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Abstract: Cyclists are at a higher risk of being involved in accidents. To this end, a safer environment
for cyclists should be pursued so that they can feel safe while riding their bicycles. Focusing on
safety risks that cyclists may face is the main key to preserving safe mobility, reducing accidents,
and improving their level of safety during their travel. Identifying and assessing risk factors, as
well as informing cyclists about them may lead to an efficient and integrated transportation system.
Therefore, the purpose of this research is to introduce a risk index that can be adapted to different
road areas in order to measure the degree of how risky these areas are for biking. Cyclists” behavior
and demographics were integrated into the risk index calculation. The methodology followed to
obtain the risk index composed of four phases: risk factor identification, risk factor weighting, risk
index formulation, and risk index validation. Nineteen risk factors are categorized into four major
groups: facility features, infrastructure features, cyclist behavior, and weather and traffic conditions.

Keywords: risk index; cyclist behavior; road characteristics; risk weighting

1. Introduction

Road safety remains a global concern in road infrastructure management. It is essential
to address the concerning increase in accidents involving vulnerable road users, particularly
cyclists. Although the Netherlands is known for its cyclist-friendly infrastructure, cyclists
accounted for 30.7% of total road accident fatalities in 2020 [1]. A similar pattern can be
observed worldwide, where bicycle accident fatalities have increased in many countries,
despite an overall decrease in transport fatalities between 2010 and 2019. In the EU, over
2000 cyclists died in traffic in 2019, and the proportion of seriously injured cyclists rose
from 7% in 2010 to 9% in 2019 [2]. These statistics underline the urgent need for more
powerful cyclist safety initiatives.

The objective of this research is to tackle this challenge by introducing a transformative
approach to cyclist safety, distinguished by the following contributions:

a. Risk Index Development: This study introduces a straightforward risk index that can
be adapted to different road areas in order to measure the safety level of different
road facilities for cycling. This risk index includes the identified factors influencing
cyclists’ safety, including infrastructure, environment, traffic, and cyclist behavior.
The identification and analysis of risk factors are based on a literature review related
to cyclists” safety, the collection and analysis of accident data from several countries,
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and an analysis of recorded videos from real road experiments previously conducted
in Stockholm, Sweden.

b.  Cyclist Behavior Integration: A distinctive aspect of this research is the study and
integration of cyclists” behavior in this risk index because it has a major impact on
their safety [3,4]. Risk-taking behaviors and traffic violations of cyclists are major
contributory factors to accidents [5]. For example, 18% of accidents were a result
of the carelessness and inattentiveness of cyclists in France [3], and 30% of cyclists’
injuries are due to driver inattention in the US [6]. It is, therefore, very important to
investigate the behavior of cyclists and include it in a risk index approach in order to
obtain more precise information that is often neglected in existing studies.

c.  Decision Support for Policy Makers: This risk index will help policy makers and
urban planners make powerful decisions to improve road safety and promote safety
regulations. By evaluating roadway conditions for bicycle use based on the risk
index, policy makers can proactively identify gaps in the road and cycling network,
promoting a decision-making framework.

d. Applications for Automotive Tools: The proposed risk index can also serve as a
foundation for the development of automotive tools designed to mitigate different
types of accident occurrences or reduce the severity of injuries. Furthermore, this risk
index leads to the development of a real-time alert system for cyclists, warning them
of the risks associated with certain areas of the road segment, based on their current
speed. Warning cyclists of the risks associated with riding a bicycle on a road segment
will help prevent future traffic accidents as cyclists will react properly in advance.
These innovative countermeasures, such as integrating intelligent transportation
systems (ITSs) into bicycles will improve the safety of cyclists as vehicle ITSs have
succeeded in decreasing road traffic fatalities, particularly among passenger car
occupants, in recent years [7].

In summary, this research introduces innovative concepts that will have a significant
impact on the development of a sustainable and safe transportation system.

1.1. Literature Review

With the growing use of bicycles worldwide, urban and transportation planning is
dedicating greater attention to preserving the safety of cyclists. Quantifying, assessing, and
comparing the causes and consequences of bicycle accidents are essential for improving
cyclists’ safety. To this end, there has been an upsurge in interest in researching the factors
and attributes of bicycle safety over the years, resulting in several studies and method-
ologies related to safety indexes. This section includes a comprehensive literature review
of the predominant bicycle indexes and risk assessment models obtained by researchers
and intended to provide stakeholders such as engineers, planners, and municipalities
with methodologies to assess and rank the safety of road networks for potential bicycle
infrastructure project improvement.

1.1.1. Bicycle Safety Indexes
The main bicycle indices identified in the literature review are as follows:

e  Bicycle Level of Service (BLOS): The BLOS measures cyclists” perception of comfort
and safety level for specific roadway geometries, taking into account road geometries
and traffic conditions [8,9].

e  Bicycle Level of Traffic Stress (BLTS): This measures the desirability of a bicycle facility
by considering not only the geometric characteristics but also the suitability of the
environment for different user groups within the population [10].

e  Bikeability Index: It is the perceived comfort, safety, and convenience of an entire bikeway
network and access to important destinations (community wide/macro-level) [11].

e  Safety Performance Functions (SPFs): They provide a statistical relationship between
crash frequency and major predictors. It is used to predict the expected number of
crashes on a particular type of facility given specific conditions [12].
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e  Bicycle Safety Index: It is developed for specific regions, using a scoring system of
different safety factors, ranging from highly safe to highly risky [13,14].

A detailed overview of the comparison is presented in Table Al in Appendix A,
which outlines different indexes, including the factors used, the methodology, and their
associated outputs.

While these indexes provide valuable insights, they often focus on infrastructure-
related factors. These include the presence of bicycle lanes and their widths, pavement type
and condition, roadway type, and road use diversity and intensity (parking lots presence,
commercial shops presence, schools, etc.), as well as speed and traffic volumes. However,
they tend to overlook an important safety factor such as road user behavior. The absence of
such a factor may not provide a comprehensive understanding of safety.

1.1.2. Risk Assessment Model in Bicycling Safety

Recent studies have refined risk management practices to serve bicycle safety purposes
as follows:

e  Crash Data Analysis: These studies analyze factors affecting injury severities in differ-
ent types of bicycle accidents, presenting the relationship between observed factors
and cyclists” safety through statistical analyses such as regression models [15,16].

o Integrated Risk Models: Integrated models assess exposure, crash data, and the
evaluation of severity, likelihood, and frequency for a set of risk factors related to
bicycle accidents [17,18].

For crash data analysis, the objective is to study the factors contributing to accidents
by analyzing bicycle accident data, which includes information on the types of accidents,
their frequencies, contributing factors, and outcomes. The methodology used in the crash
data analysis relies on statistical methods to find the relationship between these factors and
cyclists’ safety or any other interesting patterns related to bicycle safety.

For integrated risk models, the objective is not to rely solely on accident data but to
include additional factors that assess risks in detail, such as bicycle riding trips, environ-
mental factors, driver behavior, etc. A quantitative risk assessment model is then used to
develop risk management strategies.

This study, presented in this article, serves as the completion and integration of these
works (risk factor identification, the probability of occurrence, and impacts). The objective
is to introduce a risk index formula that can be used to measure the degree of risk associated
with each road segment.

1.2. Comparative Overview with Risk Index

The literature review and analysis of different studies allowed us to discuss controver-
sial aspects and identify major gaps that need to be addressed in our research. Previous
studies did not focus on the impact of cyclists” behavior on risks such as gender, inattention,
and bicycle use in different types of weather and traffic conditions. Also, the existing
bicycle safety index, for example, developed in previous studies was based on a macro-
scale, and on observing cyclists across different city sites for a certain risk factor, which is
maneuver avoidance.

It is therefore necessary to develop a straightforward risk index that integrates all
potential risk factors that put the cyclist in danger or probable hazard. This index should
not rely on infrastructure and facility features but should also include other important risk
factors such as cyclists’ behavior, demographics, and weather conditions. Unlike models
based on logistic or Poisson models, this study’s approach focuses on identifying and
assessing risk factors for a road layout segment, by developing a systematic method of
testing and validation. It is based on a risk assessment model that identifies risk factors,
determines accident likelihood due to the risk factor, and measures the severity level of
potential accidents.

This risk index incorporates the foundational knowledge from previous indexes,
principles of risk assessment, a combination of most factors, analysis of accident data, and
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severity analysis of risk factors. The aim is to provide a real-time measure of the degree
of risk on a given road segment and to serve as a tool for mitigating accident occurrence
and reducing the severity of cyclists” injuries. To preserve cyclist safety, engineers (i.e.,
automation engineers, systems engineers, etc.) can use this risk index to develop an
advanced tool that can be installed on bicycles.

2. Materials and Methods

The current paper aims to produce an adequate risk index for bicycle safety using
different variables, which can be attained by following the methodology, composed of
different major phases, and presented as a chart shown in Figure 1:

Risk Factors Identification
Risk Assessment Model
Risk Factors Prioritization and Weighting
Risk Index Formulation

Case Study and Validation

Figure 1. High-level risk index methodology.

In the first phase, we aim to identify primary safety risks that impact the cyclists’ safety
while riding. This phase is based on in-depth research and data analysis. So, we start with
a literature review to identify the factors that contribute to cyclists” safety. Additionally, we
use accident data and reports to obtain frequent risk factors leading to bicycle accidents.
We refer to documents published between 2012 and 2022 concerning bicycle safety to
provide recent studies and obtain relevant findings in this field. The geographic scope of
the data comes from the EU countries (the Netherlands, Germany, Switzerland, Belgium,
Denmark, Italy, and France), the UK, the USA, Australia, and South Korea. This scope
allows us to address potential variations in factors that influence accident patterns, such as
infrastructure. We also analyze over twenty videos from previous real road experiments
where the cyclists rode an instrumented bicycle equipped with different sensors such as
speedometer, accelerometer, GPS, etc. These experiments were conducted on roads with
different characteristics and layouts. This analysis allows us to capture the real-world risk
that cyclists may encounter. By combining these strategies, all significant contributing
factors are identified and added to the risk index.

In the second phase, the focus is to evaluate the probability of occurrence of bicycle
accidents due to each risk factor and to understand their impact on overall bicycle safety.
This is carried out by using the same approach as in the first phase. Then, the severity
of risk factors is deduced by obtaining their probability and impact using the risk matrix.
This phase identifies those factors which present a higher level of risk than the others. The
outcome of this phase is a hierarchy of risk factors. This prioritization paves the way for
the calculation of risk factor weights in the third phase, which combines the risk matrix
and Analytic Hierarchy Process (AHP) theory. AHP is one of the relevant methods for
combining qualitative and quantitative methods that serve the risk assessment objective. It
breaks down the hierarchical structure to assess each risk factor according to its severity.
The factors are then compared to determine their level of importance level. The AHP
method is used to check that the results are consistent, in order to validate the reliability
method. The risk index formula is introduced in the fourth phase of this study. This formula
enables roads to be quantitively assessed and high-risk locations to be prioritized. A case
study was carried out by selecting a certain road layout and evaluating it by calculating the
risk index. Following this evaluation, this phase also aims to validate the risk index and
ensure its reliability for real-world application scenarios by comparing it with objective
accident data.
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2.1. Risk Factors Identification

With reference to the literature review and video analysis, risk factors potentially
contributing to accidents are categorized into four groups: (1) facility features, (2) infras-
tructure features, (3) cyclist behavior and demographics, and (4) bicycle use. Nineteen
major risk factors are identified in accordance with the study framework and objective of
our study as shown in Figure 2. All of these factors are incorporated into the formula of the
risk index.

Facility Features

Infrastructure
Features ‘<

Cyclist Behavior & <
Demographics

Bicycle Use {

Figure 2. Risk Categories and components identification.

The summary below provides an overview of the categories with their corresponding
key factors, including the likelihood of occurrence of certain risk factors.

e  Facility Features: The facility is an essential network for meeting road users’ needs.
The facility types used by cyclists such as bike lanes, bike paths, shared use paths,
significantly affect safety. The bike path is commonly considered the safest depending
on the degree of separation [19], while bicycle lanes tend to have less severe accidents
than shared-use paths [20]. The highest danger index by facility type is 4.49 for off-
road /unpaved paths and 1.39 for multiuse paths [21]. Excessive access points such as
intersections, other roads, parking, etc. can increase the likelihood of bicycle accidents,
especially on two-way bicycle facilities. The highest number of bicycle accidents is
related to facility features and is due to collisions with other road users (more than
65%) [21,22]. Also, the presence of fixed and non-fixed obstacles such as street furniture
(benches, bins, poles, signs, barriers, fountains, bus/tram stops), trees, parked cars,
door cars, etc., may lead cyclists to collide with them and endanger themselves or have
accidents. A total of 24% of cyclists have collided with obstacles and been injured [23],
and on-street parked vehicles increase the likelihood of bicycle accidents and conflict
due to car doors opening into cyclists” paths [24]. Safety protective barriers play a
crucial role in preventing injuries in any event of hazard such as a run-off road vehicle
accident. For example, in the event of an accident, the barriers along the roadway
can absorb the kinetic energy of the vehicle by deforming over a certain distance.
Therefore, this will considerably reduce the severity of accidents and run-off-road
accidents [25]. A total of 55% of the cyclists who participated in the experiments chose
an off-road without safety barriers as presenting a higher accident risk [4].

e Infrastructure Features: The road infrastructure includes different critical geometries,
and can frequently increase the risk of bicycle accidents [24]. One critical factor is
lane width. By considering the lane width, the number of lanes is also covered at this
point. The risk of bicycle accidents increases on narrower widths as cyclists may have
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limited space to maneuver or are more likely to collide with obstacles or other road
users. The minimum required width of a bike lane should be 1.2 m and 1.5 m if itis a
bike lane with on-street parking [26]. In addition, the condition of road surface plays a
significant role, with well-maintained pavements reducing fatal and injury accidents
by 26% compared to deficient pavements [27]. Road curvatures also matter. Curves
straightening can reduce accident frequency, with curves having a radius between
200 to 400 m, resulting in a 50% accident reduction [27]. Steep descent grades (higher
than 5%) are considered undesirable because they can cause cyclists to exceed safe
speeds, increasing the risk of injuries [26]. Also, 36% of their participants considered
that the road layout with steep grades is the least comfortable road to ride [4]. The
risk of injury from bicycle accidents is 2.3 times higher on roads with downhill slopes
compared to roads without slopes [28]. Dark streets pose a significant risk; they can
lead to a seven times increase in fatalities and higher rates of vehicle-bicycle accidents
due to reduced visibility of the road users [28]. To enhance safety, vertical signs such
(stop signs) and horizontal signs (pavement road markings) are important, providing
guidance to cyclists of any unexpected or hazardous conditions and warning them of
changing conditions while riding [26].

Cyclist Behavior and Demographics: Cyclist behavior and demographics have a strong
influence on the risk of bicycle accidents. Personal characteristics such as age, gender,
cycling experience level, and attention shape how cyclists react differently to other
road users and obstacles, consequently affecting their likelihood of collisions [29].
Alcohol consumption while cycling presents a significant risk, but the frequency of
intoxicated cyclists varies between countries. For example, the US recorded more
than 34% of fatal bicycle accidents because of alcohol consumption by the driver or
cyclist in 2020 [29]. Cyclist inattention is one of the leading causes of cyclist injury,
accounting for 30% of cyclist injuries in the UK [30]. On the other hand, distraction is
responsible for 11% of bicycle accidents in Belgium [31]. Disobeying the traffic rules
such as running red lights, using phones/smartwatches, and not wearing a helmet is
another danger. For example, a study by [4] showed that 25% of its participants did
not stop at a red traffic light, and 6.9% of commuting cyclists break the red lights [32].
Accident risk is also affected by the age of the cyclist, with older cyclists at higher
risk due to slower reaction times when facing sudden conflicts or obstacles in their
path [23,25]. In terms of age, cyclists aged between 50 to 59 are at the greatest risk of
being involved in accidents. For example, in the US, 41% of bicycle accidents involve
this age group, followed by the 60-64 age group [6]. France also reported in 2019
that the 55-64 age group had the highest number of cyclists killed [33]. Moreover,
gender influences risk, with male cyclists having a higher injury risk and collision rate
than women. According to a study by [34], men had a crash risk 1.43 times higher
than women. In addition, cycling experience plays a crucial role. Several findings
in the literature presented that inexperienced or infrequent cyclists may be involved
in accidents compared to confident and experienced cyclists. This group is capable
of riding on busy roads in different conditions, and of navigating their way through
traffic to reach their destination [26].

Bicycle Use: Cyclists’ safety is linked to weather and traffic conditions. Bad weather,
such as rain, snow, fog, and wind, has a considerable impact on road surfaces and cy-
cling conditions. These conditions can lead to slippery road surfaces or snow-covered
surfaces, making it easier for cyclists to lose their control while riding. Additionally,
cyclists may encounter obstacles as these weather conditions decrease the visibility of
cyclists. A study shows that 18% of participants were involved in high-risk accidents
due to skidding on slippery surfaces (wet, snow, ice) [22]. Furthermore, the time of the
day is an important factor to be considered in bicycle accident occurrence. According
to national statistics of different countries, a significant number of collisions happen
during the commute to or from work. Morning peak hours (around 06:45-09:15 a.m.)
and evening peak hours (around 5:00 p.m.—8:00 p.m.) are the critical times when
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bicycle accidents are most likely to occur on weekdays [6]. This may be due to the
high volume of road users during these hours, their greater exposure to traffic, or
the cyclist’s behavior. Cyclists tend to drive more aggressively during busy morning
travel journeys and such behavior can increase the likelihood of an accident [35]. In
the US, 49% of fatal accidents occurred in daylight, compared with 47% in darkness,
and the largest group of cyclist fatalities was between 6 p.m. and 8:59 p.m. [6].

2.2. Risk Assessment Concept

Four components are used to apply risk assessment concepts and prioritize contribut-
ing factors: risk exposure, the level of likelihood of risk occurrence, the level of risk impact
on cyclist safety, and the severity of risk factors [12,36,37]. These are summarized as follows:

Risk Exposure: It determines the risk factors to which cyclists are exposed.

Level of Probability of Risk Occurrence: It quantifies the probability of a cyclist being
involved in an accident due to a specific risk factor. The Likert scale of level of
probability is divided into five levels presented in Table 1 [38], ranging from very low,
exceptional circumstances (0 to 10%) to very high, very frequent accidents (80 to 100%).
The traditional risk assessment model is applied in the bicycle safety domain.

e  Level of Impact of The Risk: It measures the influence of the occurrence of specific risks
on the safety of the cyclists. The Likert scale for assessing the impact is divided into
five levels presented in Table 2. It ranges from negligible, indicating no impact on the
cyclists’ safety to major, indicating that the risk can result in fatal accidents. Negligible
injuries are superficial injuries or bruises that may not require medical attention. Minor
injuries include minor muscle strains causing discomfort or minor cuts requiring basic
first aid. Moderate injuries are fractures that may require medical attention but are not
life-threatening. Significant injuries may require surgery for proper healing, or stitches
requiring medical intervention. Major injuries include severe conditions such as head
injuries leading to disability, severe damage to the spinal cord leading to paralysis, or
injuries leading to death of the cyclist such as severe head trauma.

e  The severity of the risk factor: It quantifies the risk severity resulting from potential
accidents, as per the risk matrix shown in Table 3 [38]. The risk matrix is a visual tool
used in the risk assessment process, categorizing the severity of risks based on the
combination of the probability of an accident occurring, represented along the X-axis,
and its consequences on cyclist safety, represented along the Y-axis. Itisa 5 x 5 matrix
that provides a powerful way to prioritize the risks. The use of this matrix is simple to
obtain a qualitative assessment of risks. By analyzing the probability and impact of
risks, the risk matrix generates various scenarios, each indicating a specific level of
severity in the context of cyclist safety.

Table 1. Probability level of risk occurrence.

Probability Level Definition Percent
Very Low The accident occurs in exceptional circumstances due to the risk <10%
Low The accident is likely to occur in low circumstances due to the risk ~ 10-30%
Medium The accident may occur frequently due to the risk 31-60%
High The accident may occur in most circumstances due to the risk 61-80%
Very High The accident occurrence is almost certain due to the risk >80%

Table 2. Impact level of risk.

Impact Level Definition
Negligible Little or no impact on cyclist safety
Minor Minor impact on cyclist safety, for example, first aid treatment
Moderate Moderate impact on cyclist safety, for example, necessary treatment
Significant Significant impact on cyclist safety, for example, hospitalization required

Major Major impact on cyclist safety, for example, fatal accidents
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Table 3. Risk matrix.
Severity
Probability Level
Impact
V. Low Low Medium High V. High
Negligible V. Low Low Low Medium Medium
Minor Low Low Medium Medium Medium
Moderate Medium Medium Medium High High
Significant Medium High High V. High V. High
Major High V. High V. High V. High V. High

2.3. Risk Factors Prioritization and Weighting
2.3.1. Severity of Risk Factors

The severity of the risk factor is obtained by referring to the risk matrix shown in the
previous section (Table 3). Accordingly, the severity for each category is as follows:

e  Facility features severity is classified as very high;

e Infrastructure features severity is classified as high;

e  Cyclist behavior and demographics severity is classified as high;
e  Bicycle use severity is classified as medium.

Furthermore, the severity of individual risk factors within each category is identified
as detailed in Table 4.

Table 4. Risk factors severity identification.

Risk Factors Components Severity
. Facility Type Very High
Facility Features e Facility Accesses Very. High
e  Obstacle Existence High
e Deficiency in Safety Barriers Medium
. Bike Lane Width Medium
. Surface Structure Conditions Very High
. Curvature High
Infrastructure Features e Grade High
e  Street Lighting High
. Signs Medium
. Pavement Marking Medium
e  Alcohol Consumption Very High
e Inattentiveness Very High
. . . . Traffic Rules Breaking Medium
Cyclist Behavior and Demographics | Gender Medium
o Age Medium
o  Cycling Experience Level Low
Bicvele U e  Weather Conditions High
1cycle Lse e  Traffic Conditions High

2.3.2. Pairwise Comparison Matrix

The determination of weights for each risk factor in this study is accomplished by
using the pairwise comparison matrix within the Analytical Hierarchy Process (AHP). The
AHP process serves as a comprehensive framework for representing and quantifying the
significance of different elements within a decision problem [39]. It is widely employed
worldwide across different domains including engineering, business, education, and gov-
ernment. The AHP process is applied in this study because it enables the identification
and quantification of the relative importance of risk factors. This approach is the basis
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for evaluating risk factors and better understanding their contribution to the overall risk
assessment. The methodology of this process involves different steps:

1.  Creation Pairwise Comparison Matrix: Develop a single pairwise matrix for the
four primary risk categories to compare each category with the others. This matrix
establishes the relative importance of one category over the others.

2. Assignment of importance values to each category: Assign importance values reflect-
ing their relative significance compared to others. The values, ranging from equal
importance to extreme importance, are shown in Table 5. Table 5 presents the scale
indicating the importance of one criterion relative to another. The values range from 1
to 9, where 1 implies equal importance and 9 signifies extreme importance.

Table 5. Importance scale.

Value Importance Scale of the Criteria

—_

When two criteria are equally important
One criterion is equally to moderately important to the other
One criterion is moderately important than the other

One criterion is moderately to strongly important to the other

One criterion is more strongly important than the other
One criterion is strongly to very strongly important to the other
One criterion is very strongly important than the other
One criterion is very to extremely important to the other
One criterion is extremely important than the other

O O NN Ul WIN

3. Weights Calculation: Obtain weights for each category by following the steps below:

e Normalizing the pairwise comparison matrix by dividing each assigned level of
importance by the sum of its respective column using the Equation (1). This leads to a
sum of 1 for each column within the matrix:

N, By
Xl By

)

where:
O Njj is the normalized element in the matrix;
O Djj is the element in the original pairwise comparison matrix (Assigned Importance Value);
O n is the number of elements in each column.
When a level of importance is assigned to one category, the reciprocal value is used
for the inverse comparison.

e  Calculating the priority vector involves finding the row-wise average of the normalized
matrix using the Equation (2):

n
_ Lim Ny

Vi ! 2)

n
where:
O Vj is the priority vector for the i-th row;
O n is the number of elements in each row.

e  Calculating the principal eigenvector involves finding the eigenvector corresponding
to the largest eigenvalue of the normalized matrix using Equation (3):

3)

where:
O W is the principal eigenvector (normalized weight vector);
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O V is the priority vector;
O Amax is the largest eigenvalue of the normalized matrix (find it from det(A — AI) = 0.

4. Validating this process by assessing the consistency ratios, ensuring the reliability of
the computed weights by using Equation (4) [39]:

Amax — 1
CR = 1 /RI 4)

RI is the random index obtained from the table of the random consistency index in the
function of matrix size [39]. In this study case, the matrix size for the main categories is 4,
so RI'is 0.9.

The same method is applied to the components within each category to obtain their
weights as shown in Table 6. It presents the risk factors along with the corresponding
weights. The results indicate that facility features have the highest weight, meaning that
these features have a greater impact on cyclist safety, with an overall weighting of 0.568.
This is followed by infrastructure features with a weight of 0.224, cyclist behavior with a
weight of 0.134, and bicycle use with a weight of 0.074. This hierarchy of weights highlights
the ranking of factors influencing cyclist safety. It is essential to ensure that the sum of these
weights equals one, an important validation of the weighting process. The final step of our
analysis involves calculating the consistency ratio (CR). This ratio is a critical measure of the
degree of consistency in our pairwise comparisons. A higher value of the consistency ratio
implies less consistency, whereas a lower number means a higher degree of consistency. If
the consistency ratio CR < 0.1, the pairwise comparisons are relatively consistent. However,
if CR > 0.1, the pairwise matrix should be reconsidered to identify and resolve the sources
of inconsistency, and redo the analysis. The consistency ratio obtained in this study is
0.008, reassuring that the pairwise comparison matrix used demonstrates a high level of
consistency. This emphasizes the reliability of our weightings.

Table 6. Weights of risk factors.

Facility Features Weighting Factors

Facility Type 0.277
Facility Accesses 0.19

Obstacle Existence 0.069
Deficiency in Safety Barriers 0.031
0.568 1

Infrastructure Features Weighting Factors
Lane Width 0.0144
Surface Structure 0.0818
Curvature 0.0354
Grade 0.0354
Street Lighting 0.0354
Signs 0.0144
Pavement Markings 0.077
0.2241

Cyclist Behavior Weighting Factors
Age 0.0111
Gender 0.0111
Level of Experience 0.0049
Breaking Traffic Rules 0.0111
Inattention 0.0479
Alcohol Use 0.0479

0.1341
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Table 6. Cont.

Bicycle Use Weighting Factors
Weather Conditions 0.037
Traffic Conditions 0.037
0.0741

1 Total value of each category.

2.4. Risk Index Formulation

The formula for calculating the overall risk score of a road segment is updated and
presented as follows in Equation (5) [25,40,41].

RI=) (w; x V) (5)

i

where: RI = overall risk index of a road segment; w; = weight of a risk factor in a single
category; and V; = value of a risk factor that occurred within a road segment; i stands for
the number of the risk factors observed within the road segment.

The risk index is set between 0 and 1, where 1 corresponds to the highest risk criticality
of the road segment and 0 to the lowest criticality, as shown in Table 7. The range selected
is to be between 0 and 1 because the weights are between 0 and 1, and the number of
occurrences is adapted to be between 0 and 1 as shown in Table 8 [25].

Table 7. Risk index range.

Value 0<RIL03 03<RIL06 06<RI<1

Range Low Medium High

Table 8. Level of occurrence of risk factors within the segment.

Low Medium High
Number of 1-3 45 >5
Occurrences
V; 0.25 0.5 1
3. Results

3.1. Risk Index Validation: Case Study Evaluation

A case study was conducted to validate the effectiveness of the risk index formula,
on a 3.5 km road in Stockholm. This road was selected as a real-world test site because of
its diverse characteristics and complex infrastructure. The aim is to assess the formula’s
ability to evaluate the risks faced by cyclists in their daily activities, such as commuting
to and from work, or short distances such as going to coffee shops or shopping trips.
The different characteristics of the road provide a challenging environment to test the
formula’s application.

This study aims to evaluate how well the formula could predict and quantify the risks
associated with cycling in a complex road environment.

The road, illustrated in Figure 3, is divided into nine segments to isolate distinct
scenarios. Each segment contributes to obtaining a detailed analysis of the risk index by
highlighting different challenges.



Infrastructures 2024, 9, 14

12 of 23

Figure 3. Segments distinction within the route.

3.2. Road Measurement and Assessment

Different participants rode the instrumented bicycle, equipped with different sen-
sors [4], to collect reliable data for studying bicycle movement and completing the road
assessment process by having real-time monitoring and conducting post analysis of the
bicycle ride.

These sensors were strategically selected to capture the road environment, cyclist
behavior, and potential safety risks. These sensors help validate the risk index by gathering
the required information for a detailed investigation of the road segments.

Some of the main sensors include:

e  GPS (Global Positioning System): Garmin Edge 130 plus, which includes GPS to detect
the precise location and movement of the instrumented bicycle in real time throughout
the entire road layout. This device has been attached to the handlebars for easy control.

e  Accelerometer: AlianTeck’s G-link-200 Triaxial accelerometer measures the acceler-
ations of the front part of the bicycle, providing information on speed changes and
sudden stops of the bicycle.

e  Inertial Measurement Unit (IMU): Unit+ WLAN “Shell” 4.0 Data Logger from Avisaro
to measure rear-end accelerations, orientation, and trajectory of the bicycle. The logger
was mounted on the rear seat of the bicycle.

e  Eye Tracker: Pro Glasses 2 Mobile Eye Tracker from Tobii. This tracker was equipped
with 4 eye cameras and a scene camera. It was used to record participants’ gaze, to
record live video of the road, surrounding environment, weather conditions, and road
surface conditions.

The sensors continuously gathered data on the bicycle’s movement, environmental
conditions, and participant reactions during the real road experiment rides. Real-time
monitoring allowed us to collect dynamic parameters, such as sudden stops, accelerations,
and gaze tracking using the Eye Tracker. On the other hand, post-ride analysis further
enhanced the analysis by observing recorded videos of the participants’ scenarios and
extracting the required data. These combined approaches lead to a profound evaluation of
each road segment, considering road features, cyclist behavior, and environmental factors.

With respect to the route characteristics, the road layout is divided into nine segments,
as presented in Figure 4.
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Figure 4. Road segments.

e Segments 1 and 9: It is 565 m in length and is composed of a shared-use path where
participants ride on a roadway not marked as a bicycle lane, but it is open to them to
cycle next to the other vehicles. Segment 9 is the return segment.

e  Segments 2 and 8: It is 185 m in length, and above 1.2 m in width. It is composed of a
bicycle path connecting segment 1 to segment 3. It is a declined slope. Segment 8 is
the same segment of 2, but it is the return path to the start point, so the slope is uphill
in this case.

e  Segment 3: It is 630 m in length and is composed of a separate bicycle lane without
physical safety barriers. This segment starts immediately after crossing the bicycle
path from segment 2. It is a straight lane.

e  Segment 4: It is 370 m in length and is composed of a shared bicycle-bus lane. This
lane is not separated from vehicle traffic. It is also not designated and marked as a
bicycle lane, but it is open to bicycles, motorcycles, E-scooters, and bus travel.

e  Segment 5: It is 575 m in length and 5 m in width. It is composed of an off-street bike
path and separated from vehicle traffic but shared with pedestrians and other road
users such as E-scooters. This segment passes between trees.

e Segment 6: It is 285 m in length and 5 m in width. This segment passes between
diagonal parking lots on both sides. It is composed of an off-street bike path and is
separated from vehicle traffic but shared with pedestrians and other road users such
as E-scooters and cars leaving their parking lots.

e  Segment 7: It is 140 m in length, and above 1.2 m in width. It is composed of a bicycle
path connecting segment 6 to segment 8.

Observed Road Features and Data

The risk factors and their level of occurrence within each road segment are identified.
The average demographic characteristics of the participants were as follows: male, aged
2649 years, and with average cycling experience. In addition, it was identified that they
had moderate traffic violations and were moderately inattentive while driving. The weather
during the ride was foggy and the road surface was frozen. The characteristics and results
of measurements and evaluations are included in Table 9, providing an overview of the
observed features, cyclist behavior, and environmental factors across the entire route.
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Table 9. Risk index calculation for segment 1.
Road Observed/Collected Road Features Cyclist Behavior Bicycle Use Risk Index Risk Range
Segment Data
e  Shared use path
. Low uncontrolled access . .
e Minor presence of obstacles * Med?um Beaking
° Absence of safety barriers {raffltc Rl\l/llle; Wet/i ¢
: : . ow to Medium . et/icy surface )
tanag 7 Hhpresencectsurfaceanomalies* IR OL I L e 054 Medium
. No curvature ° No AICOhO.l
e  Fair condition of streetlights Consumption
. Deficiency in signs
. Deficiency in pavement markings
e Bicycle path
° Low controlled access
e Minor presence of obstacles
. High presence of surface anomalies . Medium Breaking
. Medium deficiency in barriers Traffic Rules
. Adequate lane width . Low to Medium Sl}rface accumulated
2and 8 . Downbhill grade in certain parts of Inattention with snow 0.323 Medium
the segment (uphill grade in the e  No Alcohol e Low traffic
return route) Consumption
° Low curvature
e  Fair condition of streetlights
. Medium deficiency in signs
e  Presence of pavement markings
° Bicycle lane
. High accesses
e  Intermediate presence of obstacles
e Intermediate presence of surface
anomalies . Medium Breaking
. Absence of safety barriers Traffic Rules. )
3 . Adequate lane width . Low to Medlum . Wet / icy surfa.ce 058 Medi
. Normal grade Inattention e  Medium traffic . edium
. No curvature ® No Alcohol
e Fair condition of streetlights Consumption
e Deficiency in signs
. Presence of pavement markings (not
visible when the surface is covered
with snow)
° Shared use path (with bus)
. Medium accesses
. Intermediate presence of obstacles ° Medium Breaking
. Absence of safety barriers Traffic Rules
o Intermediate presence of . Low to Medium e Wet/icy surface
4 surface anomalies Inattention . Medium traffic 0.645 High
. Normal grade ° No Alcohol
° Medium presence of curvature Consumption
e  Fair condition of streetlights
. Deficiency in signs
° Deficiency in pavement markings
. Bicycle path
° Medium accesses
° Intermediate presence of obstacles . Medium Breaking
. High presence of surface anomalies Traffic Rules o Wet/icy surface
e Absence of safety barriers . Low to Medium e  Waterlogged on
5 ®  Adequate lane width Inattention the road 04 Medium
M Normal grade . No Alcohol . Medium traffic
. Low curvature Consumption
e  Fair condition of streetlights
. Deficiency in signs
. Deficiency in pavement markings
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Table 9. Cont.
IS{:;rcri\ent ggts:rved/Collected Road Features Cyclist Behavior Bicycle Use Risk Index Risk Range
e Bicycle path (diagonal parking lots
on both sides)
. High accesses . .
e  High presence of obstacles ° Medl'um Breaking )
e  High presence of surface anomalies Traffic Rules. Wet/icy surface
6 e Absence of safety barriers e Lowto Medlum Waterlogged on 0507 Medi
e Adequate lane width Inattention the road : edium
e Normal grade e  No Alcohol Medium traffic
e  Low curvature Consumption
. Fair condition of streetlights
. Deficiency in signs
. Deficiency in pavement markings
. Bicycle path
. Low controlled access
° Minor presence of obstacles . .
e Intermediate presence of * Medl.um Breaking
surface anomalies Traffic Rules' Surface accumulated
” e Presence of safety barriers ° }“OW to Medlum with snow 0.256 Low
e Adequate lane width nattention Low traffic
e  Normal grade *  No Alcohol
e  Low curvature Consumption
. Fair condition of streetlights
. Deficiency in signs
. Presence of pavement markings

The calculation of the risk index for each segment, along with their associated risk
ranges, is shown in Table 9.

3.3. Comparing Risk Index with Objective Measures
3.3.1. Statistical Analysis

To evaluate the success and validity of the risk index, objective data based on accident
data records from Cambridge, UK are used. Detailed accident data were sourced from police
reports, specifically the Department for Transport’s/police STATS19 database, covering the
period from 1999 to 2022. Furthermore, CycleStreets [42] provides accident data through
visualization on online street maps. So, the frequency of bicycle accidents for seventeen
segments in the Cambridge area is collected from 2015 to 2020, as shown in Table 10. The
corresponding risk indexes (RI) are also calculated using Equation (5) by observing all
their characteristics and features within each segment. These characteristics include factors
related to infrastructure, weather conditions, and traffic conditions contributing to the risk
assessment. The 2015-2020 timeframe is selected as the period of interest to cover recent
changes in the area.

Table 10. Frequency of bicycle accidents in different road segments from 2015 to 2020.

RI Observed
Low 2
Medium 20
High 38
Statistical Analysis
Chi-square Test 32.4

The starting point for this evaluation is applying Pearson’s chi-square test, a statistical
test for categorical data, to investigate if the risk index is associated with the accidents’
occurrence [43]. Pearson’s chi-square is chosen due to its appropriateness in analyzing
associations within categorical data as the risk index obtained in this study. This test is
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also well-suited for scenarios where the observations are independent as in the type of
bicycle accident data. The use of this test is also supported by the number of observations.
The assumption for applying Pearson’s chi-square test is that the expected frequency per
category should be at least five. The number of observations of accidents in this study
is higher than the minimum requirement, ensuring the validity of the test results. This
selection is made after careful consideration of alternative methods, and Pearson’s chi-
square is considered the most suitable option for ensuring the accuracy of the statistical
analysis and the reliability of the results derived from it. The aim of conducting this test is
to determine whether the high occurrence of bicycle accidents is significantly impacted by
the risk index value. This analysis aimed to verify the following hypotheses:

e  Null Hypothesis (Hp): The risk category of a road segment is independent of the
likelihood of accidents occurring. The observed number of accidents in each category
is expected to align with a uniform distribution.

e  Alternative Hypothesis (Hu): The risk category is dependent on the likelihood of acci-
dent occurrence. There is an association between the risk level and accidents occurring.

The chi-square test is then applied by using the following Equation (6):

2 L(0;—E)?
X? = = (6)

where:

X? is the chi-square test statistic;

) is the summation operator;

O; is the observed frequency of bicycle accidents for the i-th category;

E; is the expected frequency of bicycle accidents for the i-th category;

i is the index that traverses all the categories compared in the chi-square test.

To check the validity of the hypothesis of uniform distribution, we assume that the
frequency of bicycle accidents is equally distributed despite the risk index, meaning that E;
is = 20 for each category (Low = 20; Medium = 20, High = 20).

In this study, the degrees of freedom are equal to 2. This calculation is based on the
number of rows minus 1 multiplied by the number of columns minus 1. Therefore, by
considering a significance level (o) of 0.05, corresponding to a confidence level of 95%, it is
commonly used in statistical analysis [43]. The obtained chi-square test statistic is 32.4.

To validate the statistical significance of the findings, we refer to the chi-square distri-
bution table with 2 degrees of freedom at a 95% confidence level. This significance level has
been widely used in various fields, including transportation research. It is chosen based on
common practice in statistical analysis and on the appropriateness of hypothesis testing,
providing a balance between Type I and Type II errors. This level allows for a reasonable
threshold to assess the statistical significance of results while minimizing the risk of making
a Type I error. The critical value extracted from this table is 5.991 [43]. This indicates a
strong association between the risk category of road segments and the occurrence of bicycle
accidents. In this case, the statistic test of a value of 32.4 significantly exceeds the critical
value. This indicates that there is a relationship between the risk index and bicycle accident
data occurrence. The association is further supported by a very low (p < 0.05), indicating
high statistical significance and leading to the rejection of the null hypothesis. This outcome
provides evidence that the risk categorization (Low, Medium, High) is associated with the
number of accidents. High-risk roads have more accidents than expected, which supports
the validity of the risk index, as evidenced by the rejection of the null hypothesis.

3.3.2. Assessing Risk Index Relationship with Bicycle Accident Data

In addition to the chi-square analysis, Cramer’s V is also calculated to measure the
strength of the association between the risk index and the frequency of bicycle accidents.
It is used in the context of a chi-square test, and it is a measure for quantifying the effect
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size of this association [43]. Cramer’s V is used to assess the practical significance of the
association. Equation (7) presents Cramer’s V:

Cramer’s V = \/(Xz/n)/min(c -1, r—-1) 7)

where:

X? is the chi-square test statistic;
n is the total sample size;

7 is the number of rows;

c is the number of columns.

Cramer’s V ranges between 0 and 1, where 0 indicates no association, and 1 indicates
a perfect association based on the degrees of freedom. The calculation yields a Cramer’s
V value of 0.52. Table 11 guides the interpretation of Cramer’s V, indicating the level of
association between two variables based on the degrees of freedom [43]. In our case, the
degree of freedom is 2 as explained before. Therefore, by referring to Table 11, the obtained
Cramer’s V is greater than 0.35, indicating a large association between the two variables.
It can be concluded that there is a strong relationship between the risk category of a road
segment and the occurrence of accidents. This finding provides further validation that the
risk index meaningfully categorizes road segments in terms of accident risk. This validation
confirms that this risk index can be used to assess road segments for bicycle safety within
the city and to develop appropriate risk mitigation strategies accordingly. This risk index
can also inform the policy makers in making powerful decisions related to road safety.

Table 11. Carmer’s V interpretation.

Degrees of Freedom Small Medium Large
1 0.1 0.3 0.5
2 0.07 0.21 0351
3 0.06 0.17 0.29
4 0.05 0.15 0.25
5 0.04 0.13 0.22

! Indicates the large association between two variables for degrees of freedom = 2.

4. Discussion

The segment with the highest risk index is segment 4, where there are no dedicated bike
lanes, and participants share the same lane with buses and cars. Post-experiment surveys
showed that most participants selected segment 4 as the least safe area, matching with the
elevated risk index obtained. Moreover, our analysis involved observing various types of
potentially risky accidents. The participants might encounter four different types of risky
accidents during their bike riding: vehicle/pedestrian collisions, lane departure, rollover,
and skidding based on the observations and the data recorded by the sensors concerning
steering angle, speed, and acceleration. These types of accidents were categorized by the
respective road segments. Therefore, the safety rating term is introduced to compare it
with the risk index and to validate the effectiveness of the risk index formula.

4.1. Risk Index Evaluation Based on Participants’ Responses and Observations

The participants’ responses to the survey and the observed accident types in the
experiments conducted in Sweden [4] were used to measure the safety level of a road seg-
ment. Safety rating categories, including unacceptable, tolerable, average, and acceptable,
were chosen to provide an assessment of different road segments. These categories were
derived from a detailed analysis of participant responses and aligned with the observed
accident types, as summarized in Table 12. Even within the context of riding on the same
road layout and under similar weather conditions, participants were recognized for the
diversity in their backgrounds, driving experiences, and perceived level of risks based on
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the developed questionnaire. Their responses may vary in selecting safety ratings based
on their personal feelings and interpretations. To further validate the qualitative data, the
dynamic movement of participants’ bicycles was observed to analyze parameters such as
steering, speed, and deceleration. Through detailed video analysis and parameters analysis,
potential accident cases were identified, allowing us to correlate these observations with
participants’” perceived safety ratings. Unacceptable means that the highest number of
participants chose this road area as the least safe and could be involved in risk accidents
up to 4. Tolerable means that the participants chose this road area as the third least safe
and could be involved in risk accidents up to 3 based on observations. Average means that
the participants chose this road area as the second least safe and could be involved in risk
accidents up to 2 based on observations. Acceptable means that the participants chose this
road area as the safest and could be involved in risk accidents up to 1 based on observations.
Table 13 shows a reasonable match between the road safety rating technique and the risk
index obtained for segments 1, 2,4, 5,7, 8, and 9. A reasonable match presents alignment
between the safety rating and the calculated risk index. This alignment is indicated by 78%,
showing the consistency of participants’ responses and potential accident types observation
with the risk index for all segments. On the other hand, the values for the remaining
segments are approximately matching. Therefore, this confirms the validity and reliability
of the proposed formula due to the alignment percentage obtained.

Table 12. Road safety rating.

Types of Accidents Participant Responses Safety Rating
4 Least Safe Unacceptable
3 Third Least Safe Tolerable

2 Second Least Safe Average

1 Safe Acceptable

Table 13. Risk index validation.

Participant Responses/Risks Involved Safety Rating Risk Index

Slipping
Rollover

1 Lane Departure

Tolerable to Unacceptable Medium

Might involve in collision with vehicles

Third Least Safe

Slipping
2 Rollover

Average Medium

Second Least Safe

Slipping
Rollover

3 Lane Departure

Unacceptable Medium

Might involve in collision with vehicles

Most Least Safe

Slipping
4 Rollover
Safest
Slipping
Rollover

Might involve in collision with pedestrians and vehicles

Unacceptable High

Average Medium

Second Least Safe

6 Slipping
Safest

- Slipping
Rollover

Tolerable to Average Medium

Acceptable Low
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The risk index is validated by comparing its value with the perceived level of safety of
participants and bicycle accident data. The chi-square test was used to confirm the rela-
tionship between the risk index and bicycle accident data occurrence at a 95% significance
level (p < 0.05). Cramer’s V was also used to determine the strength of this relationship,
indicating a strong correlation between the risk index and accident data.

The combination of quantitative and qualitative methods strengthens the validation
process of RI. This validation confirms that this risk index can be used to assess road
segments for bicycle safety within the city and to develop appropriate risk mitigation
strategies accordingly. This risk index can also inform policy makers in making powerful
decisions related to road safety.

4.2. Alert Tool Development

Given the favorable outcomes of the risk index formula, our purpose extends beyond
measuring only the degree of risk associated with a road segment. We aim to rely on
the risk index as a proactive tool by integrating it into maps to highlight locations with
medium and high-risk indexes. To pursue this goal, a warning alert tool is proposed to
be developed that depends on the risk index value and the cyclist’s speed. This real-time
warning alert will notify cyclists of the risks associated with riding on the road segment,
helping them prevent road accidents in the future. Cyclists can react properly in advance.
The development of a warning tool is illustrated in Figure 5. The warning alert message
will be sent to cyclists under specific circumstances, such as if the risk index is medium,
and the cyclist’s speed exceeds the predefined limit speed. Moreover, the warning alerts
will also be activated if the risk index is high, irrespective of the cyclist’s speed. In cases
where cyclists may fail to react to these alerts, a bicycle control system will be operated.
Different types of controllers are under development to mitigate specific risks that cyclists
might face.

For n-node of a roadway
Segment

> Ifrisk indexis low —— Veyclist < Viimit | . No Warning
Alert
Suggested Bicycle |
, Ifriskindexis Vi No Warning | Control
Medium e Alert Development:
NO No Response * Speed Control |
from the cyclist | System
: |+ Steering
Rlaiine | Control System |
Alert :
YES  Veyeist < Viimi YES i
L+ Ifrisk indexis high —» g - ™" MY Warning
_ Alert
Veyelist > Viimit

No Response

| Bicycle Control System |
| will be operated |

Figure 5. Warning alert development.

4.3. Future Research Considerations

In our purpose to improve bicycle safety, a bicycle simulator is prepared and set
up in the PICS-L laboratory at UGE, France. This simulator serves as a tool to conduct
experiments to understand and assess the experience of the participants, the risks they face,
and their behavior. Participants will be invited and will be immersed in diverse scenarios.
They will fill out pre-surveys prior to the simulations, and post questionnaires to share their
experiences, the potential risks that they have faced, contributing factors, riding comfort,
etc. Their behaviors will also be analyzed, and any incidents the participants encounter
while riding (types of accidents/near misses, locations, reasons behind them, etc.) will be
recorded. The primary purpose of this work is to validate and refine the risk index.
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The bicycle simulator is placed as a real bicycle on a platform, allowing participants to
maneuver as if they are cycling in reality, as presented in Figure 6. It is equipped with a
model to generate dynamic variables during the ride such as speed, acceleration, steering
angle, deceleration, position, pedal forces, etc.

225x55° displ

Figure 6. Bicycle simulator setup.

5. Conclusions

An effective framework and tool for producing a risk index to assess road safety and
reduce potential accidents is developed in this paper. Municipalities, decision makers,
or engineers can use this quantifiable and validated index to evaluate and improve road
layouts. This paper describes a systematic process to determine the main risk factors and
their severity that influence cyclist safety. The likelihood and impact of identified risk
factors are assessed in order to prioritize and weight them, ranking them from the most
critical to the least critical risks. The risk index was developed and tested for a road in
Stockholm, Sweden, dividing it into segments and defining its characteristics according
to the factors identified. The validity of the risk index was also evaluated by comparing
results with bicycle accident frequency using the chi-square test. The measure of strength
was used to determine the relationship between risk index and bicycle accident frequency.
Different segments were ranked according to both the risk index and accident frequency,
with the results indicating a strong relationship at a 95% confidence level.

The robust validation and quantifiable type of risk index help support bicycle safety
analysis and assess real road scenarios. High-risk road segments can be identified and
added to the cycle city maps, enabling the development of a real warning system for cyclists.

The novelty of this research study lies in the introduction of a risk index that includes
risk factors identified through accident data analysis, and the weighting calculation based
on the AHP method, combining both qualitative and quantitative methods. The devel-
opment of risk index including cyclist behavior is also new and sets it apart from current
practices in the literature.

While this risk index represents a significant advancement in risk assessment tech-
niques, it is essential to acknowledge its limitations. One of the essential limitations of this
risk index is that it is based primarily on the percentage probability of accidents related
to risk factors collected by researchers over the years, and not entirely on actual accident
data from countries. This is because of limited access to reliable data, and not all countries
collect the probability of occurrence of cycling precisely and consider all risk factors. This
paves the way for future research to focus on the in-depth observation of these risk factors
in upcoming activities related to risk assessment methodologies.
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Appendix A

Table Al. High-level bicycle indexes summary used in the literature review.

Index/Risk Assessment

Major Attributed Factors Methodology Outputs

Bicycle Level of Service

Bicycle Level of Stress

Bikebality

Safety Performance Factors

Bicycle Safety Index

Segment Type

Bike Lane Presence
Roadway Widths
Traffic Speed/Volume ®
Pavement Condition, etc.

° Observation Model based
on comfort/safety

Grade (A-F)
Regression Model

Segment Type

Alongside Parking Lane Existence
Street Width (Including Bike Lane)
Traffic Speed /Volume

Bike Lane Blockage

Observation Model
Classification based on
comfort criteria

Classification level
(LTS 1-4)

Roadway Type

Traffic Speed /Volume

Gradient ®
Bike Lanes Presence/Width °
Traffic Lights/Sign Presence

Riding Frequency/Purpose

Surveying

Area Evaluation Score/Value

Traffic Volume

Roadway Length

Number of Lanes

Access Points .
Curvature

Grade

Surface Condition

Previous Crash History

Lighting

Regression Model Analysis

Expected number
based on crash data

of crashes (Value)

Traffic Volume

Speed Limit

Traffic Lanes and Widths d
Traffic Controllers

Bike Lane Presence
On-street Parking Presence
Cyclist Maneuvers

Observation Model
for Intersections
. Regression Model

Value
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