of

an inspection provide a risk analysis, which can be used to classify different road sections.

2.3.1.1 The updated Directive 2008/96 EC

The 23+ of October 2019 the European Parliament issued the Directive (EU) 2019/1936
(European Parliament and the Council, 2019), which contains updates and amendments to the
Directive 2008/96 EC (European Parliament, 2008). The new directive contains many
amendments about managing process, subjects, matters and scope of the directive, but also
about the safety process and analysis that should be adopted.

At a more macroscopic level, the first thing that can be noticed is a different approach to
road safety, definable, if possible, as even more mature than the one of the original Directive
2008. In the last 10 years, also thanks to the application of road safety analysis procedures
systematized by the Directive 2008, such as Road Safety Inspections (RSI) and
Road Safety Audits (RSA), it was realized, both at a global and, above all, at European level,
that to improve road safety even more, it was necessary to take an extra step. It is not easy to
ask road agencies and member states for such a step, but this choice demonstrates the maturity
of the European safety management system. This new step consists in the assumption that
proactive approaches should be the priority in road safety analysis. As already discussed,

proactive approach allows to identify road safety risks before accidents occurrence. For these
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reasons, such a type of approach must be the final objective of road administrations that want
to improve a complete road safety management system. In addition, another input given by
the directive update seems to indicate that the human component, in the analysis procedure,
is a fundamental component. The term "human component" wants to highlight not the driver,
but the central role of the inspector. Therefore, even more strongly than in the original version
of the 2008 Directive, the centrality of visual inspection procedures is emphasized.

The last innovative point of interest for this research, which is identified by the updated
2008 Directive, is the attention to the perceptual aspects of the road, which must be considered
in safety analysis. The concept of self-explaining and self-enforcing roads is an indispensable
necessity for the safety of our roads, which must be considered (Article 4, paragraph 6)
(European Parliament and the Council, 2019). The basic notion of a self-explaining road, which
originated in Netherland, is a “traffic environment which elicits safe behavior simply by its
design” (Theeuwes and Godthelp, 1995). By this concept, the driver should clearly understand
the road he is driving, its elements and its features, changing his driving behavior according
to the road elements. Self-explaining roads concept could appear utopistic, nevertheless is
something to which designer should tend to finally make roads on human scale. This concept
can be easy integrated in the concept of the Safe System and the Vision Zero approach
(Tingvall and Haworth, 1999).

Wrapping up, the two most relevant innovations introduced by the directive concerning

network analyzes, are:

- Need for a network analysis based on visual inspections and therefore a higher detail of
analysis (i.e., NWRSA) (accidents can still be used, but only as a secondary option,
Article 5, paragraph 2);

- Need for an analysis based also on aspects related to the perception of the road, as it is
necessary to evaluate not only the possible severity of the impact, but also the risk of an
accident, and this is inevitably linked to the factors that can trigger accidents, which are

mostly related to man-road interaction.

These two points fit exactly the topics of this research. The HFE procedure accounted for
these new requirements from the Directive, proposing itself as a procedure that can be used

by EU member states precisely to respond to these needs.

2.3.2 Accident Prediction Models with Empirical Bayes (EB) adjustments

APMs account for the systematic influence of road physical and functional characteristics
on accident occurrence and are developed analyzing the historical accident trends occurring
on similar road infrastructures by means of statistical procedures. These models allow to relate
the number of crashes expected on a site to its specific geometric and environmental
characteristics (Yannis et al., 2016). At present, APMs have been extensively used in the road
infrastructure field for the estimation of the number of accidents to be expected on road
segments and junctions (Greibe, 2003) (Cafiso et al., 2010) (Moraldi et al., 2020), as well as to
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determine the expected safety impacts of design changes (La Torre et al., 2019) (Senk et al.,
2012). Within the large number of APMs developed during the last years, the Highway Safety
Manual (HSM) (AASHTO, 2010) (AASHTO, 2014) and the PRACT Project (La Torre et al.,
2016) approaches offer a consistent method for making reliable crash frequency predictions
based on traffic, main road geometrical features (both planimetric, altimetric and cross-
sectional) and other functional and safety aspects such as the presence of lighting or the
presence of road safety barrier.

An exhaustive description of APMs is provided by Elvik (Elvik, 2010). The great reliability
of those methods come at the price of a high demanding number of available data and reliable
models: sometimes a simple calibration procedure as the one proposed by HSM is not
sufficient and specific safety performance function (SPF) are required if the base conditions
considerably differ from the standard conditions (La Torre et al., 2019). This is proved by
further research such the ones from Gross et al. (Gross et al.,, 2009) and Bonneson et al.
(Bonneson and Pratt, 2009), which highlights different results in road safety effects of the same
countermeasure applied in different regions. This places some limits on their use.
Furthermore, the explanatory capacity of accident phenomenology even of the best calibrated
available APMs can’t directly account from many human-related aspects to date. This should
be the objective of further experiments, even if the task is not easy. As a matter of fact, accidents
may happen due to causes that differ from the geometrical and physical features considered
by APMs. Accidents occur due to the interaction between vehicle, road, and drivers. This
limitation is partially overcome using Empirical-Bayes methods. Empirical Bayes
methodologies allow to consider both the predicted accidents from the model, and the
observed accidents from the reality. The use of this process has a double benefit: the reduction
of the aleatory bias of the observed accidents (e.g., regression to the mean) and the inclusion
of aspects not considered in the prediction model, which anyway influence the number of

observed accidents.

Crash Modification Factors (CMFs)

To the concepts of APMs is generally associated al so the concept of Crash Modification
Factors (CMF) (AASHTO, 2010). A CMF is a multiplicative factor used to compute the
expected number of crashes after implementing a given countermeasure at a specific site
(FHWA). Wide research has been conducted concerning the definition of CMF. The wide
available databases provide some interesting and reliable results that help to understand
which can be the influence of a specific factor on road safety. On the other hand, sometimes
many of the findings from that research can be applied only to some very specific situation.
Consequently, the most used CMF reference, that is the CMF Clearinghouse, provides a
description of the conditions considered in the developing of the CMF. Moreover, CMF
Clearinghouse provides also a “star quality level” for each CMF presented. The star rating is
based on a scale (1 to 5), where a 5 indicates the highest or most reliable rating. The review

process to determine the star rating judges the accuracy and precision as well as the general
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applicability of the study results. Reviewers considered various factors for each study
(depending on the study type used to develop the CMFs) — study design, sample size,
statistical methodology, statistical significance, etc. — and judged each CMF according to its
performance in the various factors (including multiple subcategories within each factor). There
are 7493 CMFs in the CMF clearinghouse and about 6% of those CMFs are classified with 5
stars?. These data allow to make two important considerations: first, the factors influencing
road safety are thousands, even if we consider only road-related factors (including road
environment); second it is not easy to define a reliable CMF applicable in many different
conditions.

To conclude, after dozens of years of research, APMs based on inferential statistic have
proven to be of a great use but have also shown some limitations based on the difficulties to
define clear relationship between a road feature and the expected number of accident (i.e., to
determine causal relationship between the two variables) and mainly because of the large
amount of data required to implement reliable APMs and to correctly apply them. Moreover,
it is often impossible to account for all the variables influencing accident occurrence. A nice
and powerful metaphor about the significance of statistical inference in road safety, and the
difficulties in making statistical inference, is provided by the springs example by Hauer
(Hauer, 2015, pages 92-93). For a detailed review of statistical approach on APM the work from
Abdulhafedh is also suggested (Abdulhafedh, 2017).

2.3.3 Road Safety Inspections (RSIs)

PIARC define RSI as “a systematic, on-site review, conducted by road safety expert(s), on
an existing road or section of road to identify hazardous conditions, faults and deficiencies
that may lead to serious accidents” (PIARC, 2012a). Moreover, “the primary purpose of an RSI
is to identify issues relating to road safety; it is not a check of compliance with design
standards. The Road Safety Inspection shall only consider those matters that have an adverse
bearing on road safety under all operating conditions.” (Transport Infrastructure Ireland,
2017). Similar definitions can be found all over the world. The Directive 2008, with its update
of 2019 (European Parliament and the Council, 2019), introduces a double concept of RSI:

“targeted road safety inspection”, which means a targeted investigation to identify
hazardous conditions, defects and problems that increase the risk of accidents and
injuries, based on a site visit of an existing road or section of road, and

- “periodic road safety inspection”, which means an ordinary periodical verification of
the characteristics and defects that require maintenance work for reasons of safety.

The first definition represents the concept of RSI introduced also in the first version of the
Directive 2008, that is a consequence of the network safety assessment and ranking. After the

identification of the most critical road sections resulting from the network safety assessment,

2 Up to August 2021
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additional detailed analysis will be carried out with the RSI. Now, a question arises: why RSIs,
which are proactive procedures, should be used only as a consequence of the network safety
assessment? Would they become a re-active procedure? The answer is that it depends on how
the network assessment is carried out. If it is based on road accidents, RSIs become, in some
way, a reactive procedure. The concept of “targeted road safety inspection”, means a very
detailed analysis of the road, which helps to identify the main safety issues, but also to
understand the possible safety countermeasures. In this sense, it provides a link between the
analysis stage and the intervention/project stage. Such an RSI can only be applied to some sites
identified by the NWRSA. The level of details and the link to the project stage, reduce the
possibilities to use these RSIs (targeted RSIs) as an instrument to implement an NWRSA and
to define network safety levels.

However, during the last years, understanding the potential of their application to
improve road safety, some road agencies decided to try to include RSIs in the NWRSA process.
An example of this kind of “hybrid” procedure is provided by Italian authority, which
introduced the concept of “periodic road safety inspections” also in the Guidelines for road
infrastructure safety management (Ministero delle Infrastrutture e dei Trasporti, 2012). This RSI
should provide another safety analysis of the network, and together with the results from the
accidents analysis, it will concur to define the risk level of every segment of the network.
Unfortunately, even if the proposal was enlightened, there weren’t sufficient instrument to
quantify, and thus to compare, the network safety level by means of road safety inspections
and this results in a difficult application of the procedure during the NWRSA process. Another
example of “hybrid” procedure is provided by Ireland authority, which integrated standard
network safety analysis based on accidents, and risk classification based on RSIs (Transport
Infrastructure Ireland, 2017), where RSIs mainly have the task to identify the risk in terms of
severity. Another RSI procedure, which has widely spread all over the world during the last
decade, is the iRAP Star Rating procedure (“iRAP Methodology fact sheets - iRAP,” n.d.)
(Ambros et al., 2017). The procedure relies on visual inspections that can be carried out both
manually by inspectors or automatically by equipped vehicles. The procedure requires that
the main road characteristics are considered, both geometrical and functional. The influence
of these aspects is considered and a risk score is obtained that is based on the exposure, the
probability of an accident and the severity of the accident for different type of roads and
facylities. This score is translated in the so-called Star Rating, which allows to implement a
classification of the sections of the road network.

Another interesting proactive approach to a NWRSA procedure, was proposed by Cafiso
et al. (Cafiso et al., 2007). This approach relies on RSI and provide a safety index suitable for
the ranking of the analyzed sections. Furthermore, Cafiso et al. also investigated the results of
the procedure by the use of high speed automated system (ARAN 9000 vehicle) and
investigation by the inspector with low cost instrument (Cafiso et al., 2017). The results show
that the high-performance monitoring systems are particularly useful for the evaluation of risk

factors related to cross section and geometric alignment (e.g., horizontal curvature, vertical
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gradient). On the opposite, for roadside hazard, in-field inspection can be considered more
reliable and practical if supported by appropriate low-cost equipment and tools. Thus, on-site
inspections are still providing an adding value, albeit with a higher time expenditure.
Moreover, it has been demonstrated that RSI which are carried out following a systematic and
structured procedure, produce the same results, even if carried out by different inspectors
(Cafiso et al., 2006).

Despite the results and the objectives of the introduction of RSIs in the network
assessment process, it highlights the possibility to use RSI as a completely proactive procedure
to analyze the network safety level. These considerations suggested that RSIs can be chosen as
an instrument to carry out NWRSAs, even more in those countries where expensive

equipment and instruments, road data, and accidents data, are not easily available.

2.3.3.1 The importance of accident data

As previously stated, accident data can be affected by many inaccuracies and errors. Most
of them are due to carelessness during their collection, some other occur because the collection
system is not ready to collect all the required information about an accident. Moreover, they
may occur because accidents can be the outcome of many concurring factors, and this may
grant them a kind of randomness (e.g., it is hard to observe the same number on accidents in
the same point of the road every year). Finally, accidents always means that something bad is
happened, and a reliable "safe system" must try to improve road safety, without waiting for
accident occurrence.

Nevertheless, accidents data are crucial for road safety. Accurate accidents data, together
with accident’s analysis, are mandatory to clearly understand accidents causation in the field
of research, and when the number of accidents is high (after having validated the data), it is
clear that a problem is present in the segment, despite all other possible results from different
analysis.

Accident data represent the only actual safety measure to be considered at least as
reference and validation parameter when alternative approaches and surrogate measure of

safety are investigated, as in this thesis.

2.3.3.2 The challenge of Low- and Middle- income countries

Road accidents are one of the leading causes of death all over the world, but it struck even
more in low- and middle- income countries. 93% of the world's fatalities on the roads occur in
low- and middle-income countries, even though these countries have approximately 60% of
the world's vehicles (WHO, 2019). These data highlight that major efforts must be made in
these countries to improve their safety management system. The causes of this backwardness
in the safety management system are many (Odonkor et al., 2020) (Heydari et al., 2019). The
reduced availability of resources is certainly one of the most relevant aspects. Having limited
resources may limit the design phase, and even more the maintenance and the safety analysis.
But the most relevant aspect is perhaps relating to the organization of the system, which often

must face a significant increase in vehicles and an increase in technological innovations,
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without having enough time to adapt and plan its development correctly (Khanal and Sarkar,
2014). This often leads to the lack of a systematic approach and the impossibility of having
access to many of those data that are the basis for many of the current safety analysis. Those
data are relating to both accidents and the characteristics of the road. It is therefore evident
that analysis procedures that do not require a large amount of data, but only the work of
trained practitioners, can be an indispensable resource for increasing road safety in these
countries. For this reason, a NWRSA procedure based on RSI can be very helpful to analyze
road safety in those countries.
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CHAPTER 3 HUMAN FACTORS AND ROAD SAFETY

Chapter abstract

This chapter analyze in detail why considering Human Factors in road safety is a crucial task and
how it is possible to evaluate the influence of road characteristics on driver behavior. In this chapter the
theoretical concepts are presented upon which the procedure is based. The central role of space perception
and expectations will be illustrated together with the risk theory derived from literature review. Three
main aspects will be considered to analyze the road safety level under a Human Factors point of view:
factors influencing general expectations, factors influencing punctual expectations, and the time
provided to read the situation. To demonstrate this statement is required to introduce the concept of
accident’s chain and the concept of risk, both real risk and perceived risk. In addition, few insights are
provided about the way the environment is perceived by road users, and which are the most relevant
aspects that could mislead drivers while driving.

The chapter will finally present the PLARC approach to Human Factors. It has been chosen out of
all other Human Factors guidelines because it divides Human Factors aspects into three main categories,
which fit the concepts of general expectations, factors influencing punctual expectations, and the time
provided to read the situation. Moreover, it offers a comprehensive evaluation tool which can be used to
analyze the triggers of accidents, and which has a proven prediction quality to predict accident spots
(Birth and Pflaumbaum, 2006) (Birth et al., 2015).

Chapter list of acronyms

CMF Crash Modification Factors
DSD Decision Sight Distance

GEX General Expectation

HFE Human Factors Evaluation
HFET Human Factors Evaluation Tool
HSM Highway Safety Manual
NWRSA Network-wide Road safety Assessment
PCL Potentially Critical Location
PEX Punctual Expectation

SSD Stopping Sight Distance

VIS Visibility

3.1 Defining the factors influencing road safety

The first thing to know to deal with road safety is to clearly understand the complexity of
road accidents causation. It is not a matter of looking in detail to which causes may have led
to a single accident, it is instead the conceptual and logical approach that must be taken to
analyze road safety. Without a clear general frame about the chain of events related to an

accident occurrence, accident triggering factors, and accidents concurring factors that lead to
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an accident, it is impossible to clearly identify the risk factors and thus to make a reliable safety

analysis of a road.

3.1.1 Road accidents

“Crashes are rare and random events.” This is how the American Highway Safety Manual
(AASHTO, 2010) introduce the nature of accidents. Interesting is also the definition by the
RoSPA: "A road accident is a rare, random, multi-factor event preceded by a situation in which
one or more road users have failed to cope with their environment" (Royal Society for the
Prevention of Accidents (Great Britain) and TMS Consultancy, 1995). These definitions of the
accident’s nature are today well accepted all over the world. The first adjective, “rare”, means
that road users involved in accidents are an extremely low part of the total volume of users
which are acting every day in the transport system. The second adjective wants instead to
underlines that accidents occurrence is not only due to specific causes, but also to chance. This
stochastic and random attribute of accidents occurrence is due to the complexity of the
circumstances that often influence accident occurrence, which are hard to consider all together
(multi-factor event). Sometime the leading cause of an accident is easy distinguishable, but
some other time there is not any leading cause, but only many minor causes, deriving from
specific aleatory circumstances. Accidents are only the tip of the iceberg because they occur as
the ‘worst case’ result of unsafe operational conditions in the road traffic system. As stated by
Elvik et al., “Some of the factors that influence the stochastic process leading to accidents are known,
other will never be known” (Elvik et al., 2009).

A good road safety practitioner must avoid classifying hard-to-explain accident as a
random occurrence. The stochastic nature of accidents cannot be completely denied (as it is
the translation of their complexity), but all efforts must be made to understand the causes of
accidents, and all the possible knowledge about factors influencing an accident occurrence,
must be considered. This means to include the analysis of driver behavior and its response to
the road system. As a matter of fact, today the term “crash” is sometimes preferred to the term
“accident”. In fact, the second implies a part of randomness, and this is not accepted mainly
by those who must deal with the law (advocates and judges). However, in this work, the term
“accident” will be used, because of the necessity to stress on the apparent randomness of an
accident, because of its complex nature.

The definition of road accidents by RoSPA, presented before, underlines that road
accidents derive from a “multi-factor event preceded by a situation in which one or more road
users have failed to cope with their environment”. These simple words are exactly the key to
comprehend the nature of road accidents. As already stated, accidents are multi-factor events,
but they result from a situation where the driver failed to cope with the road and its
environment, which also implicitly means that the road and its environment engage the driver
with some difficult situations and failed to communicate to the driver the right information.
These concepts it is very important because it underlines that the first input to a possible

accident, comes from the road and its environment, and that to correctly work, the road
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systems must consider continuous cooperation between drivers, the road, and the road
environment.

After having provided the definition of road accident and have underlined those causes
of accidents are multi-factor and strictly related to the road and its environment, it is necessary
to try to understand in more detail how an accident originates and what are the theoretical

factors, which act by increasing or decreasing the risk of an accident.

3.1.2 Main categories of contributing factors to road accidents
Accidents are multi-factor; this means that there are many factors that contribute to their
causation. Considering all this factors, it is possible to identify three main categories of

contributing factors. These contributing factors are:

- human factors (drivers” behavior, capabilities, and limitations)
- road factors (including its surrounding and environment)

- vehicles factors (vehicle relationship with the driver and with the road)

Before creating ambiguity, it must be clarified how the term human factors is used and
intended. In this thesis it will be used the generic term “human factors” to indicate all those
factors related to the human beings, thus including for example effects of drugs, alcohol, or
the use of telephone while driving. This definition is widely used in literature. On the other
hand, among all those factors, there are some human-related factors that are strictly linked to
the human capabilities under “standard” conditions, and not under modified condition (e.g.,
effects of alcohol, psychological conditions that lead the driver to break the rule, diseases that
reduce driving performance, etc.). The standards conditions can be considered as Human
Factors, and this term will be used with initial upper cases. Moreover, those Human Factors
focus on the relationship between the driver and the road. Those specific Human Factors are
defined by PIARC as “those psychological and physiological threshold limit values which are
verified as contributing to operational mistakes in machine and vehicle handling. In the case
of road safety, the Human Factors concept considers road characteristics that influence a
driver's right or wrong driving actions” (PIARC, 2016). Moreover, the term driver behavior
must also be emphasized as the set of behaviors and actions the driver made while driving.
Not all these actions derive from the road perception, like not all human factors aspects can
derive from human beings’ standard conditions. For example, an extremely aggressive driving
behavior cannot be wholly a consequence of a wrong road perception, because other factors
are present which influence driver behavior. This aspect will be deepened later in this chapter.
However, to correctly read this work, it must be clear that Human Factors influence the road
perception, which in turn influence driver behavior. But driver behavior it is not only related
to the road perception, but also to other factors (age, formation, contingent situation, vehicle
handling, etc.).

Coming back to the general analysis of accident causations, the influence of those three
main categories of factors can be summarized with the Venn diagram of Figure 3.1 by Treat et
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al. (Treat et al., 1979). The calculated percentage refers to United States of America data of
several years ago, but other studies show that the values are still the same over the years
(Rumar, 1986) (National Highway Traffic Safety Administration, 2008) (Mansfield et al., 2008).

34% 93%

Human
factors

Roadway
Factors

Vehicle
Factors
3

13%

Figure 3.1 — Contributing factors to vehicles accidents (Treat et al., 1979).

It is interesting to go deeply in the meaning of the two first groups, which are the ones
this thesis is focused on, looking in details to what have been considered under human and
roadway factors. The specific data from Treat et al. research are showed in Figure 3.2, Figure
3.4, and Figure 3.5. Figure 3.2 shows the Major Human Direct Causes of accidents, which are
the category to which each specific cause belongs. The higher number of accidents is due to
the Recognition Errors (intended to include both the recognition and comprehension
problems), but the research also demonstrated a higher percentage of Decision Errors and
Performance Errors. All these three groups represent some types of errors that are linked to
the road perception and so represent the result of the iteration between the road and the driver.
Critical Non-Performances Errors (e.g., driver falling asleep or blacking out) are partially
related to the road, because the configuration of a road may influence the driver workload and
thus the possibilities of dozing, and Non-Accident (e.g., suicide) are completely road-

independent.

% of Accidents

10 20 30 40 50 80
| ]
1. Recognition Errors In-De.pth 4 s6.0
On-Site 33.3 50.9
2. Decision Errors '"‘Depih 28.6 Y521
On-Site 29.9 473
3. Performance Errors Fn-Depth 6.9]11.2
On-Site 5.8]19.2

4. Critical Non-Perf. |In-Depth §]1.7/2.1
(Blackout, Dozing) |On-Site |{1.1/1.4

5. Non-Accident In-Depth | 0%
(e.g., Suicide) On-Site | 0%

Figure 3.2 — Percentage of accidents caused by the Major Human Direct Cause Groups (Treat et al., 1979).

Similar results are provided by more recent research from the NHTSA (National Highway
Traffic Safety Administration, 2008), which are shown in Figure 3.3. Considering the
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disaggregated results of the NHTSA study, it is possible to identify which critical reasons, as
defined in the document, can be included under the Human Factors category (a subgroup of

the general human factors).

Table 9(a). Critical Reasons for Critical Pre-Crash Event Attributed to Drivers
e e ) Number of Crashes Weighted
Critical Reason for Critical Pre-Crash Event B Weighted | Percentage
Inadequate surveillance 1,080 414,626 20.3%
Internal distraction 482 218,548 10.7%
Recogni- | External distraction 229 77.496 3.8%
tion error | Inattention (i.e., daydreaming, etc.) 194 65,712 31.2%
Other/unknown recognition error 109 51.926 2.5%
Subtotal 2,094 828,308 40.6%
Too fast for conditions 348 171.604 2.4%
Too fast for curve 181 100,713 4.9%
False assumption of other’s action 260 02,583 4.5%
Decision lllegal maneuver 232 78,112 3.8%
error Misjud!gment of gap or other's speed 212 65,221 3.2%
Following too closely 85 30,452 1.5%
Agoressive driving behavior 99 31,026 1.5%
Other/unknown decision error 335 125,805 6.2%
Subtotal 1,752 695,516 34.1%
Overcompensation 211 100,090 4.9%
Perfor- Poor directional control 249 05,165 4. 7%
mance Other/unknown performance error 30 7751 0.4%
error Panic/freezing 20 7.137 0.3%
Subtotal 510 210,143 10.3%
Non- Sleep, actually asleep 160 65,141 3.2%
perfor- Heart attack or other physical impairment 133 48,822 2.4%
mance Other/unknown critical nonperformance 76 31,881 1.6%
error Subtotal 369 145,844 7.1%
Other/unknown driver error 371 162,132 7.9%
Total 5,096 [ 2041943 100%
Estimates may not add up to totals due to independent rounding.
Data source: NMVCCS (July 3, 2005 — December 31, 2007), NHTSA, compiled as of April 30, 2008

Figure 3.3 — Critical reasons for critical pre-crash event attributed to drivers (National Highway Traffic
Safety Administration, 2008).

The following critical reasons are included or have a high chance of being included in the

Human Factors category:

- Inattention (i.e., daydreaming, etc.)
- Too fast for conditions

- Too fast for curve

The following critical reasons have a medium to high chance of being included in the

Human Factors category:

- Inadequate surveillance
- Internal distraction
- External distraction

- False assumption of other’s action
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- Misjudgment of gap or other’s speed
- Overcompensation
- Panic/freezing

- Sleep, actually asleep

The following critical reasons are not included or have a very low chance of being

included in the Human Factors category:

- Illegal maneuver

- Following too closely

- Aggressive driving behavior
- Poor directional control

- Hearth attack or other physical impairment

Considering this partition, based only on the identified critical reason (each single
accident should be analyzed alone to clearly identify its causes), it is possible to have an
estimation about the influence of Human Factors on road safety. About 16.5% of the critical
reason identified form the NHTSA research are included or have a high chance of being
included in the Human Factors category; 51.0% have a medium to high chance of being
included in the Human Factors category; and 13.9% are not included or have a very low chance
of being included in the Human Factors category. Thus, a total of about 67.5% of accidents
have a good chance of being caused by Human Factors (considering that about 16.1% are
unknown errors which have not been classified).

Nevertheless, all those statistical analyzes can only provide an estimation of the possible
causes of accidents as demonstrated by the data in Figure 3.4, which shows the Specific Human
Direct Causes from Treat et al. (Treat et al., 1979). It appears clear that all the causes are
assigned to human driver because it is the one who has the final decision on what to do.
However, often the errors are produced by wrong stimuli from the road. Considering the
Improper Lookout error as an example. It can be assumed that the driver failed to see an
oncoming vehicle before entering the main road from a minor road. Are we sure that it is only
a driver failure to see the oncoming vehicle? Will the road provide enough visibility of the
upcoming vehicles? Will the road provide enough visibility of the entering vehicle from the
main road? And finally, will the road “inform” the driver from the main road of the presence
of the intersection so that it will keep higher alertness and will possibly slow? All these

possibilities must always be considered before stating the cause of an accident.
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Figure 3.4 - Percentage of accidents caused by the Specific Human Direct Causes (Treat et al., 1979)

Figure 3.5 shows the Specific Environmental Causal Factors (Treat et al., 1979). The two
leading Specific Environmental Causal Factors are View Obstructions and Slick Roads. They
are both linked to human perception/reaction, even at different degree: the first has a direct
influence on driver decision, while the second has a higher influence in the subsequent
maneuver development. Also, the other causal factors are, even at different level, related to
the capacity of the driver to understand the requirements from the road. However, comparing
Specific Human Direct Causes from Figure 3.4 to the Specific Environmental Causes from
Figure 3.5, it seems that not all the aspects of the road which can influence the first list, are
present in the second list. For example, how about the Excessive Speed? Today it is well-
known that there are many factors linked to road layout, cross section and surrounding, which
influence the driver choice of speed, that must be considered as road factors. If we want to

make a clear frame of the road safety, we must consider those aspects under the right category.
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Figure 3.5 - Percentage of accidents caused by the Specific Environmental Causal Factors (Treat et al., 1979).

Accident nature is so that accidents are generally generated by a high number of factors
that, partially because of road (or human, or vehicle) deficiencies, partially because of specific
aleatory event, manifest together, representing an overwhelming insuperable obstacle for the
driver.

Some of the factors related to the road have a direct influence on driver perception,
comprehension of the road and, consequently, driver behavior. Those causes derived mainly

from:

- expectancy violation

- ambiguous, misplaced, or deficient information (from signs and from the road layout
itself)

- low demand on drivers (which causes lack of vigilance)

- high demand on drivers (which causes a cognitive load overwhelming)

- poor visibility of prior information (contrast, size, position)

- composition of the road environment (optical density, urban area, or rural area)

- configuration of the field of view (optical illusion, converging/diverging lines)

All this issue must be considered by road engineers, because when errors are committed
due to the nature of the task, the demands of the situation, the inability of drivers to handle
information, the inadequacy of the information being presented, or the violation of
expectancies, it is the responsibility of designers and engineers to reduce the sources of error
(Alexander and Lunenfeld, 1986).
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3.1.3 Identifying accidents’ causes

Accident’s analysis is a widely used procedure to identify the main problems of a specific
location and to find the most appropriate countermeasure. Of course, to be sure that the right
causes of an accident are identified, it is necessary to collect as more information as possible
about the accident. Defining which factors influence the occurrence of an accident, requires
some deeper analysis and evaluations. It must be remembered that while talking about
“causes”, the author intends those elements that produce the effects. Causes are those factors
which in some way contribute to the occurrence of an accident (which is the final effect). The
concept of cause in road safety is not always easy to be applied and it also not always accepted.
Some authors for example has rejected the use of the concept of cause in explaining accidents
(Haight, 1980). Moreover, “causes” is also a simplified attribute of the post-crash police
reporting. Causes collected in police reports (often presumed/alleged and made by witnesses’
statements or police summary reconstruction) are many times confused with the
consequences. Some examples of this last statement are accidents caused by excessive speed
(or not appropriate speed), loss of vehicle control, don’t give way, passing with red light... but
there are many other. All these causes are not the real causes. For example, speed is the
consequence of many other factors. Sometimes, considering this condition as the cause, the
natural consequence is that the driver is to blame. Of course, sometimes it is true, but often
drivers’ mistakes are due to the road characteristics and this last wrong driver’s maneuver is
a consequence of bad inputs from the road. Once this is clear, it is possible to use the term
“causes” as all those factors that contribute to accident occurrence.

A wide literature exists about how to conduct accident analysis and a good example is
provided by PIARC, who summarizes the main procedures of accident analysis (PIARC, 2013).
Many studies, like those presented in 3.1.2, provide some statistical results that in turn provide
estimations of the influence of a factor on road safety. Estimations from massive data analysis
provide some useful information about a trend but cannot assure a perfect causal relationship
between the road factor and the accident under all specific situations (their reliability is often
connected to the way there are obtained). This is even more clear while analyzing specific
aspects related to road safety. One example concerning speed is provided in the Research
Report AP-R449-14 from Austroads, which stated that “one difficulty associated with research
on road design elements (or characteristics) and speed is that a “cross-sectional” methodology
is often adopted. That is, speeds on roads with different characteristics are compared to assess
the effect of a single road characteristic (for instance, lane width). However, it is very unlikely
that the roads compared will be exactly the same in all respects, apart from this single factor.
Often roads will differ on several different characteristics (e.g., lane width, shoulder width,
distance to roadside objects, etc.). It is therefore very difficult to isolate the effect of single
characteristics on speed” (Austroads, 2014).

The effect of a countermeasure observed on a specific road stretch can be different if
applied to another road stretch with different characteristics. A solution may be provided by

accurate before-after analysis, but they also present some specific weaknesses (Institute of
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Transportation Engineers and Transportation Safety Council, 2009). Thus, defining an
absolute exact relationship between a factor and an accident is a hard task with relative
significance because the influence of a factor is often related to other factors. For this reason,
as already stated, accident analysis and the identification of accidents causes, is not a trivial

task and the analysis of large amounts of data, must go parallel to deeply theoretical analysis.

3.1.3.1 Accident’s event chain

Accidents are generated by different factors concurring together, but if we look in details
in the accident evolution, we see that they not always contribute at the same time and with the
same strength. Accidents occur because of a series of bad circumstances and failures of the
“safety layers” provided by the road. A particularly useful conceptual scheme is the so called
“Swiss cheese scheme”, firstly introduced by Reason (Reason, 2000) to describe the possible
vulnerabilities of a safety system. The scheme has been modified and it is provided in Figure
3.6.

Triggering Contributing
Factors Factors

f'&r l N\

Accident avoided

Weaknesses Accident has occurred

v

/
Accident avoided
1. Road
comprehension

2. Road characteristics
and conditions

P

Accident with severe
consequences

3. Recovery !J
possibilities
4. Mitigation of
the consequences

Figure 3.6 — Accident’s event chain and safety layers, modified from (Reason, 2000).

In this figure, each slice of cheese, represent a possible safety layer of the road system.
Each layer provides a barrier to the accident occurrence, but unfortunately this barrier has
some holes. The holes are the weaknesses of the system. If the holes of those barriers are all
aligned together it is possible to move through all the barriers. This represents those bad
conditions where many concurring factors occur together and lead to an accident. The event
chain which leads to an accident can be structured into three main parts, representing the

failures of three safety layer: the operating error, the driving error, and the missed recovery.
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These failures derive from the weaknesses of the safety layers respectively of road
comprehension, road characteristics and conditions, and the recovery possibilities. A fourth
layer must be considered which represents the intervention on the outcome of an accident,
that is the mitigation of the consequences. This last layer is extremely important because it can
change the outcome of an accident from a simple property damage to a severe injury.
However, it must be noticed that this layer does not influence the accident occurrence.

Even if it is difficult to group all the possible features influencing an accident occurrence,
these three layers may provide a useful conceptual scheme.

The first layer about road comprehension, represents all those factors which contribute to
the road perception. It includes the expectations, the visibility, the clarity of the road layout
and configuration, and all other factors which are related to the perception of the road from
the driver point of view. A wrong perception of the road is the triggering factor of the event
chain that may lead to an accident. A wrong perception of the road is considered an operating
error. All those triggering factors belong to Human Factors.

The second layer concerns road characteristics and conditions, which means to account
for road physical conditions, such as road surface, to account for weather and traffic
conditions, and to account for vehicles and driver capacities. After an operating error has
occurred, the driver may correct the error. Based on how long it takes to the driver to
understand his error and to decide how to correct it, the correcting maneuver can be easy to
be carried out or not. If the correcting maneuver will not take place, then a driving error
occurred, and the accident will likely happen. Human Factors are still participating also to this
layer. This is because of the driving performance which is generally based on the close-loop
model. The close-loop model implies that the driver continuously check is driving behaviors
based on the road characteristics, adapting, and modifying their driving according to what
they perceive (this concept will be better described in 3.1.4).

The third layer represent the possibility to recover, that is the last chance to avoid a
collision or a run-off the road. Factors belonging to this layer are quite the same of the previous
one except that Human Factors are very limited. Those factors concern the last part of the
maneuver, such as abrupt braking and steering, and all other maneuvers that will be made
when it is clear that an accident is likely to happen. If also the recovering maneuvers fail, the
accident occurs.

The fourth layer represents the mitigation of the consequences of an accident and, together
with some aspects of the preceding layer, it is the base of the concepts of the forgiving roads
and forgiving roadsides. This means that accidents may occur, but the road system must
assure that the outcome are the less severe as possible. A typical example is a safety barrier
preventing the driver to hit a tree or run-off from a bridge.

A similar logic structure has been already introduced by Bald et al. (Bald et al., 2008),
which is presented in Figure 3.7. The scheme shows the development of the events and
possible situations that will lead to an accident, highlighting which are the “active safety”

factors and the “passive safety” factors. The first are all those factors contributing to the
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occurrence of an accident, while the seconds are all those factors which influence the outcome
of an accident.

Both this last scheme and the previous “Swiss cheese scheme” help to identify four
different steps of the event chain that must be considered. The factors participating to all the
four aspects are not necessarily different. All the road elements may contribute to more than

one of the four layers of the first scheme.

regular situation A

disregard of rules,
inattentivenes etc.

area of
“active safety”

faulty situation

environment susceptible to mistakes
(edge of the road, other vehicles)

dangerous
situation

danger avoidance is

not possible
. ‘F
accident
area of accident has
“passive safety” consequences

Figure 3.7 — Events chain for accidents and damage occurrence (Bald et al., 2008), from (Durth and Bald,
1988)

3.1.3.2 Triggering factors and contributing factors

Considering the factors influencing the accident occurrence, it is possible to define at least
two different types of relevant factors:

- Triggering factors

- Contributing factors

Triggering factors are the factor that involve the first error, which start the event chain
that finally can lead to an accident. The triggering factors are those factors that represent the
stimuli of the driver, and so the information from outside. Triggering factors can be repeated
considering the continuous close-loop of the driving task (see 3.1.4). Moreover, triggering
factors are not only the factors that influence the driver some milliseconds before the first

wrong maneuver/decision but may have some prior influences. For this reason, expectations
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about the road, are part of this category®. The presence of triggering factors and the possible
error due to the influence of those factors, does not assure the accident occurrence. To have
the crash, there must be some contributing factors. Contributing factors have a high influence
on crash achievement, both positive and negative. Triggering factors are mainly related to the
first layer of the Swiss Cheese Scheme, that is road comprehension, but they may also occur in
the second layer, that is road characteristics and conditions. Contributing factors are instead
related mainly to the second and third layer, that is recovery possibilities. Furthermore, factors
can be both triggering and contributing for the same event and can assume negative and
positive influence within the same event. This implies that implementing a specific
countermeasure may improve some safety aspects and reduce some other. This is because the
road modification can also modify the road perception from the driver point of view (see also
the concept of risk perception in 3.1.5 and behavioral adaptation in 3.1.6). Moreover, the effect
of the improvement, in terms of quantity, may varies based on the context where it is used. A
clear example can be made considering a run-off-road accident due to a low radius curve
travelled at an unsafe excessive speed. The main factors which trigger the operating error,
passing through the first safety layer, are: a long straight before the curve, previous curves
with greater radius, difficult estimation of the low-radius curve because of a poor visibility of
the inner curve, and a wide carriageway which influences driver choice of speed. For all these
reasons, the driver approaches the curve with a too-high speed, and the event chain that could
lead to an accident is than triggered. Nevertheless, in most cases this will not lead to a crash,
and here is where contributing factors influence the results. Possible contributing factors of
this specific example can be a high friction course, which helps the driver to fast reduce the
speed of the car and to balance the dynamic force in the curve, and the wide carriageway, both
with wide lanes and shoulders, which give more opportunities also for a wider trajectory and
to recover wrong trajectories. In this case we have two different main contributing factors
which play different role both as contributing factor and as triggering factors:

- Road friction plays a role only as contributing factor, with a positive contribution

which helps to reduce the probabilities of an accident occurrence.
- Carriageway width plays a negative role as a triggering factor, but it plays a positive
role as a contributing factor (in this specific example).

Finally, the same factor, may have a different weight as triggering factor and as
contributing factor. This contribute to demonstrate how hard is to quantify the possibility of
an accident occurrence. This may also explain the different influences of lane and shoulder
width on safety, as presented in 3.1.3.3.

Human Factors applied to road safety help mainly to identify the triggering factors. This

concept fits perfectly to the identification of operational errors and driving errors defined by

3 As discussed in 3.2, three type of expectations can be considered: long-term expectations, short-

term expectations, which together form the general expectations, and punctual expectations.
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PIARC (PIARC, 2016). Figure 3.8 shows the logic scheme proposed by Birth et al. (Birth et al.,
2004) and subsequently considered by PIARC to define the event chain which could lead to an
accident. The concepts of triggering and contributing factors, and severity factors, have been
added to the scheme. Triggering factors can be considered those factors which cause the
operational mistakes, while contributing factors influence the occurrence of the driving

mistake. Severity factors influence the outcome of an accident.

DRIVING ACTION

«

intended Triggering Factors

2/

O11¢

Contributing Factors

< driving mistake

¢

orrected  not corrected Severity Factors
operational mistake
< accident

Figure 3.8 — The context of operational mistake, driving mistake, accidents, and their related factors, modified
from (PIARC, 2016), already in (Birth et al., 2004) .

The proposed procedure is based on the analysis of Human Factors, and thus it considers
the analysis of triggering factors. Reducing the possible factors that trigger the accident event

chain, means to reduce the number of possible accidents.

3.1.3.3 Example of different influence of geometrical features on road safety

Concerning triggering and contributing factors, an interesting research about the different
influence of the same factor, has been conducted by the researchers of the FHWA (Boodlal et
al., 2015), which analyzes the influence of the lane and shoulder width on speed and on
accidents causation. Figure 3.9 and Figure 3.10 show respectively the relationship between
lane width and shoulder width with speed and safety, represented by the calculated CMF from
HSM (AASHTO, 2010). A CMF, namely Crash Modification Factor, is a factor that account for
the reduction in the number of predicted accidents by implementing a specific modification of
the road (see 2.3.1.1 for details), in this case it has been evaluated how the factor change if the
lane width or the shoulder width are modified. In both the represented graphs, the lane width
(first graph) and the shoulder width (second graph) are shown in the x-axis, while the speed
in miles per hour is shown on the left y-axis and the CMF value is shown on the right y-axis.

As expected, the operating speed increases as the lane and shoulders width increase. Such

results as been widely proven by many researches (Austroads, 2014) (Elliott et al., 2003)
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(Martens et al., 1997). Nevertheless, the opinions on the effects on road safety of such
countermeasures are divergent. A higher speed would generally mean a higher risk of
accidents (DaCoTA, 2013) (Finch et al., 1994) (Nilsson, 1982) (Nilsson, 2004) (Taylor et al., 2000)
(Taylor et al., 2002) (Donnell et al., 2018), but it has also been observed that wider shoulder
and wider lanes have a general positive influence on accident risk (they reduce the risk of an

accident occurrence) as clearly shown in Figure 3.9 and Figure 3.10.
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Figure 3.9 - Graph. Relationship between lane width and speed and safety for two-lane rural highways (Boodlal

et al., 2015).
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Figure 3.10 - Graph. Relationship between shoulder width and speed and safety for rural, two-lane highways
(Boodlal et al., 2015).

This highlights that carriageway width seems to have little negative influence as
triggering factor, but a high positive influence as contributing factor. However, different
relationship may occur in different specific cases. The FHWA research concludes that the
relationship is not so obvious as represented in Figure 3.9 and Figure 3.10. They found that

“The results of the lane-width—shoulder-width safety evaluations show more complex (but intuitive)
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interactions between expected crash frequency, lane width, and shoulder width than what is currently
reflected in the Highway Safety Manual CMFs for rural, two-lane roads. For any given pavement width,
there are combinations of lane width and shoulder width that result in the lowest expected crash
frequency (for all crash types and severities as well as for fatal-plus-injury crashes). For narrower total
paved widths, the optimal lane width appears to be 12 ft. [...] As total paved widths become larger, there
is not necessarily a safety benefit from using a wider lane, and in some cases, using a narrower lane
appears to result in lower expected crash frequencies”.

Figure 3.11 shows the trend of the CMF considering the influences of the lane and
shoulders width on road safety. The best result is given by a very narrow lane (10 ft) and a
very wide shoulder (6 ft), while the worst result is given by narrow lane (1o ft) and medium
shoulder (4-5 ft). It surprises to notice that with a lane of 10 ft, a shoulder width of 3 ft slightly
reduce the CMF compared to a shoulder of 4-5 ft, while a shoulder of 6 ft, drastically reduced
the CMF.

Lane Width (ft)

Figure 3.11 - CMFs for combinations of lane and shoulder widths for two-lane rural highways (Gross et al.,
2009)

The safety represented by the trend of HSM CMF has the strength of be derived from a
high number of data, but on the opposite this high number of data analyzed together may
cause the loss of some factors and, in most of cases, the lost data are the one related to the
driver and their perception.

Another different result, which otherwise leads to the same conclusion, is the one
provided by Pokorny et al. (Pokorny et al., 2020), who analyzed the influence on road safety
of lane and shoulder width in Norway, with the application of a case-control method. The
outcome of the method which is the safety performance measure is the odds ratio. They
calculated the relationship considering five different samples that are: all accidents, severe
accidents, slight accidents, winter accidents (occurred between November and March or under
icy road conditions), non-winter accidents. The results are shown in Figure 3.12. The graph on
the left shows the results concerning the shoulder width, while the graph on the right shows
the results concerning the lane width.
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Figure 3.12 - Graphic illustration of the odds ratios for shoulder (left) and lane (right) widths for all models
(Pokorny et al., 2020)

Concerning the shoulder width, the highest level of risk was found for the narrowest
shoulder category 0.00-0.25 m. The level of risk then decreases to the minimal value for the
category 0.51-0.75m. Yet as shoulder width increases to 0.76-1.00m, the risk increases once
again, followed by another decrease for the widest category. For lane width, the model
indicates the lowest risk being associated with lanes between 1.50-2.00 m. There is an
increasing trend of odds ratios with increasing widths up to 3.25 m. For the wider lanes, the
risk generally drops.

It must be also highlighted that the presented researches, like most of the research on the
same topic, limit the evaluations of lane width to widths less than 4 m. Influences of wider

lanes should be also investigated.

All these examples show the different influence of the same road element under different
circumstances and as a triggering or contributing factor, and clarify the importance of accurate
accident analysis, which must be carried out with adequate instruments and knowledge.
Shoulder width may have an influence as triggering factor and a different influence as
contributing, and both are influenced by other elements of the road, which are present in that
specific analyzed segment. The results show that some other factors, which are nevertheless
linked to shoulder and lane width (e.g., speed), have a strong influence on road safety. By
means of statistical analysis we can say that a variation in one factor may have a certain
influence on road safety, under specific conditions, but many times it is impossible to
statistically consider all the variables. For this reason, theoretical approach must always

accompany statistical analysis.

3.1.4 The driving tasks

Driving is a complex task, even if sometimes it appears to be so easy. Instead, driving
requires attention, it requires at least three senses (sight, hearing, and touch) and it brings the
driver to take decision in a reduced time, that highly differ from their standards (people

running at a moderate speed reach a speed of about 15 km/h). Furthermore, as some
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psychological aspects occur, identify the real process of the driving task is a challenging job.
For this reason, it is useful to try to use some specific scheme that can help to understand those
process. Many general framework schemes can be found in literature. A trusted scheme is the
one proposed by Alexander and Lunenfeld (Alexander and Lunenfeld, 1986), which was also
considered by AASHTO Highway Safety Manual (AASHTO, 2010). This scheme synthetizes
the driving task into three different performance level, as represented in Figure 3.13. These
levels, and their associated activities and subtasks, can be described according to scales of
complexity and priority. The scale of complexity increases from control through guidance, to

navigation; priority decreases in the same direction.

Navigation

Guidance

Control

Figure 3.13 — Driving Task Hierarchy, adapted from (Alexander and Lunenfeld, 1986)

According to Alexander and Lunenfeld (Alexander and Lunenfeld, 1986), the three
performance levels are described as following.

“Control: Control refers to a driver's interaction with the vehicle. The vehicle is controlled
in terms of speed and direction. Passenger vehicle drivers exercise control through three or
four mechanisms- steering wheel, accelerator, brake, and gear shift. Information about how
well or poorly the driver has controlled the vehicle comes primarily from the vehicle and its
displays. Drivers receive continual feedback through vehicle response to various control
manipulations.

Guidance: Guidance refers to a driver's maintenance of a safe speed and path. Control
subtasks require action by the driver. Guidance requires decisions involving judgment,
estimation, and prediction. The driver must evaluate the immediate environment and translate
changes into control actions needed to maintain a safe speed and path in the traffic stream.
Information at this level comes from the highway-alinement, geometry, hazards, shoulders,
etc.; from traffic-speed, relative position, gaps, headway, etc.; and from traffic control devices-
regulatory and warning signs, traffic signals, and marking.

Navigation: Navigation refers to the activities involved in planning and executing a trip
from origin to destination. Navigation information comes from maps, verbal directions, guide
signs, and landmarks.”

The three levels form a hierarchy of complexity and priority. The control level is the easier

level, and it is overlearned by most drivers. Its “simplicity” is translated in the capacity of
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driver to perform this task in an automatic way. Brain does not have to think too much to
maintain the speed and to adjust the position in the lane: drivers automatically do it even while
their attention is somewhere else (listening to the radio, thinking, talking with the passenger).
At guidance level information handling is increasingly complex and require more efforts from
the driver. Actions, maneuvers and change in the driving program (e.g., a change in speed)
needs a conscious activity of the driver, who must take decisions. These decisions require time
to be taken and peculiar information to be activated. Navigation level is the most demanding.
At this level drivers need more processing time to make decisions and respond to information
inputs.

Many other examples of framework schemes can be found in literature. Control loop
models and hierarchical models are two of them.

The concept of the close-control loop model was already recognized as early as 1970 and
presented in more detail for road design by Durth (Durth, 1972) and Dilling (Dilling, 1973).
The same model was subsequently implemented by Bald (Bald, 1987), which compares the
speed-choice model, to the function of an heat pump, as shown in Figure 3.14. With the same
scheme Bald describes also the risk regulation, with the central role of speed as the parameter
which can be most modified by the driver and which has a higher influence on the measurable

and perceived risk, as depicted in Figure 3.15 and Figure 3.16.

disturbance variables

actuator desire controller | manipulated regular regular variable
’—> (device) | variable route
Feedback

Figure 3.14 — Close-loop model for adjustable systems (e.g., heat pumps), translated from (Bald, 1987)

traffic, weather

desired speed gas or actual speed

driver brake vehicle >

¥

Feedback

Figure 3.15 — Speed control loop, translated from (Bald, 1987)
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traffic, weather

accepted risk . desired speed actual speed
driver >
speed control loop
experienced risk
evaluation, Feedback
experience

A

road characteristics

Figure 3.16 — Risk control loop, translated from (Bald, 1987)

The close-loop control model is extremely useful to explain the continuous changes in
driving maneuvers and it is suitable to be applied considering the assumed risk model (see
3.1.5) as also introduced by the bottom close-loop model from Figure 3.16.

Some examples of hierarchical models are instead provided by Michon, Donges, and
Rasmussen (Michon, 1985), (Donges, 1999), (Rasmussen, 1986). It is interesting to notice that
the models are very similar. The model from Alexander and Lunenfeld (Alexander and
Lunenfeld, 1986) belongs to this category. A combined scheme which considered all the
previously cited models is presented by Weller (Weller, 2010) and here reported in Figure 3.17.
The three different levels, even with different names, have the same meanings as those from

Alexander and Lunenfeld.

Knowledge-based Behaviour

Identification | Decision e Planning Strategic Level
T T
Route
Speed Criteria
Rule-based Behaviour l ¥ i
Recognition [# Association [ Stored rules Manoeuvring Level

4
| |

Feedback Criteria

Skill-based Behaviour l l
Feature Stimulus
2 -
Formation Reaction Control Level
Automatisms

A A A L L L
E1CT v
Sensory Input Action

Figure 3.17 — Combination of performance levels according to Rasmussen (Rasmussen, 1986) and the
hierarchical model according to Michon (Michon, 1985), modified from Donges (Donges, 1999), presented in
Weller (Weller, 2010).

A more detailed model related to this scheme is depicted in Figure 3.18. Here Reason tried

to explicit when a change in the driving level is required and which are the reasoning and the
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causations behind the switch from one level to another (Reason, 1990). It must be noticed that
under standard conditions, only the control level is activated. Continuous attentional checks
allow to identify when a problem arise. In this case, it is possible to switch from the control
level to the guidance level (or rule-based level). This simple step is crucial, because it

underlines that information from the road must be seen, perceived, and comprehended.

SKILL-BASED LEVEL
(Slips and lapses)
Routine actions in a familiar
cavironment
GOAL
YES e emnsiids
Attentional checks on
ptog'elu of action NO YES
RULE-BASED
NO IS PROBLEM
LEVEL Problem | SOWD—
(RB mistakes) l
Consider
local state
Information
stored rule
IS THE YES Apply
PATTERN IF (situation)
FAMILIAR? THEN (action).
NO
KNOWLEDGE-
BASED LEVEL ;‘:‘I "‘::;"
(KB mistakes) ey
NONE FOUND
v
Revert to mental
model of the problem Infer diagnosis and
space. Analyse more formulate corrective
abstract relations ——*| actions. Apply
between structure actions. Observe
and function. resuits, . . . etc.
Subsequent attempts

Figure 3.18 — The generic error-modelling system as proposed by Reason (Reason, 1990).

The scheme in Figure 3.18 by Reason open the way to possibilities obtained by link
together the hierarchical model, with closed-loop model, because of that continuous
“attentional checks”. Consequently, a new conceptual scheme may be drafted, which is
proposed in Figure 3.19. In this simple scheme, the concept of close-loop model is included in
the hierarchical model, and the concept of expectations has been included. As discussed later,
expectations concept is crucial in the proposed HFE procedure.

In the following the conceptual scheme proposed in Figure 3.19 will be described. The
driving task starts with the guidance level. It can be easily assumed that before engaging first
gear and driving away, the driver has already defined its route and thus the navigation
process, at least for the initial part of the driving, will be not activated. Also, passing from a 0

speed to a speed different than 0, even with few maneuvers, it is something that require to
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have an activated guidance level. The process has now started. Based on expectations at a
guidance level, the driver makes their maneuvers and adopt a specific behavior. Based on that
behavior the driving characteristics are defined. Those characteristics produce some feedbacks
to the driver. Those feedback, as all the information perceived by the driver, are not objectively
perceived. One of the factors that influence the perception of the feedbacks (i.e., information
from the surrounding), are expectations, which have a central role in this conceptual scheme.
Based on the perceived feedbacks the driver will automatically switch to one of the three
different performance level. The most two common levels are the control levels and the
guidance level. If the feeling is that no specific maneuvers must be made because expectations
(and thus the consequent adopted behavior), and perceived feedbacks are consistent, thus the

driver will continue with the control level.

Control Level

Assumed

Minor corrections of behaviour
vehicle position and speed 1
F 3

Situation ok or may be Major correction of
changed with minor efforts - vehicle position and speed
automatic reaction I
Guidance Level _

Driver Increased

(cognitive process) workload
r #
Situation requires higher attention — ! }

conscious reaction - Expectations Feedbacks
T ‘ )
—

Navigation Level _ |

Driver Increased

(cognitive process) workload

Situation requires navigation decision -
conscious reaction

Figure 3.19 — Combination of the performance levels from Alexander and Lunenfeld (Alexander and
Lunenfeld, 1986) and a close control-loop model inferred from the one introduced by Durth (Durth, 1972).

On the other hand, if expectations and the perceived feedbacks are not consistent, some
major change in the driving characteristics is required. The driver switches to the guidance
level and adapt is driving in a continuous loop, until the conditions are again stable, and it is
possible to go back to the control task. The guidance level requires some increase in the
workload, based on the task to solve. The activation of the navigation level is required when
decision must be taken about the road to follow (e.g., where to turn). Such a task generally
requires the higher cognitive load to the driver.

In this scheme, it is evident that expectations and the correct perception of feedback (i.e.,
information from the surrounding) are crucial. The perceived situation determine which

performance level will be activated to correctly answer to the road demand. Failures in the
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activation of the guidance level, as well as wrong responds to the road demands, may
contribute to accidents occurrence. Expectations determine driver’s behaviour, and the more
expectations are away from the reality, the more driver's behaviour will be different than a
behaviour consistent with the road characteristics.

The importance of expectations leads to explore how the perception process is carried out.
Indeed, the correct perception, identification, and comprehension of the stimuli providing by

the road, are essential part of driving.

3.14.1 Dealing with the incoming information

The driving task does not consist of independent activities performed independently. At
any given point in time, drivers are faced with a multitude of information, transmitted from a
variety of sources, and received through several sensory channels. They may be required to
sift through this information, determine its relative importance, make proper interpretations,
decide on courses of action, and take those actions in a limited time. The key to successfully
performance the driving task, is efficient information handling. Unfortunately, drivers are
human, and the number of information they can manage at the same time is limited. Figure
3.20 provide a conceptual scheme proposed by Durth (Durth, 1972), which shows the quantity
of information coming from the road environment and how much of that information can be
processed by the brain. It has been estimated that about 10" bit per seconds come from the
road and its environment. Within this, about 5*107 are received by the sight system, and about
3*10° are somehow processed by the brain. That is about 10° times less than the starting
quantity. Moreover, among the processed information, only 16 bit per second result in a

conscious perception.

L Driver
| 1
1 1
Vehicle e—}—! Muscles :
1
1
L————_l [ ———— -—— - -—— -
1
I ] ] : Subconscious Conscious -|
Road and - i i
Traffic Weather o road "‘ : 1 —J
environment : Sensory | | I P ——
T organs | -T -t
E 2 e e
-l 3-10° bit /sec. 16 bit/
‘OI! bit/sec L_____.! 6 bit/sec.

optisch 5- IO’

Figure 3.20 — Number of information processed by the drivers, translation from the original scheme from
(Durth, 1972).

Thus, it is obvious that drivers can’t account for all the source of information located in

the road environment. A direct consequence of this considerations could be to wonder how it
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is possible that drivers are not involved in an accident every day. Indeed, they miss most of
the information from the environment. As highlighted by Green (Green, 2017), the reason is
because human beings “are designed to navigate the uncertain environment without harm,
despite the constraints on our ability to know and to respond to the world. There are many
mechanisms to loosen these constrains. The most notable are adaptability and the ability to
shift tasks from a resource-consuming conscious mode to an automatic mode that seems to
require no conscious awareness.” (Green, 2017).

Considerations from Durth, Alexander, and Green, like the ones from many other
researchers, confirm a simple logical structure about human nature and driving. Human
capacities of processing the information from the world around them are limited and the
conscious processing is a high demanding process. Thus, human beings have found some way
to deal with this limitation. The solution is to filter the information mainly by means of
automatic and unconscious processes, which only under some specific conditions translate
into conscious process. This reflects in the driving tasks. The most important and most
recurrent driving task is the control task, where most of the information coming from the road
environment are processed in an automated way.

The concept of selecting the most relevant information from the road environment,
because of the impossibility of processing every information, is crucial. It generally provides
huge benefits, but sometimes it may lead drivers into trouble. That is the reason of the
importance that the road communicates to the drivers which are the relevant information.
Without any misleading information. Otherwise, this “simplified assumption” and filtering of
the reality, will result in a wrong interpretation.

When drivers are required to sift through a mass of information, both relevant and
extraneous, under time pressures, they need to assign a relative priority to the competing
sources, and therefore require a criterion upon which to base their decisions (Alexander and
Lunenfeld, 1986). This criterion depends on the driver expectations. Based on their
expectations, both about the physical environment (how the road will develop) and about
operating development (e.g., how will it be if the driver travels a curve at a certain speed),
driver choose a specific behavior. The choice is made making an evaluation that considers all
the possible risks. A clear comprehension of the situation, and thus of the possible risks, is
even more important at specific points of the road that require a change in the driving
behavior. Those locations must be clearly perceived.

To better clarify this, additional considerations must be made about both the concept of
risk and the concept of expectations, as well as the Human Factors criteria to analyze both
those aspects. This will be addressed in 3.1.5 and 3.2.

3.1.5 The risk perception
“Experience shows that absolute safety is impossible. In every system not all dangers can be avoided

completely. Therefore, it is generally accepted to describe or quantify the residual risk. In this case, safety
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refers to the level of risk that is socially acceptable in these real-life situations. If the risk level is
acceptable, the system is considered as safe” (Bald et al., 2011).

Risk perception is a crucial factor to consider while analyzing road safety. At the cost of
being repetitive, it must be underlined that the cases where people volunteer break the road
rule, are few, and sometime when they do so, they are sure that they are driving under safe
conditions (e.g., exceeding a speed limit). People do not want to put their lives at risk.
Nevertheless, it is also undeniable that, from the point of view of an external observer, drivers
often take more risks than expected. The simple question which arises, is: why?

To give an answer, it must be searched what is the meaning of risk and what is the risk
itself. To clarify this point, it is possible to define two different kinds of risk:

- Real risk, or also measurable risk or objective risk, which is the risk that is objectively
present. It derives from a computation of physical values such for example the skid
resistance of the road surface in a curve, the speed with which the curve is travelled,
the visibility of an intersection, and so on.

- Perceived risk, or also subjective perceived risk, which is the risk estimated by the
driver, who can’t consider the physical values, nor judge the exact radius of a curve of
the road he is travelling.

Moreover, linked to the perceived risk, there is also the overall evaluated risk, which is
the total risk that the driver evaluates based both on the perceived risk of the road and on
other factors not related to road. The latter often relate to the scopes of the driving (e.g., going
to work). Finally, the assumed risk can be defined as the risk taken by the driver as the
minimum acceptable risk to achieve their goals (e.g., arriving at work on time) under safety

conditions. All these concepts will be better explained in the following.

Real risk

Real risk in the road system can be defined as the definition of thresholds based on
quantifiable measures. For example, it is possible to define a maximum speed which allow to
travel a curve under safe conditions, depending on the radius of the curve, the transversal
slope of the curve, and the friction coefficient of the road surface. Eq. 1 shows the formula to
calculate the speed from the Italian design standards (Ministero delle Infrastrutture e dei
Trasporti, 2001). The same equation is used all over the world. By means of physical
evaluation, if the speed is higher than the value coming from the equation, there are higher
possibilities that the friction between the road and the tires get lost and the driver will lose

control of the vehicle.

Vmaxzzg XRx(ft‘l' Qt) Eq.1

Where:
Vmax = maximum speed to travel the curve under (acceptable) safe conditions;
g = gravity acceleration;

R = curve radius;

43



Development of a Human Factors Evaluation Procedure for Network-wide Road Safety Assessments

fe = transversal friction coefficient that is assumed to be used while traveling the curve;

qt = transversal slope.

Similarly, it is possible to calculate the probability of a barrier to withstand the impact of
a vehicle, to calculate the stopping distance of a vehicle while braking, and calculate the
possible kinetic energy released because of a crash. Of course, all these calculations require
some assumptions, nevertheless, they can be calculated following some specific equations.
However, all these equations relate to functional parameters (such as speed), which are related
on the driver behavior in turn. For this reason, while defining the risk of a road, the perception
of the risk from the driver point of view is crucial, because it influences all those parameters

that go into those equations to calculate the real risk.

Perceived risk

The previous paragraph briefly illustrates as real risk is something that can be measured
objectively, even with a degree of uncertainty. Nevertheless, if a person is asked about a risk
of doing something without applying complex equations, the answer that he will give, it will
be a subjective answer. People, who are driving, don’t have any equations to use, furthermore
they also have a short time to think about the situation and they are doing something else
while thinking (i.e., driving). For this reason, the risk judgment of a driver is clearly subjective
and highly prone to error (Kokubun et al., 2005) (Ram and Chand, 2016). Luckily, human
beings have found a way to reduce they inability of judgment, that is experience. Experience
not only reduce the possibility of an error, but most of the time assure a correct evaluation of
the situation. However, the situation can be not completely clear, thus it can be misjudged. A
new situation never faced before may arise, or simply, due to some wrong experience, the
driver judges a specific situation with a perceived risk that is different from the real one.
Regardless of what was the path that led to a certain evaluation of the risk, the consequence is
that the driver will adjust his driving behavior based on the risk he is perceiving and not on
the real risk of the road. If this adjustment process fails, a driving error occurred. The concept
of real and perceived risk has been firstly introduced by Klebelsberg, who talked about
objective and subjective risks (Klebelsberg, 1982).

It must be noted that the risk perception and the following risk-taking behavior can also
be related to circumstances which are not strictly related to the road. For example, when
Sweden changed to driving on the right, it resulted in high reduction of road deaths in the first
year, even if it could be expected the opposite. That was because the accepted risk from the
population was the same, but the perceived risk was higher and thus the risk-taking behavior
reduce (Wikipedia, n.d.) (Flock, 2012). This higher-scale influence on drivers” behavior can be
linked to the concept of risk homeostasis strongly supported by Wilde (Wilde, n.d.) and

discussed in 3.1.6.
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Assumed risk

Assumed risk or also target risk, can be defined as the risk chosen by drivers. Assumed
risk is strictly related to the perceived risk, but it is influenced also by factors which do not
belong to the roads. As a matter of fact, if the driver is late for an important job interview, they
will probably decide to take higher risk while driving, because this is balanced by the
consequences of arriving late. For this reason, another type of risk should be considered: the
risk of not achieving the goal. This is one of the many factors that give to accidents the quality
of “random events”. The sum of the perceived risk and the risk of not achieving the goal (e.g.,
risk of not arriving at work on time), is the overall evaluated risk. “Overall” identifies that this
risk account for different type of risk, while “evaluated” means that the risk derived from the
driver subjective judging.

A useful graph which can help to understand the relationship between real risk, perceived
risk and the overall evaluate risk is provided in Figure 3.21. This graph is a modified version
from the graph of Durth and Bald (Durth and Bald, 1988), who firstly propose such risk
representation. The graph shows that real risk and perceived risk can be different (in the
presented case the perceived risk is higher than the real risk).

Risk

A Overall

evaluated
risk curve

Perceived risk
(road)

Assumed risk

Risk of not
achieving the goal

— >
Minimum success, < Freedom of choice —-> Maximum success,
maximum safety minimum safety

Figure 3.21 — Relationship between perceived, real, and assumed risk, modified from Durth and Bald (Durth
and Bald, 1988) — A.

While driving, drivers decide the risk they will assume based on two main parameters:
the perceived risk, which is strictly related to the perception of the road, and the risk of not
accomplished the goal, which is the reason why the driver decided to take the car. The sum of
these two components produces the overall evaluated risk curve. The assumed risk is the
minimum of the overall evaluated risk. The increase in success in achieving the goal increases
the perceived and the real risk (e.g., increase speed to arrive at work on time). On the other
hand, reducing the perceived and real risks, lead to lesser chance to achieve the goal.

To maximize the benefits of the travel, drivers adapt their behavior to minimize the risk
they have evaluated. This choice determines also the real risk related to road safety. This
concept is clarified in Figure 3.22, where it has been assumed a specific condition, that is that
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the perceived risk coincide with the real risk. The influence of the risk of not achieving the goal
is still present. The assumed risk is calculated as the minimum of the overall evaluated risk
function. Based on the value of the minimum risk, it is possible to define the real risk,
represented as a red point on the curve of the real risk.

Risk
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(road)
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Risk of not
achieving the goal

< — - >
Minimum success, < Freedom of choice - Maximum success,
maximum safety minimum safety

Figure 3.22 - Relationship between perceived, real, and assumed risk, modified from Durth and Bald (Durth
and Bald, 1988) — B.

Of course, the importance of the goals may be higher, so it can be the perceived risk of the
road. This influences the resultant assumed risk, and thus the real risk. Figure 3.23 and Figure
3.24 clarify those concepts. Figure 3.23 shows the situation when the importance of the goal is
higher, thus failing to achieve such goal translate into a remarkably high risk for the driver
life-project. The assumed risk curve slightly changes and its minimum shift to the right. This
means that the driver decides to take a risky behavior (by road safety meanings) to fulfil their
task. The real risk increases as represented in the graph by the red point compared to the grey
point (which represent the real risk when the importance of not achieving the goal is less).
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Figure 3.23 — Relationship between perceived, real, and assumed risk, improving the importance of the goal.
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On the opposite, in Figure 3.24 is highlighted the influence of a perceived risk higher than
the real risk. In this case, the assumed risk minimum shifts to the left, which means that the
driver chooses a safer behavior. This translates in a reduction of the objective road risk. On the
other hand, if the perceived road risk decreases, the assumed risk will follow the trend of the

first example (the minimum shifts to the right), with a consequent increase of the objective

road risk.
Risk Overall Perceived
A evaluated road risk
risk curve .
Assumed risk
Risk of not
e achieving the goal
< — >
Minimum success, €= Freedom of choice -> Maximum success,
maximum safety minimum safety

Figure 3.24 — Relationship between perceived, real, and assumed risk, improving the perceived road risk.

Thus, to reduce the real road risk by acting on infrastructure, the focus must be both on
the perceived road risk and on the real road risk itself. Because of the importance of the
perceived road risk in the occurrence of accidents, the mechanism which regulates the
perception of the road must be analyzed and this it can be possible by accounting for

expectations.

3.1.6 Behavioral adaptation

Having introduced the concept of real and perceived risk, it is mandatory to explain the
concept of behavioral adaptation to have a clear overview of the mechanism behind drivers’
behavioral choices. Behavioral adaptation in the road system has been defined by OECD
(OECD, 1990) as “those behaviors which may occur following the introduction of changes to
the road-vehicle-user system and which were not intended from the initiator of the change;
behavioral adaptations occur as road users respond to changes in the road transport system,
such that their personal need are achieved as a result; they create a continuum of effects
ranging from a positive increase in safety to a decrease in safety”. This means that the outcome
from the application of a countermeasures may improve safety under some objective parts of
the system but may also produce some negative effects to some other parts, because of a
change in the driving behavior. The example discussed in 3.1.3.3 demonstrates this concept. A
new road with wider shoulder and lanes should improve the road safety of the stretch.

However, the driving behavior may change responding to this improvement: the road is
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perceived as safer (that is true), the perceived risk may be lower, and thus the driver assumes
higher risks (e.g., holding a higher speed). This sometimes may result in an overall reduction
of safety. Taken to extreme levels, this concept brought someone to say that engineering
infrastructure improvements are not effective in reducing total fatalities and injuries (Noland,
2003). Obviously, this is a provocation. Indeed, as illustrated through the previous paragraph,
drivers respond based on the assumed risk, which is strictly related to the perceived risk. The
perceived risk is based on the road and road environment characteristics. Thus, it is not always
true that when implementing an infrastructural improvement, safety decreases, neither
increases or still the same. All these possibilities may occur. The more the aspects considered
while planning the intervention, the best the outcome will be.

A useful model to schematize behavioral adaptation, which can help in the analysis of the
outcomes of possible interventions is from Weller and Schlag, and depicted in Figure 3.25
(Weller and Schlag, 2004).

In this scheme after the objective enhancement of the road, two other aspects should be
verified: if the road appears enhanced to the driver, and if the possible adaptation to the new
subjective-perceived road, may produce some benefits for the driver. This model fits exactly
the theory of assumed risk presented in 3.1.5.

Behavioral adaptations are often associated to adaptations to some specific measures. Two

other concepts that are strictly related to behavioral adaptations are risk homeostasis and risk

compensation.
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Figure 3.25 — Process model of behavioral adaptation (Weller and Schlag, 2004).

48



Chapter 3

Risk homeostasis and risk compensation

Literally talking, risk homeostasis means the tendency of balancing the risk. In biology,
homeostasis is the state of steady internal, physical, and chemical conditions maintained by
living systems. By this concept introduced by Wilde in the contest of road safety (Wilde, 1988,
1985, 1982a, 1982b), he extends the significance to the whole road system. It is not only the
adaptation to the single countermeasure, but it accounts also for societal influence, and other
road safety related aspects which may influence the perception of risk of an accident. More
precisely, as also defined by Weller (Weller, 2010) and clarified by Wilde itself (Wilde, n.d.),
the theory of risk homeostasis represents the tendency of the driver to adapt their behavior to
reach a target risk, not a defined value of risk that is constant over the time. By this meaning
also the term “risk compensation” appears appropriate to identify this mechanism.
Nevertheless, Wilde clarified that he had made use of both terms in two different period of his
work, despite the intended meanings was the same. Eventually, Wilde suggest to name the
theory as risk homeostasis (Wilde, n.d.).

The theory of risk homeostasis has found many followers but also many opponents.
Despite this, Wilde theory offers some good basis for the developments and tests of behavioral
theories. Moreover, the theoretical assumptions proposed in this thesis, fit Wilde’s theory,
mainly considering that:

- the concept of risk of not achieving the goal and the concept of perceived risk (Figure
3.21), reflect the four factors defined by Wilde which influence driver choices: the
expected advantages of risky behaviors, the expected cost of risky behaviors, the
expected benefits of safe behaviors, and the cost of safe behaviors (Wilde, 2001, 1994).

- they consider the influence of some external factors, which are not directly related to
the road. These factors have been already presented as the goals to achieve. However,
following Wilde intuitions, there are also some external factors which influence the
perception of risk, because of societal characteristics. Similar considerations were also
argued by Ajze and his Theory of Planned Behavior (Ajzen, 1985), where he stated, as
cited by van der Horst, that “the motivation of drivers resulting in certain behavior is
based upon their intentions that in turn are determined by attitude, subjective norm
and perceived behavioral control” (Van der Horst, 2017). Despite their nature, those
external factors influence the perceived risk, because they contribute to expectations
and expectations influence the perceived risk. This contribution to drivers’ expectation
is completely automatic even if not completely unconscious*. This contribution may be

called “awareness of accident risk” because it is the measure with which the driver

4 Considering the example of Sweden when Swedish government decided to change to driving on
the right, it resulted in high reduction of road deaths in the first year, even if it could be expected the
opposite. That is because of a general overestimation of the risk. Drivers knew they must drive safer,

but they won't think about it continuously while driving.
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teels the risk of an accident. The awareness of accident risk curve has the same trend
of the perceived risk curve. In addition, the awareness of accident risk is subjective,
because it derives from society, from personality, and from experience (likely if
someone has been involved in an accident, they will have higher fear).

- the assumed risk concepts can be assimilated to the target risk concepts, because both
are the balance of risk perceived risk and risk of not achieving the goal (the most
risk/effective behavior).

The substantial difference is that despite the adaptive and homeostatic behavior of
drivers, there are still some specific elements which influence driver behavior because of
human natures. These elements will even not be nullified by long-term mechanism of
adaptation. Road optical illusion, and road optical density, for instance, is supposed to not
been influenced by adaptation (positive influence of this elements has been proven, but only
with a mid-term analysis) (PIARC, 2019, page 77). Moreover, countermeasures which mainly
influence the outcome of an accident (i.e., the severity), are less influenced by adaptive
processes. One example above all is to improve the skid resistance. That countermeasure is
effective in curve balancing or in decreasing the stopping distance, with positive effects on
safety, but it is impossible for the driver to perceive the change.

Finally, even if external factors will influence for sure the risk perception (overall
evaluated risk), they can’t be the most influencing. If that is the case, accidents will likely be
distributed homogeneously along the road networks of similar areas (countries/regions). This
is not true: some points of the road present a recurring higher number of accidents. The
influence of the single road segments can’t be denied. For this reason, it seems confirmed that
to improve road safety, it is possible to act on reducing external factors (risk of not achieving
the goal, and awareness of accident risk), and even more on reducing road factors (perception
of the road, and real risk). Road practitioners and administrations must focus on the latter.
The logic scheme of the mentioned theory is depicted in Figure 3.26. The scheme completes

what introduced in Figure 3.21 and Figure 3.22.

5 Instead, the perceived risk is composed by both the perception of the road and the awareness of

risk.
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Figure 3.26 — Logic scheme of driver’s evaluation of risk

The perception of the road is the outcome of the environment analysis process taken by
the driver, as presented in 3.1.4.1. Consequently, expectations can be considered as the factor
which influences the driver’s perception of the road. This introductory part has been necessary
to provide a complete framework of the factors influencing road safety, to underline how
central is the driver is the road system, and to define the boundaries of this research, which
accounts for the elements of the road and its environment that influence driver behavior. As
already noted, the perception of the road is linked to both physical aspects (sensation) and

cognitive/psychological aspects, which are mainly constitute by expectations.

3.2 Expectations

Expectations are defined by the Cambridge Dictionary “the feeling of expecting
something to happen” (Cambridge Dictionary, n.d.). This definition fits exactly the meaning
of concepts which are at the basis of the driving task. To understand this concept the way the
human beings face the everyday life should be briefly presented. As well expressed by Green
(Green, 2017), there are many aspects which are connected to the concept of expectations.
Those aspects can be summarized as:

- drivers (human beings) do not perceive an objective reality;

- drivers tend to focus their attention to what is perceived as more relevant for the
specific situation;

- drivers have some innate perceptual organization;

- drivers rely on experience (operant learning concept).

The first statement seems quite impossible, nevertheless the examples that can be

provided to prove this statement, are many. One above all is the fact that human beings
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substantially perceive a 2D world, thus a simple line can be perceived of different lengths
based on the surrounding. That is exactly the case of the Ponzo’s illusion, depicted in Figure
3.27. The two yellow lines are of the same length and width, but the one on the top appears of
bigger dimensions than the one on the bottom. This ambiguity makes clear that the perception

of the reality it is not objective. Expectations influence the driver perception of the reality.

g3

Figure 3.27 — Example of Ponzo’s illusion (“Ponzo illusion - Wikipedia,” n.d.)

The second statement includes both the conscious and unconscious level, even if the latter
is more influenced by instinctive “eye-catcher” (see 3.5.3). The screening of the road
environment and the more or less conscious decision to focus the attention only on some part
of the world in front of the driver, derives from the human limitations already discussed in
3.1.4. The impossibility to analyze in detail and in the same moment all the information coming
from the surrounding, and thus processing all the incoming information, forces the driver to
select the information that are considered as most relevant. Approaching a pedestrian
crossing, the driver will look to both sides of the zebra crossing, focus the attention on those
points, missing what is happening in the other part of the road. Expectations contribute to the
definition of what is relevant and what is not, and thus influence where the attention is
directed.

The third statement concerns the perceptual mechanisms of humans, which tend to
organize the perception of elements by some specific rules. The most common principles are
proximity (closer elements are grouped together), similarity (similar elements are grouped
together), symmetry (symmetrical elements are coupled together to form a “close” element),
and continuation (elements are grouped if creating continuation of the previous group). Those
concepts refer to the Gestalt principles that will be discussed in 3.5.4. This is also a kind of
expectation, which derives entirely from the human nature. This instinctive expectation may
contribute to provide a general image of the reality that slightly differ from the reality, and so
contribute to a wrong choice of the most relevant elements to analyze, because of a modified
perception.

The last statement explicit that driver expectations are influenced by their experience.
Both short-term experience and long-term experience. The first concern the idea that a person

has about the specific situation, for example if they must solve a task under specific conditions.
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The person will assimilate the environment condition (e.g., light of the room, sounds, objects
position, etc.), the task operation (mainly if the task is repetitive), and so on. This situation
specific experience, which are short-term experience, are related to the long-term experience.
Human beings take the knowledge they have stored in their memories from a lifetime and
adapt that information to solve the current task they must do. The new task may in turn
provide some new information to store in the memory. The memory represents the long-term
experience, which is the one developed during lifetime®. Experience influences the association
of some expectations to some perceived features. This will be clarified by the concept of
schemata and behavioral script presented in 3.2.1. The mechanism which influences the
association of a specific configuration of the surrounding to a specific behavior, is also related
to the concept of operant learning. Operant learning concept is most frequently associated to
B.F. Skinner and the “behaviorist” school of psychology (Jones and Skinner, 1939) (McLeod,
2018), based on Thorndike’s Law of Effect (Thorndike, 1927): behavior that is followed by
desirable consequences is more likely to occur again, and behavior which is followed by
undesirable consequences is less probable. This concept fits with the theory of risk introduced
by Wilde and considered in this work. Moreover, this concept is at the base of some relevant
road safety aspects. For example, the credibility of speed limits. If a speed limit is not credible,
and thus doesn’t reflect the standard driving characteristics of the road, the driver may
associate that driving at a speed higher than the speed limit it is not so bad. Every time they
drive in such a road stretch, they drive at a higher speed and no problem arises. Thus, the
positive outcome is present even when driving over the limit”.

Whatever is the case, expectation about the oncoming situation is influenced by the
preceding experience, both short- and long-term experience.

It appears obvious how much these human characteristics (i.e., expectations) influence the
driving task. All road elements and location which require a change in the driving program,
can result in a hard task to overcome if they are unexpected, because drivers could take the
wrong decision or comprehend too late the situations. Th concept of expectations is central in
the definition of the HFE procedure.

¢ The definition of memory and the way information is stored in the memory would require many
other pages of explanations that are not presented in this work. For some useful and interesting
information about how memory works it is possible to reference to (Chabris and Simons, 2010) and
(Green, 2017).

7 This may occur if a speed limit is set because of reduced visibility from the minor road, while the
main road geometry allows for higher speed. The driver that is driving on the main road, will probably
doesn’t perceive the risk of driving faster if they never face a car entering from the minor road. The
consequence is that it will continue to drive faster because of the positive outcomes of this manoeuvre.

Furthermore, it is likely that the driver keeps the same behaviour also in similar situations.
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Based on the four listed characteristics which deal with expectations, it is possible to
define two types of expectations: expectations based on driver experience (General
Expectations, GEXs), and expectations based on what the driver think to see in front of them
in a specific moment (Punctual Expectations, PEXs). The first are linked to the fourth
characteristic, the latter to the first three characteristics.

GEXs mainly derived from the experience, both of long-term (experience in the driver life)
and of short-term (experience of the last kms travelled). To make the concept of GEXs clear, a
simple example of a motorway is provided. Driving in a motorway create some expectations
of what the driver can find in front of him and how the road will develop; the main
characteristics of a motorway and its environment derived from the driver’s life experience,
because motorways share some main characteristics (high speeds, no driveways, no at-grade
intersections, curves with high radius, double carriageways, etc.). This is the contribute of the
long-term experience. This concepts coincide with the concept of self-explaining roads
introduced by Theeuwes and Godthelp (Theeuwes and Godthelp, 1995). The short-term GEXs
concerns the expectations about the specific road the driver is travelling, which has the base
characteristics of the main road category to which it belongs (e.g., motorway), but has also
some peculiarities. Considering the previous example, the same motorway pass through a
plain terrain and then goes into a mountainous area. In the first part of the road, the motorway
has two carriageways of 4 lanes each, few curves with radii over 1000 m, with low differences
in the vertical slope. On the opposite, in the mountainous area, the carriageways have two
lanes each, there are many points where the vertical slope change considerably and there are
lot of curves, having a radius ranging from 400 m to 800 m. The driver is still in a motorway
and the main features of the motorway are still present, but the motorway has changed and
so, after some kms of driving in the new environment, also the driver expectations have
changed: a curve of 500 m will be unexpected in the plain motorway but is something
“normal” and expected in the mountainous area of this example. This is the second level of
GEXs, a level that consider some specific characteristics of the road stretch, which summed to
the basic characteristics of the motorways, give the GEXs of that road stretch. Moreover,
drivers expect not only the road to develops in some specific way, but also that other drivers
hold a specific behavior, as clearly stated by Theeuwes in his explanation of the concept and
effects of self-explaining roads (Theeuwes, 2017).

PEXs are mostly defined from the location characteristics. The structure of the field of
view around the location, the visibility of the location, the traffic control devices which help to
identify and clarify the location, all influence PEXs. Following the preceding example, a 400 m
radius curve may appear of higher radius because of a wrong coordination between horizontal
and vertical alignment or appear far away than it really is because of some converging lines in

the field of view. PEXs are linked to the configuration of the road and its environment. Thus,
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the concept of “gestalt” has a crucial role in defining PEXs (see 3.5.4). These specific punctual®
characteristics of the location (PEX) are influenced by GEX and together with GEX define a
specific perceived image of the road in front of the driver.

The process is illustrated with the pyramid in Figure 3.28. This process may be seen as a
hierarchical process where information received from sensorial systems are filtered based on
the three different level of expectation: long-term GEX, short-term GEX and PEX. The black
arrows represent the filtering process: based on the information (expectations) from each level,
only the memorized situations which fit with the image of the road are considered, moving to
the next level. The outcome is the association of the whole road situation to a specific situation
which require a specific behavior. This behavior is the one chosen by the driver. To this point,

to understand this concept is mandatory to introduce the schemata and scripts model.

Punctual expectations:
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General expectations:
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Figure 3.28 — Expectations’ pyramid

3.2.1 Schemata and scripts

The general concepts of these two terms are already presented in the glossary, but some
additional words must be spent to explain better their significance, especially in the contest of
road safety. Schema (pl. schemata) is a term coming from psychology that identifies a general
pattern of thoughts or behaviors that arranges acquired information and the relationships
among them, limiting them to a predefined type of occurrences. Schemata help to direct our
attention and exploratory actions towards the information we regard as important and are

required by humans because they are incapable of processing all of the information present in

8 “Punctual” is here used to specify that these specific conditions are analysed only in the location
or immediately before, and thus concern a limited area. Nevertheless, some of the considered elements

may have a not punctual development (e.g., line of trees).
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the environment in front of them (Kahneman, 2012). Human adaptation finds a way to solve
this limitation by the simplification of this cognitive task: not all the information is analyzed,
but only the ones relevant to a specific kind of schema, which also concur to define that
schema. These will help in the larger number of situations, because schemata are calibrated to
the reality, and thus they generally provide a good filter for the real relevant information, but
in some other, this filtering of information, could results in the avoidance of the relevant
information. Relevant information can be considered as irrelevant because of the schemata
priorities (Theeuwes, 2017).

Behavioral scripts, or just scripts, are behavioral procedures or, simply, behaviors, which
are consequences of the schemata. Each schema has its own behavioral scripts, that are a series
of behavior that are considered appropriate for that specific schema to fulfil the goals and
reducing the risk. A clear explanation of the role of schemata and behavioral scripts, is
provided by Dumbaugh et al.: “Taken collectively, the cognitive process used to establish
traffic behavior is relatively straightforward: individuals cognitively gleam an overall sense of
aroadway by relating it to similar types of roadways they have encountered previously, which
produces expectations on the potential hazards they can expect to encounter (schemata), as
well as the patterns of operating behavior (scripts) that they expect will minimize their
exposure to these hazards. This process thus allows individuals to rapidly scan their

environments and adjust their operating behavior.” (Dumbaugh et al., 2019).

The concept of schemata and scripts are the basis of the self-explaining roads concept
(Theeuwes and Godthelp, 1995) (Theeuwes, 2002) (Theeuwes, 2017) (Theeuwes, 2021), and of
the studies which were conducted in order to develop a self-explaining road categorization
(Riemersma, 2007) (Theeuwes and Menskunde, 1998). Additional insights about the current

implementation of this concept in Europe can be found in Matena et al. (Matena et al., 2008).

3.2.2 Situation awareness

Some words must be spent on the concept of situation awareness (or situational
awareness). Situation awareness has been defined as, “activated knowledge for specific tasks,
at specific times within a system” (Stanton et al., 2006) and also “the perception of elements in
the environment within a volume of time and space, the comprehension of their meaning and
the projection of their status in the near future” (Endsley, 1988). Situation awareness explains
both how drivers know what is going on, what can be expected to happen, and how quick
they can react to specific stimuli. Situation awareness can be eventually defined also as the
concept which summarizes the sensations, perceptions and possibly evaluations from the
stimuli coming from the road environment, creating expectations about the road, both
“present road” and “oncoming road”.

Even if it has been necessary to mention this term, in this thesis the concept of situation
awareness will not be extensively used, as it is preferred to present the various passages of

perception and elaboration of information separately.
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3.2.3 Expectations in the driving task

As already seen in 3.1.4 (Figure 3.19), expectations provide a decisive contribution to the
driving task. Based on expectations the driver filters the information coming from outside.
Feedbacks are part of those information. The pyramid scheme presented in Figure 3.28
represents this filtering process. The definition of a schema is the outcome of the filtering
process. Based on the identified schema, the driver chooses how to behave based on a
behavioral script. Each expectation defines some scripts and thus some behavior, which define
some new feedbacks, which are filtered again by expectations, starting the process again. It is
thus possible to include the pyramid scheme of Figure 3.28 into the close-loop model proposed

in Figure 3.19, as depicted in Figure 3.29.
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What is interesting for road engineers is to understand which are those factors that

Figure 3.29 — Expectations in the driving task process

influence the driver behavior. For this reason, the concept of expectations is crucial while
defining a procedure useful to implement a NWRSA that must identify which sections of the
road are riskier.

Identifying those road stretches where expectations provided by the road do not comply
with the real development of the road should be an objective of the procedure.

Roads must provide the right expectations to drivers. The more the time and clues given
to the driver to comprehend unexpected location, the more they will be able to correctly choose
the right behavior modifying their expectation to better fit them with the reality. The less the
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time and the clues provided to the driver, or even the higher the wrong clues provided, the
higher the risk of a wrong behavior which could lead to an accident. “Drivers are smart if they
are provided with the right information” (cit. by Prof. J.S. Bald, University of Darmstadt).

The concept of expectations is a milestone in this work, because the first part of the
procedure, which is the great added value of this work, is based completely on this concept.

General expectations and punctual expectations will be used as parameters to define the
level of risk of single PCLs.

A factor that may greatly influence the perception of the road, and thus expectations, is

workload. Workload plays a fundamental role in successfully managing the driving task.

3.3 Workload

The influence of workload in successfully managing the driving task has been widely
investigated by many traffic psychologists. Workload while driving “can be considered as the
physical and also mental demand or stress which impacts the driver when negotiating the
road information and tasks” (Weller, 2010). Mental stress or demand is defined as “the total of
all assessable influences impinging upon a human being from external sources and affecting
it mentally” (ISO 10075, 1991). Workload can be of two types: long-term and short-term. While
both have influence on the driver behavior, only the short-term workload can be directly
linked to the road features and characteristics (Weller, 2010). For this reason, the short-term
workload will be discussed in this thesis. Moreover, while talking of short-term workload, it
is possible to distinguish in two other different types of workloads: driving-related workload
and driving un-related workload. The latter consider the mental demand coming from actions
which are not related to the driving task, such as talking, thinking about works, everyday life,
and so on. This type of mental demands is often called “distractions”. Distractions can’t be
denied by engineering countermeasures. Therefore, the attention should be directed to the
driving-related workload, which depends on road conditions. For example, workload
increases on curvy roads and high level of traffic, compared to straight road with low traffic
(Wooldridge et al., 2000). Turning requires more workload than traveling straight, although
even straight roads with large numbers of salient objects increase workload (Green, 2017;
Rahimi, 2016), as long as intersections, especially considering visual search (Hancock et al.,
2016). Workload and drivers’ stress as a consequence, increase also approaching tunnels
entrance (Miller and Boyle, 2019). Figure 3.30 shows a representative scheme of the cited type
of workload and how they contribute to the total workload which influences the driving

performances.

In this work the driving related workload (which can be described as also road-related

workload) will be considered.
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Figure 3.30 — Different workloads and driving performance

3.3.1 Workload and driving performances

One of the most famous relationship between workload and performance, was firstly
introduced by Dodson and Yerkes (Yerkes et al., 1908). They found that the level of arousal
(stimulation level) influence human performances. The better performances are reached when
people are provided with enough stimuli, but not too much. A slightly modified version of the
graph introduced by Dodson and Yerkes (Yerkes et al., 1908) is proposed in Figure 3.31. In this
graph it is highlighted the mental status of the man making the task. On the left, when the
stimuli are few, the person making the task will result bored and tired. On the right, when
stimuli are too much, the person will result stressed and restless. The best performances are
reached with a medium level of stimuli. In the center of the graph, the person is focused and

engaged. This scheme can be entirely applied to the driving task.
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Figure 3.31 — Yerkes and Dodson laws modified by (Bouncyband, n.d.), from (Yerkes and Dodson, 1908)
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After about one century, De Waard come to similar conclusions by analyzing the findings
of different authors concerning this relationship (de Waard and Studiecentrum, 1996). The
scheme he proposed is depicted in Figure 3.32.

In his scheme, De Waard proposed six different levels of demand, which has each an
influence on workload and thus on performance. Similarly, to Dodson and Yerkes, the
performance has a maximum with a medium level of demand. The concept of demand it is not
the same as the concept of arousal or stimuli, because it also includes the task mental demand.
A Dbetter clarification of this two terms can be found in Weller (Weller, 2010). To this thesis, the
term “demand” will be used, and its meanings is “quantity of resources required to process
information and act”. Moreover, workload can be defined as the ratio between demand
(required resources) and available resources. Therefore, a higher demand doesn’t necessarily
imply a high workload, neither a low demand necessarily imply a low workload.

Looking at the graph in Figure 3.32, 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 Al and A3 performance remains unaffected but the operator must exert effort to

preserve an undisturbed performance level.
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Figure 3.32 — Interrelations between workload and performance on different levels of demand (de Waard and
Studiecentrum, 1996)

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. Considering the workload
curve, it seems that it has a wrong trend in the low demand part. However, workload is the
ratio between available resources and demand. High workload means that the demand level
has reached the resource level. While driving in an environment with low stimuli and low
demands, the activated resources are low (level D, the driver is bored). Low available resource
imply low alertness and attention and can be defined as mental underload, which can be as

detrimental to performance as overload (Branscome and Grynovicki, 2007), because of a
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reduced ability to react to changing conditions or also to perceive changing conditions. Mental
underload is especially likely to occur when the driving environment is predictable (or appear
to be). Moving from level D to level Al of Figure 3.32, resources will increase with the
increasing demand until they reach a maximum. If the demand continues to increase, then the
workload will rise (level B and C). Even if resources will increase from the state of underload
to overload, the activation of higher resources requires time, and if the demand increase is
faster than the allocation of new resources, it will result in a high workload and thus low
performances. Moreover, it must be underlined that the higher the cognitive load (load that
needs cognition), the higher the required resources (Lee et al., 2005). This also explains the
different needing of resources for accomplishing the navigation task, compared to the
guidance and control tasks (see 3.1.4). it must be also noted that workload does not influence
only the ability of the driver to process information (both consciously and unconsciously) but
also other driving performances, such as speed. An example can be found in the research from
Miller and Boyle, which analyzed drivers behavior approaching and exiting a tunnel (Miller
and Boyle, 2019). The workload increases when approaching tunnel entrance, with a
consequent reduction in speed, while it decrease in the last part of the tunnel, with an increase

in speed.

3.3.2 Alertness

The intended procedure will also consider an aspect directly related to the concept of
resource, which is alertness. Alertness defines the level of attention of the driver and thus,
indirectly, it influences the activated level of resources. High alertness corresponds to high
available resources. High alertness translates in a reduced time required to process
information and respond to the environmental stimuli. Because alertness is a consequence of
available resources, alertness is linked to the quantities of information coming from the road
environment. The more the stimuli, the high the alertness. Nevertheless, too much stimuli may
provoke a too high demand, causing an increasing workload that will decrease the
performance (even if alerted, the driver can’t process all the incoming information) (Yerkes et
al., 1908) (Recarte and Nunes, 2003). The influence of alertness in the proposed HFE procedure
will be discussed in 5.3.

3.4 A simplified scheme for information processing

To better understand, it can be useful to consider together in a conceptual scheme road
information, expectations, and alertness (which directly influence workload). The processes
behind these concepts have been already schematize by Durth (Durth, 1972), who based his
assumptions on Bringiotti (Bringiotti, 1967). The scheme proposed by Durth is very simple,
but it encloses all the concepts presented before (i.e., information, expectations, and alertness),
even if not explicitly stated. Therefore, it has been decided to use the scheme from Durth to
explain the relationship between these different aspects.

Durth proposed to consider a scheme based on six variables, which are:
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He: output entropy, that is the information that should be acquired from the road to
complete the driving task under safe conditions;

H: entrance entropy, that is the information received and processed by the driver;

Hxy: equivocation, that is the information received and processed by the driver that are
not relevant for the completion of the driving task under safe conditions;

Hyw: propagation loss, that is the information that should be acquired from the road to
complete the driving task under safe conditions, and that have not been received and
processed;

H y: total entropy, that is the total amount of information (relevant from the driving task
or processed by the driver); and

R: transinformation, that is the information that should be acquired from the road to

complete the driving task under safe conditions, and that have been received and processed.

The scheme from Durth is depicted in Figure 3.33. The scheme is the same proposed by

Durth except that this one is colored.

Road R
Driver H(x) H (y)

H(X.v)

Figure 3.33 — Acquisition of information scheme from Durth (Durth, 1972) (colors have been added)

By that scheme, Durth stated that the more the green circle (entrance entropy) overlaps
the blue circle (output entropy), the more relevant information from the road are acquired and
processed. If all the relevant information is acquired, it can be assumed that the driver will
perform their driving task in the correct way (i.e., they will assume the right behavior). The
smaller the intersection area (transinformation), the worst the comprehension of the road by
the driver, and thus the worst choice of behavior.

Moreover, Durth introduced another important concept, which is the changing radius of
the circles by time, that is changing of information that should be acquired and information
that the driver is able to process. Complex road situation may require the driver to perceive
more information. On the other hand, driver may have reduced capacity of information
processing due to their “available resources”. As discussed in the workload section (see 3.3),
to correctly perform their driving task, drivers require the demand to be less or equal to the

available resources. Under standard conditions the green circle totally overlaps the blue circle:
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all the relevant information from the road is processed. When few information is required,
drivers adapt their available resource to the situation, decreasing them. This means that the
green circle is small. However, according to the “simple and easy” road situation, the blue
circle is even smaller and totally enclosed in the green one. Referring to Figure 3.34 this is the
initial situation (to). After some time while driving, the road requires more information to be

processed to correctly behave (t1).

Hy)

to t, t,

Figure 3.34 — Changing circles’ dimensions during time, modified from Durth (Durth, 1972)

At first only the blue circle increases (information that should be acquired from the road
to complete the driving task under safe conditions). That is an increased demand. Therefore,
the driver adapts to the new situation, making available additional resources that allow them
to process all the information coming from the road (ts). As discussed in 3.3 this process require
time and thus an overload of information is possible (in Figure 3.34 at time t: an overload is
present).

To describe the different situations that may occur in performing the driving task, Durth
presented four different situations derived from the interaction of the two circles. These
situations are presented in Figure 3.35. A fifth case can also be considered for theory
completion, but this case is impossible and thus it has not been presented. The case is that the
blue circle and the green circle have no intersections.

Referring to Figure 3.35, the first situation considered by Durth is the ideal case. Here all
the necessary information from the road to correctly perform the driving task under safe
conditions are provided. In this situation the green circle is greater than the blue one (the
driver can process more information than those required) and its center is close to the one of
the blue circle (the attention is correctly directed). In the second situation the green circle is
bigger than the blue one but is center is far away from the center of the blue circle. In this case
inattention occurs, because the attention of the driver is not completely directed to catch the
relevant information. Attention is crucial in correctly performing the driving task and it relies
most on expectation. Further insights about attention are provided in 3.5.3. The third situation
concerns fatigue. In this situation both the attention and the information processing capacity
are not consistent with the demand: the blue circle is bigger than the green one and the two
center are away one from each other. In the last situation, that is complication, the road

requires more information to be processed to correctly behave, but the available resources are
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not enough (the same as t1 in Figure 3.34), because the alertness of the driver is not sufficient
to clearly respond to the occurring situation. The different position and size of the two circles
derives from three aspects: the road information, which influence only the blue circle, the
expectations through attention, which influences the position of the green circle, and the

alertness, which influences the dimension of the green circle.

H H
Hy v Hey W Hy Hey H
@ i j | |
| @
Ideal case Inattention Fatigue Complication

Figure 3.35 — Different driving situations from Durth (Durth, 1972) (colors have been added)

Based on this assumption, both expectations and alertness assume a central role in
performing the driving task. Furthermore, it can be stated that the position is generally more
relevant than the dimension of the circles, and thus expectations have a higher impact on
performances than alertness. That is because if the attention is correctly directed, even if not
enough information is processed, those processes are strictly related to the one required from
the road. On the other hand, even if the available resources are high (big green circle), but the
attention is elsewhere, the required information processed are few, and there is much more
processed information that are not “relevant” and thus potentially confusing.

Providing the relevant information to the driver, attracting the driver attention to that
information both by specific punctual configuration of the road (PEX) or preparing the driver
to the relevant information to look for (GEX), and managing the driver level of alertness, are
all actions required to improve the understandability of the road and the driver behavior
consequently.

Therefore, time and space (and therefore speed), are also decisive in ensuring that the
driver adopts an adequate behavior. More available time means greater opportunities to
correctly shift attention to relevant information and above all, it means providing the time
necessary to increase the number of available resources (thus reducing the workload). The
relationship between expectations and time required to the driver to change their behaviour,

is deeply discussed in 3.7.

3.5 Road perception and psychological aspects

In the following some main aspects of perception will be presented and summarized. This
summary must be included in the thesis to explain some of the aspects to be considered while

evaluating road safety by mean of Human Factors. The connections between the stimuli from
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the real world and driver perceptions are crucial. Because the information needed for driving

is over 90% visual (Hills, 1980), an overview of visual perception processes is provided.

3.5.1 The eye

The driving task relates to many senses, but the most used is sight. Sight is the first step
of the visual perception. While talking about visual perception, we are talking about what the
driver sees (or thinks to see). The eye is where vision begins. Light reflected from objects in the
environment enters the eye through the pupil. Cornea and lens take this light and project it
onto the retina. The “image” on the retina is the upside-down image of what it has been
observed. Moreover, the point where the pupil is focused is projected in the center of the retina.
The far the point from the pupil focus, the far the point from the center of the retina. The retina
contains the receptors (photoreceptors) for vision. There are two kinds of receptors, rods, and
cones, which contain light-sensitive chemicals called visual pigments that react to light in
different ways. These two types of receptors are distributed differently upon the retina: cone
receptors are packed closely together in the retina’s center, while rods are most concentrated
about 20° from the fovea. The receptors transform the light into electric signals (neural code)
that are sent to the brain. “The cornea and lens at the front of the eye and the receptors and
neurons in the retina lining the back of the eye shape what we see by creating the
transformations that occur at the beginning of the perceptual process” (Goldstein, 2010), that
is the sensation, which will become perception. A simplified scheme of the eye is shown in
Figure 3.36.

Receptor cells

- (rods and cones)
Optic nerve fibers Back of eye

e
C N
Fovea (point of - ——
central focus) et N\
Optic nerve Pigment
epithelium
Retina
(a) (b)
Figure 3.36 - An image of the cup is focused on the retina, which lines the back of the eye. The close-up of the
retina on the right shows the receptors and other neurons that make up the retina (Goldstein, 2010)

Cones differ in three different classes based on wavelength their photopigment are better
suited to receive: short-wavelength (blue), middle-wavelength (green), and long-wavelength
(red). For this reason, cones have also very different sensitivity. On the opposite, rods have
only one variety of pigment and they can only perceive short wavelengths. The central fovea
has no rods and few short wavelengths cones. This means going away from the fovea the
vision of red and green decrease rapidly. The loss of peripheral color vision can cause

collisions. One example is that driver can misidentify the color of red signals viewed in the far
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periphery as being yellow (Sivak et al., 2000). Moreover, the fovea area has the highest visual
resolution. As distance from the fovea increases the cone distribution become more irregular,
and virtually all visual functions decline. This means the far the point from the fovea, the less

the color stimuli reception. The distribution of cones and rods is depicted in Figure 3.37.
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Figure 3.37 - The distribution of rods and cones in the retina. The eye on the left indicates locations in degrees
relative to the fovea. The vertical brown bar near 20 degrees indicates the place on the retina where there are no
receptors (Goldstein, 2010), adapted from (Lindsay and Norman, 1977)

As shown in the same figure, the presence of the optic nerve implies the presence of a
blind spot. Generally, we won’t notice it. The most important reason that we don’t see the
blind spot is that some mechanism in the brain fills in the place where the image disappears
(Churchlad and Ramachandran, 2012).

The distribution of cones and rods defines the field of view. Human vision is a binocular
vision, more precisely, the central part of the field of view is binocular, while the peripheral
part is monocular. Figure 3.38 and Figure 3.39 show two schemes of the composition of the
field of view, both from top and sideways (Figure 3.38), and frontal (Figure 3.39).

Visual function such as contrast sensitivity, acuity, and motion detection, fall gradually
with increasing distance away from the fovea into the periphery. Motion is the only stimulus
that can be perceived by the far peripheral field of view, as schematize in Figure 3.40.

Nevertheless, slow changes in position in the peripheral field of view are hardly perceived.

66



Chapter 3

200-220°

Binocular Field
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Figure 3.38 — Left: the overlapping 160° monocular eye fields create a binocular field of 120°. Right: the vertical

field is 140° (Green, 2017)
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Figure 3.39 — The visual field consists of concentric areas with differing quantitative and qualitative function

(Green, 2017)
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Figure 3.40 — Different perceivable stimuli from different field of view areas (Ishiguro and Rekimoto, 2011)
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This reduced capacity of the far areas of the field of view occurs for Green (Green, 2017)
for at least four reasons: photoreceptors spacing increases and becomes more irregular,
spherical aberration from the optics becomes significant further impairing resolution, the
distance is greater from the focus of attention along the sightline, and situational factors, such
as traveling at high speed suppress peripheral detection. The last statement has been claimed
by many researchers including Lorenz (Lorenz, 1971), however this has been also confuted
experimentally by many other (Cohen, 1984) (Schulz, 2013). The conclusion, as argued by
Cickovié (éiékovié, 2014), could be that an unilateral direct relation may not be present,
however there should be other factors that influence the speed and that are related to the field
of view. Despite this, it can also be argued that while driving at higher speed, the driver must
be focused more on the road further development, which becomes its focal point of attention.
Thus, the gaze will move less to the road margins, which will remain in the peripheral view.
A reduced control of the margins and their fast changing (high speed), determine less
information for the brain upon which base the reconstruction of the normally missing
information from the peripheral view.

Moreover, humans can suppress not relevant stimuli to performing the current main task.
This mechanism always makes them better perform a specific task, reducing the global
demand of managing information from the environment (doing so reducing the risk of
overload) (Lavie and Cox, 2016) (Cohen, 2009). It can be assumed that the same occur while
driving at high speed. While driving at high-speed driver attention is only to the road
development and not to the marginal elements.

More recent studies also demonstrate that some objects in the peripheral field of view are
more easy-to-detect if they have a particular shape. This has been proved by Costa et al.
considering the perception of vertical signs. The study demonstrates that “road signs with
angular shapes and prominent vertexes as triangular or cross signs were better identified in
peripheral vision than signs with more compact shapes (circular signs)”, and that “horizontal
and vertical eccentricity negatively impacts the driver's ability to correctly identify and
discriminate traffic signs” (Costa et al., 2018).

The area of space from which a viewer can acquire information without eye or head
movement was firstly defined by Sanders (Sanders, 1970) as “functional field of view”, and it
is now called “useful field of view”. The useful field of view dimensions depend on many
factors, like luminance level, light wavelengths, stimulus salience and the execution of
secondary tasks, but it has been proved that it has a major influence in accidents occurrence
(Ball et al., 1993) (Allahyari et al., 2007) (Cohen, 2009). The useful field of view deteriorates
with age (Ball et al., 1993), when a secondary central task is added (Wood et al., 2006), under
monotonous driving conditions (Rogé et al., 2004) and in addition to sleep deprivation (Rogé
et al., 2003).

Finally, it must be said that our view is a two-dimensional view. 2D images from our
senses are elaborated by the brain which gives us the perception of depth and thus the
perception of a 3D space.
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So far, eyes don’t provide a correct image of the reality by sensitive receptions. The
missing part are completed by our brain.

Those first knowledges give an idea of the importance of understanding potentials and
limits of central and peripheral vision, and thus the importance of managing the space behind
the carriageway boundaries and suggest the importance of expectation as “schemata”, which
help the brain to reconstruct the world around us using few of the information from the

environment.

3.5.2 From sensation to perception

“In order to act, the viewer must first decide. To decide, he must first perceive. To
perceive, he must first sense. Psychophysics is the science of measuring sensation.” (Green,
2017).

Sensation and perception are two separate but related processes. Sensation is obtained by
our sensory receptors, and it is the input from the outside real world. Perception refers to the
way sensory information is organized, interpreted, and consciously experienced. In other
words, senses are the physiological basis of perception. Perception of the same senses may
vary from one person to another because each person’s brain interprets stimuli differently
based on that individual’s learning, memory, emotions, and expectations.

In paragraph 3.5.1 some basic knowledges about sensation have been provided. In this
paragraph some insights will be given about the consequent process, that is perception.
Perception involves both bottom-up and top-down processing. Bottom-up processing refers
to the fact that perceptions are built from sensory input. Top-down processes occur because
our sensations are influence by our available knowledge, our experiences, and expectations.
Expectations are determined by representation of reality in memory. “The representation
activated depends on the similarity of the actual situation with the characteristics of the
situation stored in the memory” (Weller, 2010).

Expectations are crucial in perception. Two simple demonstrations are the examples
provided in the following figure from “Sensation and Perception” (Lumen Learning, n.d.).
Figure 3.41 shows a symbol (or a couple of symbols). The symbol is sensed the same by
different people (excluding any disability), but it can be perceived in different way: mainly it

will be seen as the letter “B” or as the number “13”, or something else.

¥

Figure 3.41 — Blue symbols on grey background
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An even more interesting example, which proves the high influence of expectations, is the
fact that, if the symbol in Figure 3.41 is combined with other symbols, it will then be perceived
in an unambiguous and univocal way. Two images are provided in Figure 3.42 and Figure

3.43. In the first figure the letter A and C are used, while in the second figure the number 12

X

Fiqure 3.42 — A consistent meaning is given to the symbol: a series of letters

5

Figure 3.43 — A consistent meaning is given to the symbol: a series of numbers

and 14 are used.

Now the symbols are univocal: it is a B in Figure 3.42 and a number 13 in Figure 3.43. This
demonstrates the way the brain adjusts ambiguous stimuli to fit unambiguous perception
consistent with the main perceived framework. Because of other clear information from the
environment, expectations arise about what the whole figure should be. The brain compares
what it expects with the sensations. If, with some adjustments, the stimuli fit the expected
information, thus they become that information.

Moreover, perception can be influenced also by other factors. Some of these factors are
sensory adaptation, change blindness, inattentional blindness, and priming.

Sensory adaptation is the reduce capacity of perceiving stimuli that remain relatively
constant over prolonged periods of time. This occurs because if a stimulus does not change,
our receptors quit responding to it.

Change blindness is a perceptual phenomenon that occurs when a change in a visual
stimulus is introduced, but it is not noticed by the observer. "Change blindness is defined as
the inability to detect changes made to an object or a scene during a saccade, flicker blink or
movie cut...change blindness is especially pronounced when brief blank fields are placed
between alternating displays of an original and modified scene" (Caird et al., 2016). Some
research findings about change blindness can be found in Levin and Simons (Levin and
Simons, 1997), and Silverman and Mack (Silverman and Mack, 2006).

Inattentional blindness means to not perceive evident stimuli because the attention is

involved in other tasks. One of the most interesting demonstrations of how important
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attention is in determining our perception of the environment occurred in a famous study
conducted by Daniel Simons and Christopher Chabris (Chabris and Simons, 2010; Simons and
Chabris, 1999). In this study, participants watched a video of people dressed in black and white
passing basketballs. Participants were asked to count the number of times the team in white
passed the ball. During the video, a person dressed in a black gorilla costume walks among
the two teams. Nearly half of the people who watched the video didn’t notice the gorilla at all,
even though he was clearly visible for nine seconds. Because participants were so focused on
the number of times the white team was passing the ball, they completely tuned out other
visual information. People know they are watching people passing a ball, they won’t expect
any Gorilla.

Priming generally relies on supraliminal stimuli, which means that the messaging may
occur out of awareness, but it is still perceived, unlike subliminal messaging. Supraliminal
messages are perceived by the conscious mind. The effect of priming can be also relevant in
managing road safety as explained by Koyuncu and Amado (Koyuncu and Amado, 2008).
Their research highlights the influence of priming in perceiving road signs. Finally, as
Gauthier has noted, visual objects are perceived more quickly and easily if subjects have
previously been exposed to them, regardless of whether they remember having seen them
before (Gauthier, 2000).

3.5.2.1 Perception of movement from visual cues

The term “optical flow” was formerly introduced by Gibson (Gibson, 1950) as a temporal
change in the structure of the optic array, or "the set of light rays that interact with objects in
the environment in front of an observer". During locomotion, many visual stimuli reach the
eye, and the optical structure undergoes continuous perspective changes. Eventually Gibson
defined the phenomenon as optical flow (Gibson et al., 1966). Associated to the term of optical
flow, is also the term of retinal flow, which refers to the change in retinal image, which is
influenced by eye movements. Both optical flow and retinal flow are represented typically as
instantaneous two-dimensional velocity fields in which each vectors corresponds to the optical
velocity of an environmental element (Warren and Hannon, 1990). Considering the apparent
objects movement while moving ahead (driving ahead) and without any eye movements, the
speed of the objects is perceived as the distance between two consecutive positions of the object
in each time lapse. For this reason, each object can be characterized by a vector with a direction
and an intensity (speed).

Figure 3.44 shows the flow for a car driving across a bridge that has girders to the left and

right and above. The arrows and the blur in the photograph indicate the flow.
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Figure 3.44 - The flow of the environment as seen through the front window of a car speeding across a bridge
toward the destination indicated by the white dot (heading) (Goldstein, 2010)

Two main characteristics of the optic flow can must be underlined: the flow is more rapid
in the peripheral field of view, and thus objects closer to the observer are faster; and there is
no flow at the destination toward which the observer is moving (heading). The only way to
perceive a motion toward a target object, if lateral objects are removed from the field of view,
is by comparing the size of the target object (if present) in different time interval. However,
changing dimensions of far objects are hardly recognized by the eye (this is also the reason
why it is particularly difficult for drivers to identify the distance of the preceding car). The
different speed of the flow is called the gradient of flow. According to Gibson, the gradient of
flow provides information about the observer’s speed (Gibson et al., 1966).

From these observations, it is possible to understand the high relevance of the peripheral
field of view configuration. Objects in the peripheral field of view are the most “speed-
sensitive”, that is the sensation of speed can be only drafted by the movements of objects in
the lateral field of view (Caramenti et al., 2019). A scenario capable of providing a good amount
of visual information is therefore a fundamental element for correct driving.

The retinal flow, which is linked to eye movements, creates an irregular apparent optical
flow, because to the original vector, a vector related to the eye rotating movement must be
added. Despite the studying of those contributions are very interesting and mathematically
computable, several studies have shown how humans are able to recover the heading despite
the presence of eye movements (Royden et al., 1992) (Crowell et al., 1998) (Van den Berg, 1996)
(Warren and Hannon, 1990). From these experiences it can be assumed that the visual system

is equipped with mechanisms that allow the brain to separate the rotation component from

72



Chapter 3

the flow field. Thus, the optical flow (flow not influenced by the retinal flow) can be considered
the main contributor to the flow perception.

Finally, speed perception by sensations from the peripheral field of view, not only leads
driver to be more aware of their speed, but it can also influence the driver speed itself. A large
amount of information in the visual periphery may lead to overestimate speed (and thus
possibly resulting in speed reduction) (Brandt et al., 1975) (Dichgans and Brandt, 1978)
(Salvatore, 1968) and also reduce speed variance (Domenichini et al., 2017). Moreover, in the
literature review conducted by Martens et al. it is stated that “a study from Yamanaka and
Kobayashi shows that people consider speeds exceeding 2 rad/s in the visual periphery (at
about 30 degrees left and right of the fovea) to be very disturbing. Road users usually choose
their speed and position on the road in such a way that the angular speed of visual objects in
the visual periphery does not exceed this value of 2 rad/s (Horst, Van der and Riemersma,
1984) (Blaauw and Van der Horst, 1982). These results seem to suggest that increasing the
density of information in the visual periphery can help decrease driving speed. The lay-out of
the environment should be designed in such a way that exceeding the speed limit leads to
exceeding this value of 2 rad/s.” (Martens et al., 1997). Additional studies have been also
conducted by Pretto and Chatziastros which demonstrate the influence on speed of optical

flow and contrast in the scene while driving (Pretto and Chatziastros, 2006).

3.5.2.2 Optical illusions

Optical illusions are mainly related to punctual expectations (3.2). Optical illusions occur
when the perception of the reality is not the reality. Optical illusions are directly related to
Human Factors.

A group of Japanese research made an interesting collection of road optical illusions cases
(Computational Illusion Team et al., 2013). They said that “an optical illusion is an illusionary
phenomenon where what we see differs from what exists in reality. In the sense that anyone
can fall prey to them, optical illusions are universal. By causing errors in judgment, optical
illusions can cause accidents. This is particularly true in the case of a moving vehicle. What the
driver sees from the perspective of the driver’s seat is constantly moving. This means the
driver must make instant judgments without enough time to really examine what he is seeing.
For this reason, the driver is particularly susceptible to optical illusions. From this, it can be
deduced that a close relation exists between optical illusions and traffic accidents. While many
accidents are blamed on driver carelessness, it is possible that in a significant number of such
cases, driver carelessness has been induced by some form of optical illusion. Considering the
seriousness of this possibility, there is an urgent need to identify the relation between optical
illusions and traffic accidents and to develop guidelines for effectively reducing or eliminating
such optical illusions.” (Computational Illusion Team et al., 2013). Thus, an optical illusion is
something that will generate wrong expectations to the driver about the road configuration

and are related to the local configuration of the road at a specific location. PEXs derive also
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from optical illusion. Some major road optical illusions are summarized below
(Computational Illusion Team et al., 2013) (PIARC, 2016) (Campbell et al., 2012):

Optical illusion related to sloping road: when driving through a series of slopes, the
perception of the second slope is influenced by the first slope. The main problem may
occur when a descending slope is perceived as a not-descending slope. This may
influence the choice of speed.

Optical illusion related to tunnel exit: “from the perspective of a driver, nearby scenes
(such as the walls of a tunnel) flash by at high speed. Because the eye adjusts to this
speed, and because more distant scenes appear to be moving more slowly after exiting
the tunnel, the driver underestimates his own speed” (Computational Illusion Team et
al., 2013).

Optical illusion of curvature: curvature can be misjudged if the curve is on a sag or on
a crest. Moreover, perception of curvature is also influenced by the outer framing of
the curve.

Optical illusion related to perspective: a typical example is due to a double sharp
curve of opposite directions with an obstructing object (such as safety barrier) that
prevent the markings view. In such a case an oncoming vehicle can be perceived as
travelling in the same lane as the driver. The same may occur in a curved crest, as

depicted in Figure 3.45.

Top of the slope

Ascending slope

(a) Combination of slope and curve (b) Vehicle B as seen from Vehicle A

Figure 3.45 — Wrong perception of vehicle position after the crest. The example is from Japan (Computational

[lusion Team et al., 2013) and thus considers the left-driving condition

Optical illusion of distance (and dimension): they are greatly due to non-parallel
lateral guidance orientation lines (converging or diverging lines), but also to a change
in the size of elements composing the lateral guidance orientation line (e.g., a line of
tree of decreasing height creates the illusion that the line is longer than the reality). An

example from architecture is depicted in the three images of Figure 3.46.
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Figure 3.46 — Example of distance and dimensions optical illusion from the Borromini Gallery in Rome. The
columns and the geometrical reference of the pavement seem to be of the same dimension, but they are not. This
creates the perception of a long tunnel and a big sculpture in the end®

- Optical illusion by signs at night: at night, far vertical signs are always visible prior
to the carriageway because of their reflective characteristics. The configuration of the
signs may influence the perception of the road and the driver may be provided with

false expectation about the road development.

3.5.3 Attention

Attention can be defined as the human instrument to optimize the use of available
resources. Under standard circumstances, attention prevents the overload. Alertness is the
state of active attention and can be considered the measure of the degree of possible attention.
The main difference between alertness and attention is that alertness can be considered as a
general mental condition/state, while attention is generally directed to something. Attention
is the focus of automatic and mainly cognitive process to a specific target because processing
all the information coming from the environment is not possible and thus some information
must be selected as more useful. The crucial point is then what information is considered as
more useful. The answer in undoubtedly linked to the goal, and to which is expected will help
to reach the goal. Thus, again, expectations will influence attention. This paragraph will
present the main characteristics of attention, highlighting the influence of expectation in
directing driver attention, and how important is to consider objects capacity of catching

drivers’ attention.

° Images are taken from https://www.edilportale.com/news/2019/03/architettura/architetture-dell-
illusione.-la-falsa-prospettiva-del-borromini-a-palazzo-spada_69109_3.html,
https://www.youtube.com/watch?v=K6nCleveo2c, and http://diceche.blogspot.com/2011/10/dice-che-
palazzo-spada-le-prospettive.html.
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Guided attention and caught attention

The term “guided attention” and “caught attention” have been choses in this thesis as
more representative of their significance, which is strictly like to and derive from those defined
by Cole and Hughes (Cole and Hughes, 2016) and Trick et al. (Trick et al., 2007). Cole and
Hughes identified two tasks: attention conspicuity task and the search conspicuity task. The
latter is the task of searching for something that have a chance to be present (e.g., a pedestrian
close to a perceived pedestrian crossing). The former is the automatic noticing of an object
without any active search for it. In this case “drivers don’t search, they just notice” (Cole and
Hughes, 1988). Guided attention is thus the attention derived from the search conspicuity task.
It is an “oriented” attention; thus, it is “guided”. This type of attention can be guided by
different level of consciousness or also by unconscious decision. It is not always voluntary. To
one extreme, a driver looking for an indication sign or for a parking place uses totally
conscious guided attention. This kind of attention mode has been also considered by Trick et
al. (Trick et al., 2007), who define it as “deliberate”. On the other hand, a guided attention that
is totally involuntary is when a driver look at the road margins while approaching a pedestrian
crossing, or direct attention to the curb tangent point while approaching a curve (Land and
Lee, 1994) (Land, 2006). This attention mode derives from skills and experience but is
somehow related to a specific configuration of the approaching environment (e.g., presence of
pedestrian crossing and presence of curve). So, also this type of attention mode, defined by
Trick et al. (Trick et al., 2007) as “habit” is a guided attention.

Caught attention is divided into two type of attentions too, which reflect the “reflexive”
and “exploration” concepts from Trick et al. (Trick et al., 2007). Exploration occurs while driver
is moving the gaze around along the road environment without any specific target. This type
of attention is the most common while driving. Objects can catch the attention of the driver
based mainly on their physical characteristics, then on their usefulness for the driving task. If
the object is judged as relevant for the driving the driver’s attention will be caught to that
object. However, once seen, if the object is judged as not relevant, it may be “discarded”, that
is the gaze of the driver will hardly be attracted again by it. This type of objects are defining in
this thesis as fixation objects, following the definition from PIARC (PIARC, 2019a). Fixation
objects must be considered with attention because if they are considered relevant by drivers,
they will spend some seconds looking at them (Costa et al., 2019), and so diverging the
attention from the other part of the road.

Reflexive mode occurs when attention seems automatically drawn to an object in the
visual field. Such objects catch the attention of the driver even if they are not relevant for the
driving task. This type of objects are defining in this thesis as eye-catching objects (or eye-
catchers), following the definition from PIARC (PIARC, 2019a). Flashing objects has a high
chance to be eye-catchers. Commercial Electronic Variable Message Sign (CEVMs) can also be
eye-catchers (and also a source of increasing demand, and thus workload) (Molino et al., 2009).
However, eye-catching objects can be as such also because of their position, as the single tree
in central image of Figure 4.1, or the empty light space in the right image of the same figure.
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Combination of colors, size, and positions is determinant to promote a simple object to be eye-
catcher. Eye-catchers may have a high influence in directing driver attention as also
underlined by Dewar and Olson (Dewar and Olson, 2001). Drivers hardly can ignore those
sources of stimuli. Generally, ignoring these stimuli is possible only when other high
demanding task are in progress.

Thus, caught attention considers when drivers are not directing their attention, but their

attention is captured from outside (exogenous concept).

Figure 3.47 — Examples of eye-catching objects. The picture in the middle shows the original image of the road.

The picture in the left has been modified by removing the tree close to the road. The picture on the right has been

modified adding an empty space in the forest and removing the tree. Left and middle pictures from Birth (Birth,
2009), right pictures modified from the left one

Table 3.1 shows the four modes of attention defined by Trick et al. (Trick et al., 2007) and
presented also by Green (Green, 2017). The deliberation and habit mode belong to the guided

attention, while exploration and reflexive belong to the caught attention.

Table 3.1 — The four level of attention, modified from Trick et al. (Trick et al., 2007)

Attention type Attention mode Level of consciousness
Guided attention Deliberation Controlled
(endogenous) Habit (skills and experience) Automatic
Caught attention Exploration Controlled
(exogenous) Reflexive Automatic

The different modes cited, highlight that there can be some objects that easily attract the
attention of the driver. This likely occur in the caught attention, but if the objects capacity of
attracting the attention of the driver is particularly strong, this may occur also in the guided
attention mode.

One of the main properties of objects to attract driver attention is to be conspicuous.
NCHRP Report 600 defines conspicuity as “how easy it is to see and locate a visual target”
(Campbell et al., 2012). A conspicuous object has higher change to be identified and can catch
the attention of the driver even if not in his line of sight (from the viewer to the focal point).
According to Green (Green, 2017) some of the main characteristics that increase

conspicuousness are: colors (some color, such as yellow in daylight, has higher conspicuity),
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flicker and motion (objects that change in time are more conspicuous) (Vignali et al., 2019),
symmetry (symmetrical shapes are better at attracting attention in visual search and at
directing eye fixation), human shapes (the human form has an innate ability to draw attention),
visibility ( the higher the achromatic contrast, the size, and the location of the object, the higher
its conspicuity), and depth (close objects are more conspicuous).

Despite the differentiations between guided and caught attention, experiences and thus
expectations, contribute to all of them. Even in the case of reflexive mode, some objects are
eye-catcher because of experience and expectations. In the example of flashing objects, they
are eye-catcher because they differ from the homogeneous, not-flashing background. If many
flashing lights are filling the scene, probably the eye won’t be caught by all of them, because
they are expected as “normality”. Results consistent with this theory is also provided by
Pammer et al. (Pammer et al.,, 2015). They made a series of three experiments where they
introduced some specific stimuli close in the margin of the road. They found that different
semantic of the target object leads to different attention to the stimuli. For example,
considering the attention on a pedestrian approaching a crossing, it has been found that
children have a higher “attention-catching” characteristics than adults. This may be both
because of the societal improved attention to children, but also because it is expected that the

behavior of a children may be more random than the behavior of an adult.

Familiarity and attention

As reported by Plankermann (Plankermann, 2013), a research from Mourant and
Rockwell (Mourant and Rockwell, 1970) investigated the effects of route familiarity on visual
scanning patterns of experienced drivers. Familiarity shouldn’t be confused with experience.
An experienced driver may drive on an unfamiliar road. The results from Mourant and
Rockwell shown that driver’s visual scanning, and thus the focus of attention, was related to
road familiarity. Unfamiliar driver deeply scanned the road, with the gaze moving around to
catch all the information from the environment, and mainly focusing on the right side of the
road, where information from road signs is available. On the other hand, familiar driver
attention is oriented to the end of the road (horizon). Familiarity has also been proven to affect
speed (Colonna et al., 2016) (Intini et al., 2018) (Intini et al., 2016). Familiarity is a part of GEXs.

3.5.4 The Gestalt concept and the road environment

An approximate translation of Gestalt is “shapes’ psychology or representation”. For
Gestalt psychology it is not correct to divide the human experience into its elementary
components and instead it is necessary to consider the whole as a superordinate phenomenon
with respect to the sum of its components: the whole is different from the sum of its parts.
Gestalt psychology is the study of how individuals integrate and organize perceptual
information into meaningful wholes.

Moreover, what we are and feel, our own behavior, is the result of a complex organization
that also guides our thought processes. As expressed by Forbes “The eyes are used to gather

an abundance of information about the world that surrounds us. However, the images
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collected by the eyes are simply a vast collection of colors, shapes, and patterns until the
information is interpreted by the brain. In other words, visual information by itself is
uninformative. It is only after this information is processed by the brain into visual precepts
and coherent images that visual information is meaningful to the observer.” (Forbes, 2020).
That information come all together, and thus the brain must organize them into known
significances. To better explain this concept, it can be useful to describe some of the main
principles of Gestalt, which explain the mechanism of perception.

1. Similarity. Similar elements are grouped together (and many times are associated with
the same function).

2. Proximity. Closer elements are grouped together.

3. Figure-ground. The figure-ground principle states that people instinctively perceive
elements as either being in the foreground or the background. When an element is
select as in the foreground, all other elements are background.

4. Common region. When elements are located within the same closed region, we
perceive them as being grouped together.

5. Continuity. Elements that are arranged on a line or curve are perceived to be more
related than elements not on the line or curve

6. Closure. Elements that are incomplete, but provide cues about a possible complete
shape, are automatically completed. Pragnanz concept is related to this principle.
Pragnanz has been defined by Gestalt researchers as the ability of sharpen (increase)
the perceived main properties of an object.

7. Focal point. Whatever stands out visually will capture and hold the viewer’s attention
first (eye-catching and fixation objects).

8. Common fate. Elements which have the same movements are grouped together.

So far, it is clear that the perception of the world around us can be “modified and guided”
by different organization of the same space with the same objects. The same is for the road
environment. For this reason, the principles of Gestalt have a high influence in PEXs (punctual
expectations). In the close-control loop process, of sense, perceive, and look forward of what
to expect from the road, the configuration of the road itself must be clear and provide high
quality references and structures which help the driver to correctly understand the road
requirements.

With regard to the influence of Gestalt principles in the road design, some interesting
studies have been conducted by Durth (Durth, 1972) and Lorenz (Lorenz, 1971). Lorenz
analyzed many aspects related to the road perception and influence of the road environment
as a whole, on the image of the road perceived by the driver. With his work “Trassierung und
Gestaltung von Strassen und Autobahnen”, where he analyzed aspects related both to curve,
grades, depth perception and the influence of marginal elements, Lorenz was one of the first
engineer engaging with Human Factors in design (Lorenz, 1971). Some interesting examples

of Lorenz considerations are provided in the following (Figure 3.48, Figure 3.49, Figure 3.50,
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Figure 3.51, and Figure 3.52). They anticipate the contents of the next chapter because they are
part of the concepts of Human Factors for a correct road design considered by this thesis.

Figure 3.48 shows a study about the influence of clothoid element in the perception of
curvature approaching a curve. Six images are shown in the figure. The three images in the
top represent a direct connection within the tangent and the curve, with no clothoid. The road
sketch was made considering three different distances from the curve: 300 m, 200 m, and 100
m. Three other road sketches have been made at the same distances as the preceding but
including the clothoid between the tangent and the curve. The perception of the curve is
different.
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Figure 3.48 — Different perception curve considering the presence of a circle-straight direct connection (top) or
to include a clothoid between the two elements (bottom). From Lorenz (Lorenz, 1971)

Figure 3.49, Figure 3.50, Figure 3.51, and Figure 3.52 show instead the influence of road
marginal elements on road perception and on expectations, as they provide information about
the road (both the travelling one, and the forthcoming). In Figure 3.49 and Figure 3.50, the
development of the road behind the crest (a curve) can’t be perceived unless the marginal

elements are included.
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Figure 3.49 — Influence on marginal elements on road perception, curve after a crest, A. From Lorenz (Lorenz,
1971)
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Figure 3.50 — Influence on marginal elements on road perception, curve after a crest, B. From Lorenz (Lorenz,
1971)

Left side picture of Figure 3.51 shows a situation where the road marginal elements
provide a negative influence because they suggest that the road is going straight, while the
main road goes left. This often occur when the road direction is changed (e.g., bypass) and the
course of the old road is still visible. In addition, in this example the marginal elements of the
old road are still clearly visible. A possible solution should be to cover the old road
development underlying the new one. An example of the possible solution in shown on the

right-side picture of Figure 3.51.
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Figure 3.51 — Influence on marginal elements on road perception, misunderstanding of the road main direction.
From Lorenz (Lorenz, 1971)

Lastly, Figure 3.52 demonstrates the importance of some type of marginal elements in the
perception of slope, which is one of the most influencing optical illusion (Computational
[Musion Team et al., 2013).
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Figure 3.52 - Influence on marginal elements on road perception, misunderstanding of the slope. From Lorenz
(Lorenz, 1971)

The composition of the road scene, and thus the choice of the type of elements to use and
their position, may influence also the perception of some critical locations, such as pedestrian
crossings, as demonstrated in a recent study by Bichicchi et al. (Bichicchi et al., 2019).
Additional interesting examples of the application of the Gestalt concepts to road design are
provided by Forbes (Forbes, 2020). These are only some examples that help to understand how
managing road perception is crucial to manage road safety. In this context Human Factors are
the key to understand how to manage road perception. These criteria are considered in PIARC

approach to Human Factors (PIARC, 2016), as discussed in section 3.6.

3.6 PIARC approach to Human Factors

Since the last years of the twentieth century, it has been clear that understanding Human
Factors in driving is crucial in understanding road accidents causes. Since then, a lot of
research has been carried out on this topic, ranging on different aspects, all of which have as
their main prerogative the perception of the road by humans and their consequent driving
behavior. To cite few of those researches, there are studies that have focused on bends’
curvature perception (Shinar et al., 1980) (Durth et al., 1988) (Zakowska, 1999) (Perco, 2006);
on road markings (Babic et al., 2020) and their influence on speed and lateral position (Hussain
et al.,, 2021); on influence of memory and road familiarity (Yanko and Spalek, 2013) (Intini et
al.,, 2018); on influence of road elements on speed and behavior (Ben-Bassat and Shinar, 2011)
(Domenichini et al., 2017) (Domenichini et al., 2018); on human workload and decision making

(Recarte and Nunes, 2003); on the influence of road configuration and self-explaining roads
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(Weller et al., 2008) (Theeuwes and Diks, 1995) (Theeuwes, 2001) (Theeuwes, 2002). These are
only few of the research carried out. Some interesting literature reviews of the influence of
Human Factors in road safety are provided by Martens et al. (Martens et al., 1997),
Plankermann (Plankermann, 2013), and Ci¢kovié¢ (Ci¢kovié, 2014).

The driver’s influence on road safety has been considered since the first car has been
driven on a road, but only in the new millennium the topic was dealt considering Human
Factors as a whole.

Two relevant collections of Human Factors rules, effects and influences on road safety and
design are those proposed by PIARC (PIARC, 2016) and by NCHRP (Campbell et al., 2012).
Both these documents provide a strong impulse to the global theorization of Human Factors.
The latter presents detailed information on how to manage specific conditions based on
Human Factors research (e.g., information searching, speed management, decision sight
distance, markings, and signs, navigating a curve, and so on). The report from NCHRP focuses
more on practical applications, preferring a numerical approach than a theoretical approach
when possible. As a matter of fact, the report provides different sheets dealing with specific
aspects. Each sheet is provided with a bar scale rating reporting how much the specific
guideline relates on expert judgment or on empirical data. The document is very useful and
demonstrates the huge amount of required efforts to put together all the different research
carried out in the field of Human Factors, to let those concepts available for all road
practitioners. The former collection cited is instead the one from PIARC. PIARC has stressed
on the importance of Human Factors in road safety and design since many years. Even the
former edition of the Road Safety Manual spoken expressly about Human Factors (PIARC,
2003). From that point on, PIARC produced many documents dealing with this topic (PIARC,
2012b) (PIARC, 2016) (PIARC, 2019b) (PIARC, 2019a) (PIARC, 2019c). The approach from
PIARC demonstrates to be more theoretical. However, in the last period many PIARC reports
focused on providing demonstration of the effects of Human Factors aspects on road, not by
laboratory research, but by presenting some case studies of applied countermeasures (PIARC,
2019b) (PIARC, 2019a) (PIARC, 2019c). Moreover, in 2019 PIARC published a comprehensive
evaluation tool to analyze road infrastructures by means of Human Factors. This tool is called
Human Factors Evaluation Tool (HFET) and it is the core of the proposed HFE procedure. The
tool allows to analyze the triggers of accidents, and it has a proven prediction quality to predict
accident spots (Birth and Pflaumbaum, 2006)(Birth et al., 2015). The tool and the way it has
been used are presented in 0.

The approach from PIARC took much from traffic psychology and it has been found to be
suitable to explains all the concepts presented in the previous paragraphs. Differently from
the NHCRP approach, which analyzes separately each road elements (e.g., curves and
intersections) discussing the different aspects of that specific element, PITARC approach moves
from the global characteristics that influence driving behavior, such as the composition of the
field of view, and the driving logic, to the analysis of specific element. Moreover, the
organization of the topic into three different rules, fits the expectations-centered theory (see
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3.7). Finally, the PIARC approach has been chosen because it has been collected and validated
in several international technical committees of PIARC in the time from 2002 up to 2019 from

international Human Factors experts.

3.6.1 The three rules of Human Factors from PIARC

PIARC decided to divide all the Human Factors aspects into three main groups, which are
called Human Factors rules (PIARC, 2016): the first rule that is the 6 seconds rule, the second
rule that is the field of view rule, and the third rule that is the logic rule. All these rules account
for different aspects related to Human Factors, nevertheless often road characteristics are
relevant to more than one aspect. For this reason, the rules provide general definitions. The

rules are briefly presented in the following.

3.6.1.1 First Rule of Human Factors: the 6 seconds’ rule

The first rule concern visibility. A potentially critical location (PCL, see 5.1.2) must be first
visible to drivers to let they respond and behave correctly. Visibility is first of all the need of a
clear line of sight between the observer and the observed, but it is not limited to this. Visibility
must account for all those aspects about sensation that has been discusses in 3.5. Before an
object is perceived, it must be sensed. An object can be better sense based on its characteristics,
such as shape, color, and position. This won’t assure that it will be correctly perceive, but
without sensation there can’t be a correct perception. Therefore, a direct line of sight is often
not sufficient to assure the visibility of a specific PCL. Moreover, as illustrates in 3.1.4, driving
is a close-control loop. The driver scans continuously the road and adapt their expectations to
what they perceive (and what they perceive is influenced by their expectations). For this
reason, more time the same information is provided to the driver, more possible is that this
information is correctly perceived (the continuous perception gradually changes the
expectation about that PCL). Drivers need time to correctly perceive a PCL. For this reason,
considering a simple Stopping Sight Distance (SSD) to design a road, for example approaching
an intersection, it is not sufficient. Instead, a Decision Sight Distance (DSD) must be
considered, that is extremely higher than the SSD. This translates in the PIARC rule of 6
seconds, which means that it can be considered that to correctly perceive the PCL, it must be
continuously visible 6 seconds ahead of the breaking section. More precisely, PIARC propose
to divide the space preceding the PCL into three parts: the maneuver section (braking section),
where the physical maneuver occurs, the response section (2-3 seconds), where the driver
understand the PCL they are facing, decide how to deal with it, and starts the physical
maneuver, and the anticipation section (2-3 seconds), where the driver scan the environment,
adjusting their expectations and trying to identifying the PCL as it really is. In addition, for
some specific conditions, an advanced warning section (3-4 seconds) should also be included,

to prepare driver with signing and warnings. Figure 3.53 shows a sketch of the sections.
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Figure 3.53 — Sketch of the 6 seconds rule, from PIARC (PIARC, 2012b)

The following figures shows some examples of bad visibility of some PCLs. Figure 3.54
shows three different locations that are not clear to the driver, even if no obstacle obstructs
their visibility. The first one is an intersection where the main road goes straight forward, and
the minor road on the left, seems to be the main road. The central picture is taken 125 m ahead
an intersection, but the intersection is not perceivable, even if it is in front of the driver. The
last picture shows a pedestrian crossing 50 m ahead and a bus stop 70 m ahead in a rural
environment. These two elements are unexpected for such environment, thus it is harder for
the driver to understand them and, furthermore, they are not clearly visible because of the
geometrical and vertical alignment, for the light, the position of the two elements and the

general composition of the visual framework.

Figure 3.54 — Examples of invisible or not clear PCLs: left - intersection where the main road goes straight
(Birth, 2004), center — intersection not visible 125 m ahead (Birth, 2004), right — pedestrian crossing not visible
50 m ahead (photo by Andrea Paliotto)

Figure 3.55 shows instead a sequence of consecutive pictures taken starting about 70
ahead of a driveway. The following are taken with a step of about 14 m (1 second with a speed
around 50 km/h).
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Figure 3.55 — Sequence of photos approaching an “invisible” intersection, starting 70 m ahead of the
intersection. The last photo is about 25 m before the intersection (photo by Andrea Paliotto)

The sequence clearly shows the moment of a car entering the main road from a driveway
on the right. The car is visible on the third picture only if you know where to search, otherwise
the driver will find a car crossing the road in front of him with about 35-25 m available to
brake. Furthermore, a bus stop is present 10 meters ahead of the driveways and a pedestrian
crossing is present 5 meter after the driveway. The problem is not only the limited visibility,
but also that looking 70 m ahead of the driveway, the road shows no clues or instruction that
can help the driver to understand what is placed behind the curve. He can’t foresee that some
risky location that require a change in his behavior is hiding there, then it will be surprised. It
must be noticed that even if an SSD is present at a specific location, a sudden breaking action
can always be a risky maneuver for the driver and the other vehicles around.

Finally, it must be noted that the perception is influenced by what it is sensed, but also by
the PEX and GEX. Thus, the provided examples contain Human Factors deficiencies under

different aspects, as generally occurs in dangerous situations.

3.6.1.2 Second Rule of Human Factors: the field of view rule

The second rule deals with the composition of the field view. Many aspects of the Gestalt
approach to perception are considered in this rule. The road must assure a correct perception
of itself and of its environment. Optical illusions must be avoided, so as disturbing elements
(e.g., eye-catcher with negative influence), marginal elements must be clear and help to
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contrast road monotony, and road elements composition must help in the control task (speed
and position management). This are some of the aspects addressing by the second rule. The
second rule concerns all those site-related aspect that can influence the perception of the road
and of a PCL and that derives from the current image of the road (last 6-10 seconds), i.e., what
locally influence the perception of the current situation and influence driver behavior.

Figure 3.56 and Figure 3.57 provide two clear examples of the possible influence of the
field of view. The first image of Figure 3.56 shows a road that it is not symmetrically centered
in the space between the trees. Based on its previous experience on other road, where the space
is generally symmetrically organized, a driver could take the two lines of tree as a reference,
causing a subconscious shift in the lane, moving itself in the position that he should have had
if the road was centered within the trees. Furthermore, the monotony and the far long view to

the horizon, induce drivers to speed up, searching for additional stimuli.

Figure 3.56 —Optical orientation to the horizon: distant focus and monotony decreased workload and cause
subconscious acceleration. Furthermore, the road is not in the center of the space between the trees, and this can
cause an unconscious shifting in the lane, from Birth (Birth, 2009)

Figure 3.57 shows three images of the same curve. The first is an image from satellite,
while the second and the third are sequential photos approaching the curve from North-East.
The curve has been recently modified to increase its radius but the organization of the new
field of view is extremely poor. The mayor field of view negative factors are the following.

Approaching the curve, the line of olive trees on the left interrupts, leaving an empty space
in the outer margin of the curve, making its outer frame less distinguishable. The only
reference, not clearly visible from distance, are the safety barrier and the chevrons, which
unfortunately are not parallel to the road axis, giving the impression that a larger radius is
present. There is no visibility of the inner curve and thus the only reference for the driver to
estimate the curvature is the outside safety barrier and the outside lane markings, which are

not parallel.

87



Development of a Human Factors Evaluation Procedure for Network-wide Road Safety Assessments

Figure 3.57 — Example of a critical curve, left - north oriented satellite view, right - photo approaching the curve
from East. The curve is visible from distance but not understandable. The field of view shows many problems:
the barrier line follows a different trajectory from the road axis, white markings along the shoulder create bad
focus point and modify the perception of the road curvature (Andrea Paliotto, photos from Google Maps)

Within the curve, the white bars on the outside shoulder create some ambiguous shapes
that attract the attention of the driver and modify the picture of the road.
All these features can cause a wrong reading of the curve and a wrong driving plan

approaching the curve.

3.6.1.3 Third Rule of Human Factors: the logic rule

A road must have a logic sequence. Unconsciously the drivers adapt their driving to the
road that they are experiencing, but this is done in some dozens of seconds or also some
minutes (Green, 2017). The experience that the driver has about the road they have travelled
builds their expectation about the future development of the road. If those expectation are
violated, the drivers generally required time to adapt to a new behavior. If the passage from a
required behavior (e.g., driving in rural environment) to another required behavior (e.g.,
driving in an urban environment) is sudden and doesn’t give the driver enough time to adapt,
the driver could proceed with the old behavior that is unsafe under the new conditions, or
even make some sudden risky maneuvers. Moreover, drivers’ expectations about road
development and road users’ behavior are related to the road category the travelled road is
identified with. Road categorization, as discussed in the self-explaining roads theory, has an
higher influence of expectations and behavior (Theeuwes, 2017). Moreover, consistency of the
road geometrical elements also belongs to the third rule, so as the aspects related to the
navigation level concern to the third rule, such for example managing the information
provided by road signs, which have a relevant influence in workload.

A couple of examples are showed in Figure 3.58 and Figure 3.59. In the first figure, two
couple of sketches are depicted, which represent a town entrance. The first couple shows a
town entrance that it is only signalized by the vertical sign, with no change in the road
environment and alignment. The second couple shows instead a town entrance where other
countermeasures have been taken to improve the perception of the change of the road
function. In the latter case the driver will understand better that a change is happening and

will comply with the required behavior of the new road function.
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Figure 3.58 — Examples of change in road function with (right) and without (left) change in design and optical
characteristics (Birth et al., 2004)

In Figure 3.59 two main problems are clearly showed: bad positioning of vertical signs
and overload of information. These two conditions require the driver to study with attention
all the signs, giving less attention to the road and causing also a possible missing of

information or misleading information.

Figure 3.59 — Bad positioning and overload of information provided by vertical signs

3.7 Expectations-based theory and the three rules of Human Factors
As briefly explained in 3.6.1, the three rules of Human Factors identify three main topics.

o First Rule: the time available to the driver to correctly understand the situation
(mainly the possibilities to sense the situation).

o Second Rule: the configuration of the local road environment, that is the
configuration of the elements the driver is facing in a specific location, which
generate PEXs.

o Third Rule: the expectations derived from the life experience and last kms
experience, that is to mentally classify the road under a specific category with

specific expected characteristics, that is GEX.
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Expectations, both PEXs and GEXs are thus perfectly represented respectively by the
second rule principles and the third rule principles. Evaluating the characteristics of a road
stretch by analyzing the aspects related to the second and third rules, means to evaluate the
possible expectations which can be provided by the road itself. The possibility to evaluate
these expectations (PEXs and GEXs) helps to clarify how much the risk is perceived and thus
which can be the risk assumed, net of other factors that are not related to the road (see 3.1.5,
3.1.6, and Figure 3.26). Moreover, the first rule provides the instrument to analyze the aspects
related to the “number of possibilities provided to the driver to adjust their expectations to
reality”. The higher the difference of PEXs and GEXs from reality, the higher the risk'; the
higher the time provided by the road to gradually change expectations, the lower the risk,
because expectations provided by GEXs and PEXs, gradually shift to the correct expectations.
Figure 3.60 provides a graphical representation of the process of “adapting expectations” and
the influence both of bad expectations (i.e., they differ from reality in a way that leads to risky
behaviour) and time, approaching a PCL (located at point F). Looking at the graph, it can be
assumed that in a first stage (from time = 0 to time A), expectations fit the real risk. In this case
the driver can be considered as driving under safe conditions, assuming that other external
factors are constant and equal to 0. Then the road changes (e.g., approaching a PCL), but the
driver’s expectations do not, and thus depart from the reality (from time A to time B). From
time B to time C, the situation stabilizes, because the difference between reality and
expectations stops to increase. In this section a maximum difference is reached. Moving from
the maximum towards the PCL (time F) some relevant and right information are perceived,
and expectations start to adapt to reality (because of the close-control loop). The information
that helps the driver to start the adaptation process can come from the road itself (visibility of
PCL) or sometimes by road signs and markings. For this reason, if an advanced warning
section is present (first rule of Human Factors), it will be located here. Time C can be
considered as the first point where the PCL is visible. From time C to time D, the driver has
already start to correctly adapt their expectations, because more information is provided by
the road (the driver is still approaching the PCL). In this period the driver tries to understand
what they are facing, thus this period can be identified as the anticipation section. From time
D to time E, the driver should have cleared the nature of the PCL they are facing, and they
must decide the correct maneuver to hold. This section can be identified as the response
section. In this section the information of the road should be clearer and thus the expectations
adapt more rapidly (higher slope of the curve). However, it can be possible that expectations
are still too far from the reality (as in Figure 3.60). The last part, between time E and time F, is

the section immediately before the PCL. Here expectations rapidly adapt to fit the reality. Once

10 Except in those cases where all the PCL are perceived as riskier than reality.
11 This strong assumption doesn’t fit the reality (see Figure 3.26) but it is necessary to consider the

influence on the perceived risk of road factors alone.
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arriving in the PCL, the PCL will generally be clear (time F). This last section can be identified
as the maneuver section. The higher the difference in point E between the expectations and

the reality, the sudden and risky (and possible wrong) the maneuver.

A\ Difference between
Expectations and Reality

VIS

| anticipation |resp0nse | |

manoeuvre

advance
| warning

>
A B C D E F Time

Figure 3.60 — Scheme of the process of expectations adaptation

The graph also provides an ideal scheme of the different contributions of GEXs and PEXs.
The closer to the PCL, the higher the influence of PEXs, while the farer from the PCL, the
higher the influence of GEXs. That is because GEXs are related to the general characteristics of
the road, while the PEXs are related to the local characteristics of the road. Moreover, the term
“VIS” is also introduced, which represent the visibility of the PCL.

Figure 3.60 represents an ideal trend of expectations, however the shape of the curve can
be very different based both on PEXs, GEXs, and VIS. The formers contribute to the definition
of the maximum difference and reduce the capacity of the driver to adapt their expectations
to reality (slope of the curve), while the latter provides more possibilities to the driver to adapt
and reduces the risk of sudden maneuver, which are always risky. To provide some examples,
four different conditions are presented in Figure 3.61. All the conditions are considered high
visibility conditions that don’t require the advanced warning section. In the graph only the
maneuver, response, and anticipation sections are present. All the conditions are considered
from time C, that this the point where it can be assumed the PCL is visible. From that point
on, PEXs increase rapidly, while GEXs decrease rapidly. For this example, it can be considered
that the behavior of the driver is represented by the speed and that it follows the trend of the
difference between expectations and reality: the greater the difference, the higher the speed.
This simplification may help to understand the four different conditions. Consequently, the

higher the slope of a segment, the higher the deceleration, the riskier the maneuver.
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Figure 3.61 — Examples of different conditions for expectations adaptation. To exemplify the influence of
expectations adaptation on driver behavior, the speed has been considered. High visibility in considered

The first curve (1) represents a safe condition. The driver sees the oncoming PCL and
recognize it to a great extent. In this case the contribution of PEXs is low and expectations
gradually change to fit the reality. The driver clearly recognizes the PCL, so no hard maneuver
is required. The safe speed is reached before the PCL. Curve number 2 represents a condition
where the PCL is less easily recognizable. In this case, PEXs have higher negative influence.
The driver changes their expectations, but not enough fast because even if visible, the PCL is
not clear, and the environment configuration is not clear too. The PCL is completely
comprehended only once the driver is very close. This may cause a harder braking. However,
in this condition, the behavior of the driver is very close to a safe behavior. Even if a sudden
braking is required, the difference between the actual speed and the safe speed is not too much.
The third condition is the riskiest one. In this condition the driver is not able to correctly
perceive the PCL because of wrong influences from their expectations. The change in
expectations is too slow because the road and its environment are ambiguous and misleading.
The driver realizes too late (time E) the real configuration of the PCL and must make a risky
maneuver to adapt their speed. It can also be possible that the driver doesn’t recognize the
PCL at all, judging their behavior as adequate to the road characteristics, and thus travelling
through the PCL with a too high speed, not consistent with the road characteristics (dashed
line).

The fourth condition shows instead a PCL that suddenly appear to the driver and that is
very clear and unexpected considering GEX (the difference between expectations and reality
at point C is mainly due to GEXs). The driver is surprised and may make a fast change in its
behavior to adapt to the oncoming PCL. The driver will have enough time to make the
maneuver in safer condition, but the surprise is so, that they choose to immediately change
their behavior. This maneuver is generally not risky, however under some circumstances, a
sudden great reduction in speed may lead to some risks.

These four simplified examples are very interesting because they show that, even if GEXs

and PEXs both contribute to the difference between expectations and reality, a higher influence
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in GEX will more often lead to condition 4, while a higher influence in PEXs will often lead to
conditions 2 and 3.

In both four conditions it has been considered that the maneuver, response, and
anticipation sections are all present. If that is not the case, the risk increases because the driver
will likely make a sudden and greater braking, or not adapt at all to a safe behavior.
Considering the graph in Figure 3.61, but assuming that the visibility is reduced, the new trend
of the conditions 2, 3, and 4 is reported in the graph in Figure 3.62. Curve 1 is not present

because there are no low-risk conditions.
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Figure 3.62 - Examples of different conditions for expectations adaptation. To exemplify the influence of
expectations adaptation on driver behavior, the speed has been considered. Reduced visibility in considered

In the graph the anticipation section is not present (time C = time D) and thus the time
available to the driver to adapt their expectations and their behavior is reduced. If the influence
of PEX is not too much (or the difference between expectations and reality at time C is not too
much), the driver will make a maneuver that can be considered as at medium risk (curves 2
and 4). If the road is not clear, thus the influence of PEXs is relevant, the driver will likely not
understand the PCL and holds a wrong behavior, increasing the risk (curve 3).

Not all the possible conditions have been considered in the graphs, and it should be clear
that as the maximum difference between expectations and reality decrease, the slope of each
segment will decrease reducing the risk.

From these examples it can be drafted that all the three aspects (VIS, PEXs, and GEXs)
influence the risk. Therefore, these three aspects have been chosen as the base concepts to deal
with road safety analysis. They will be the core of the HFE procedure. An innovative method
to quantify VIS, PEXs, and GEXs has been developed in this research work as discussed in 5.3.

Moreover, the factors influencing VIS, PEXs, and GEXs are considered in the PIARC
Human Factors rules and thus, the organization of the Human Factors concepts proposed by
PIARC provide the basic instruments to judge the risk of a road stretch considering the
expectations-based theory. One of these instrument is the Human Factors Evaluation Tool
(HFET).

93



Development of a Human Factors Evaluation Procedure for Network-wide Road Safety Assessments

94



Chapter 4

CHAPTER 4 THE HUMAN FACTORS EVALUATION TOOL

Chapter abstract

In this chapter the Human Factor Evaluation Tool from PIARC is presented and discussed. The
Human Factors Evaluation Tool is the core of the Human Factors Evaluation procedure because it
allows to analyze road segments and provides a validated quantitative value that represents how safe is
the analyzed road segment by means of Human Factors aspects. The original version of the Human
Factors Evaluation Tool (HFET) from PIARC has been developed for the analysis of single black spots.
Therefore, the procedure of the assessment must be adapted for the complex situation to take into account
longer road stretches including several challenging locations. Furthermore, to conduct a Network-wide
Road Safety Assessment (NWRSA) the content of every single item must be clear for a reliable
assessment. In a field-experimental approach were analyzed two case studies (CHAPTER 5). As the
main result we identified the weaknesses and the strengths of the tool and the main points of
improvement, so that it can be included in a NWRSA. First, we found, that a guideline for the judgement
must be developed (APPENDIX 1). Second, we found that a new step by step procedure for the
assessment and the calculation of the final Human Factors Score (HFS) must be developed.

The detailed conclusions for improvement in a NWRSA are figured out.

Chapter list of acronyms

CHL Challenging Location

EB Empirical Bayes

HFE Human Factors Evaluation

HFES Human Factors Evaluation Segment
HFET Human Factors Evaluation Tool

HFS Human Factors Score

HSM Highway Safety Manual

NWRSA Network-wide Road safety Assessment
PCL Potentially Critical Location

RSI Road Safety Inspection

4.1 Whatis the tool and when to use it

In 2019 PIARC published an interesting document named “Road Safety Evaluation Based
on Human Factors Method” (PIARC, 2019a), where it proposed an innovative tool to quantify
the road risk related to Human Factors aspects. The tool is called Human Factors Evaluation
Tool (HFET) and it was formerly developed by a team of German researchers composed by
psychologists and engineers (Birth et al., 2017). The strengths of the tool are mainly three:

- it allows to evaluate Human Factors-related road deficiencies;
- it provides a quantification of the risk by means of numerical value and risk level; and

- itis suitable to be applied during standard road safety inspections.
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The tool has been presented as an instrument which can help to identify Human Factors-
related deficiencies along the road both to make network safety screenings (i.e., NWRSAs), to
analyze high-accident concentration sections, and to carry out accident investigations. The
three different possible applications and their steps, as presented in the PIARC document
(PIARC, 2019a), are summarized in Figure 4.1.

HF Evaluation Method
| |

ARHIEhIACCIHERT DUGNEACCIUERT
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@ 2 ¥
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v Identify critical locations v Perform a detailed on site RSE__HF approaching se_ctlon _
v Perform a RSE_HF (also based on alon_g the 500 m long approaching v Perform a detailed on site RSE__HF
videas) - section along the 500 m long approaching
v Evaluate the HF_Score of the section

¥ Evaluate the HF_Score of each
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Figure 4.1 — Application fields of the HFET (PIARC, 2019a).

Analyzing the diagram of Figure 4.1 and reading the document in details, it appears that
even at network level (i.e., during NWRSA), the role of the HFET it is not to contribute to a
general screening of the network, but to contribute to a better definition of the problems that
burdened a section already classified as risky (or a single critical location). The section it is not
identified using the tool, but it has been prior identified by other means (accident number,
wheel tracks beside road’s shoulder, grinding marks on the surface of safety barriers, heavy
skid marks on the surface of the road, departed elements of cars like mirrors, car lights,
bumpers etc., dangerous driving maneuvers or near-by-accidents). Thus, in this case, it cannot
be considered as an instrument which can be implemented to carry out a network safety
assessment, but as an instrument which can help in a second phase of detailed analysis (e.g.
targeted road safety inspections (European Parliament and the Council, 2019)). Therefore, this
type of analysis is like the two other ones (high accident concentration section and accident
investigation).

Furthermore, to carry out the analysis procedure, the road stretch just before the PCL, and
the PCL itself, must be analyzed. For these reasons it can be drafted that the tool was born as
an instrument to carry out punctual analysis and thus, in its original form, it is suitable for
implementation during targeted road safety inspections. This may discourage its use as
network safety assessment tool because it requires the analysis of all the PCLs of a network,
which may result in a high time-demanding process. To evaluate the strengths, the

weaknesses, and the limits of the application of the HFET to a longer road stretch, different
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from a single location, the first step of this research was to apply the HFET to two road
stretches for a total length of about 23 km. The entire procedure considered to apply the
original version of the HFET is discussed in CHAPTER 5. In this chapter, the structure, and
contents of the original HFET are discussed, and the amendments proposed to it after testing

it on the two roads.

4.2 Tool composition

The tool is composed by three evaluation checklists, one for each Human Factors rule,
which allow to obtain a final numerical value representing the risk. Each checklist is divided

into different part which are called in this work? as:

- investigation topics, which consider the main aspect to investigate;
- subsections, which consider detailed aspects of the road;

- requirements, which are the most specific aspects, and those that must be voted.

Figure 4.2 presents a sample of checklist referred to the first Human Factors rule: the 6
second rule (examples of the other two rules can be found in the PIARC document (PIARC,
2019a)). The checklist is subdivided in two investigation topics: 1** “Moderation of transitional
areas” and 2" “Perception and visibility”. The 1t is composed directly by 4 requirements,
without any subsections. The 2" investigation topics in instead composed by 4 subsections
and a total of 17 requirements. All the investigation topics, subsections, and requirements are
listed in column 1 of Figure 4.2. Column 5 refers to the possible "fulfilment" of the condition
(ACTUAL), if any. Column 6 (TARGET) represents the "presence" or the “desired presence”
of the Human Factors demand according to the considered road segment. To fulfil the
checklists, each requirement should be answered yes (score 1: the condition is present or
satisfied) or no (score 0: the condition is not present, is impossible to be analyzed or is not met).
The answer is noted in column 5 and 6. Considering the example in Figure 4.2, the point 2.1b
means that the condition is required (target=1) but not satisfied (actual=0), while condition 2.2a
is not required or it was impossible to analyze (target=0 and actual=0) (in this case there were
no curves).

Once all the requirements have been evaluated and the respective cells fulfilled, the
Human Factors Score (HFS) must be calculated. The HFS is calculated summing up the values
in the ACTUAL column and in the TARGET column and calculating the ratio between
ACTUAL and TARGET, as showed in Eq. 2. The result is thus a percentage.

Lps = D1 ACTUAL,

= Y TARGET; Eq.2

12 Originally, no specific names were provided for the different parts of the tool.
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Where:

1 =number of the considered condition;

n = total number of conditions;

ACTUAL = score in the “ACTUAL” column;
TARGET = score in the “TARGET” column.

Human Factors Man-Road-Interface-Eproration© 2017

Road And
oa SR206 Direction North Evaluator n. red

Name Paliotto

Notes: Seeti
cti
Setion 26 9 Date July 2020
Name —
N 3 4 | 5 | s 7

= T g ~

= g C 2 =

& =) £ E = & %

T : : g 2

= -

1. Moderation of transitional area
- manoeuvre section exists? 90 75 75 1 1
- response section section exists? (2-3sec) 90 75 150 1 1
- anticipation section exists? (2-3sec) 90 75 225 0 1
- advance warning section exists? 90 75 300 0 1
Transition zone total 2 4 50%
2. Perception and Visibility
2.1 critical location visible and clearly identifiable
a. each critical point is obvious and visible (crossings, driveways, road bends, bus/tram stops, ...) 0 1
b. Visibility is not restricted by plants, buildings, traffic signs, control devices, roadside furniture, ...) 0 1

c. roadside furniture/equipment and traffic control devices are clearly visible (traffic signs and signals,

markings, safety barriers) ! L
d. day: luminance of surface/traffic signs sufficient 1 1
e. night: lightning and luminance of surface/traffic signs sufficient, retro-reflection of signs and markings is ) )
sufficient
2.2 carves are visible
a. curves are visible (at least 6 sec. ahead to the braking section) 0 0
b. curve is not on/behind a crest 0 0
c. shoulder and marking of the outer curve are visible 0 0
d. visibility on the inner curve is not restricted 0 0
2.3 intersections — visibility triangle from minor road is not obstructed
a. priority traffic is visible for at least 6 sec. ahead - - - 0 1
b. intersection is not on or behind a crest 1 1
c. intersection is better in a sag then on a crest in a hilly terrain 0 0
d. intersection is not in or after a curve 1 1

2.4 intersections — minor road: unmistakable right of way
a. minor road is narrower than the main road 0 0
b. surface of the main road is of higher quality than the minor road 0 0
¢. lay-out of main and minor road are not similar 0 0
d. minor road’s surface is clearly distinguishable from the main road’s surface (e.g. colour variations or 0 0

different paving material)

Perception and visibility total 5 8 63%

Figure 4.2 — Example of HFET sheet fulfilment.

This calculation is made both for each rule separately and considering the whole rules
together (i.e., the “Total HFS”). Considering the whole rules together means to counts all the
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“1s” and “0s” of each rule, summing them together following Eq. 2. Even if a HFS for each rule
is available after the application of the tool, the Total HFS result must be considered to define
the risk of the section related to the analyzed critical location. The results allow to classify the
homogeneous segment having a low, medium, or high accident risk, based on the following
criteria (PIARC, 2019a):

- Low risk: HFS > 60%
- Medium risk: HES > 40% but < 60%
- High risk: HFS <40 %

The possibility of quantifying the risk of Human Factors-related issues, it is an important
quality. One of the main limitations of standard RSI is in fact to lack a numerical quantification
of the identified risk.

4.3 Outcomes from the test

By its application, the HFET has proven to be a useful instrument to assess the risk related
to Human Factors aspects. Nevertheless, some comments can be made based on the first

application.

General aspects

1. The tool was developed to analyze single PCLs. If more PCLs are close together and
influence each other, the tool offers the possibility to analyze together only locations of
few different types. Even in this case, some requirements are shared by more than one
PCL, and thus it is difficult to decide which should be considered for evaluation. For
example, if the presence of the response section must be evaluated and many PCLs are
present, which one must be considered? One solution can be to consider the worst result
for each requirement as suggested in the PIARC document (PIARC, 2019a), but the score
can be heavily influenced.

2. Score calculation. Score calculation is very simple, and this represents a strength of the

tool. Nevertheless, the choice of which critical locations to evaluate, when more than one

is present, may lead to wide difference in the result. Above all the major problem can be

summarized that a very positive score may shroud other negative aspects by increasing

the final score when more PCLs are judged together. A bad intersection analyzed alone

will bring to bad results. A bad intersection and a good curve analyzed together will likely

bring to better results.

Application of the tool to all the PCLs is a very time expending procedure.

W

Sometimes the requirements seem ambiguous, even for a trained inspector. Some sort of
guidelines, with some examples, would be necessary to ensure a higher uniformity of the
judgements.

5. Risk level thresholds. Generally, the medium risk and the low risk level, both means that

accidents are not likely to occur in the analyzed section. Nevertheless, it happens that in
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those medium or low risk sections, the section is at high risk for just a single rule (for
example the third rule score may be under 40%, but the other two are higher; thus, the
Total HFS is higher than 40%, resulting in a medium risk level). High deficiencies in one
rule, should be somehow considered, or simply be highlighted. Moreover, sometimes a
single judgement may determine if the section is at high risk or medium risk. Thus, rely
exactly and only on the Total score may lead to a misleading risk classification.

6. The double voting (ACTUAL and TARGET) may sometimes create confusion. A single
evaluation may improve the usability of the tool and reduce the compilation time.

7. The use of street views may help for remote analysis, nevertheless it is always suggested
to make on-site inspections and video recordings of the road, mounting the camera very
close to the eye of the driver (at list at the same height). Audio registration during the
video will help to keep trace of the perceptions and feeling of the driver, because just
looking at pictures from camera mounted on the car, may influence the visibility,

perception, and comprehension of the PCLs.

First Rule

1. The moderation of transitional area must be compiled based on speed. A definition of
the speed to use must be included. Moreover, indications should be provided on how
to calculate the length required for each section, both considering the breaking action,
and the perception time in response, anticipation, and advance warning sections.
Some relevant PCL, such as pedestrian crossing, seems to have little influence.
Unmistakable right of way presents many very similar requirements that seems to
provide too much weight to the same aspects without considering some other relevant

aspects (e.g., intersection angle).

Second Rule
1. Additional lengths calculations should be avoided. It must be considered to take the
results from the first rule where different lengths have been already calculated.
2. Trying to uniform some criteria and provide information about terminology (for
example the differences between fixation objects and eye-catching objects must be

clarified).

Third Rule
1. Additional lengths calculations should be avoided. It must be considered to take the
results from the first rule where different lengths have been already calculated.
2. The inspection topics and their subsections should be slightly reviewed for better
compliance.
3. Only road alignment influence on expectations is considered. A requirement about
general expectations (GEXs) should be included (for example a pedestrian crossing is

not expected in a rural road where no houses are visible).
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All these aspects are summarized in the SWOT (Strengths, Weaknesses, Opportunities,
Treats) analysis chart of Figure 4.3. The specific considerations for the single rules concern the

requirements and therefore they are all included in the point f) of Figure 4.3.

Helpful for NWRSA Harmful for NWRSA
_ a) Evaluates HF aspects d) Analysis of single PCL
8 b) Simple HFS calculation e) Time expending if considering
-t .
Q c) Numerical value of the HFS gzl B HES
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Figure 4.3 — SWOT analysis of the first version of the HFET.

44 The updated Human Factors Evaluation Tool (HFET)

Consequently, some modifications have been proposed to the original tool. Those

modifications are here summarized. The numbers refer to the weaknesses highlighted in the

previous section (4.3).

General aspects
1. The tool structure now allows to analyze more PCLs together if they all belong to the
analyzed segment. This is valid also for location of the same type (e.g., two curves).
This implementation involves only the format of the tool but needs some deeper
changes to the score calculation procedure (see next point).
2. The calculation of the score has been modified. Because of the previous point more
locations can be analyzed, and different results will likely result for each requirement.
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To overcome this issue, it has been decided to compare the score (i.e., HES) of each
location for each subsection, and consider only the location with the worst section
score. The value assigned to each requirement for that location will be used for the
computation of the whole rule score and the Total HFS. The choice of taking the worst
result as representative, will be discussed in 4.5.

The tool must be suitable to be easily and rapidly applied, thus while using the HFET
as part of the NWRSA procedure, only the worst PCLs should be analyzed. This fast
first screening is up to the inspector. However, even if all the PCLs are evaluated, the
results must be consistent. This bring back to the problem of the score calculation,
whose solution has been discussed on point 2 of this list. Moreover, to fasten the
compiling procedure, an excel file with automatic filling option has been created. The
screening process to reduce the number of PCLs to analyze is part of the HFE
procedure and will be deeply discussed in CHAPTER 5.

Guidelines have been produced with many examples to help inspectors (APPENDIX
1). These guidelines have also the objective of reduce the subjectivity in judgments. The
formulation of the requirements has also been revised and checked for consistency.
The three risk levels have been confirmed and it is not necessary to introduce
additional indices. However, more HFET applications must be considered together
(e.g., in the HFE procedure), the results of each rule and not only of the Total HFS must
be considered. How to do it is described in 4.5.

A single evaluation has been considered, based on three symbols: “na”, which means
“not analyzable”, that is that the requirement cannot be judged (e.g., it is not present),
“0”, which means that the requirement can be judged, and it is judged negatively, and
“1” which means that the requirement can be judged, and it is judged positively. The
results will not change by applying the first evaluation method, or the one here
proposed.

It is strongly recommended, also