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Article 

Dynamic Model for Risk Assessment and Prevention 
of Road Traffic Accidents Involving Pedestrians 
Hristo Uzunov, Plamen Matzinski, Vasil Uzunov and Silvia Dechkova * 

Faculty of Engineering and Pedagogy, Technical University of Sofia, 1000 Sofia, Bulgaria  
* Correspondence: sdechkova@tu-sofia.bg; Tel.: +359-8-97022422 

Featured Application 

The proposed model can be applied in intelligent transportation systems, driver assistance 
technologies, and forensic accident analysis to evaluate pedestrian-related traffic risks and support 
the development of automated collision prevention systems. 

Abstract 

Pedestrian-involved road traffic accidents represent a serious challenge for traffic safety and require 
a comprehensive analysis of the interactions within the driver–vehicle–road–environment system. 
The objective of this study is to develop a methodology for risk assessment in road traffic accidents 
involving pedestrians based on the analysis of real court cases and dynamic modeling of vehicle 
motion. A database of 105 court cases was analyzed, enabling the identification of the main factors 
influencing the occurrence of pedestrian-related accidents. Based on this analysis, a system of 31 
linguistic variables was developed to characterize driver behavior, vehicle technical characteristics, 
and road environment conditions. These variables were integrated into a mathematical model for 
quantitative risk assessment that enables the evaluation of the relative influence of different groups 
of factors on accident probability. In addition, a dynamic model of vehicle motion was developed to 
analyze the influence of driver reaction time, vehicle speed, and road surface conditions on the 
possibility of avoiding a collision. The results of the numerical analysis demonstrate that even 
minimal delays in hazard perception and driver reaction significantly increase the probability of 
pedestrian-related accidents. These findings highlight the importance of early hazard detection and 
automated emergency braking systems. The proposed methodology provides a framework for 
integrating intelligent driver assistance systems and automated braking control aimed at improving 
the safety of vulnerable road users. 

Keywords: road traffic accidents; pedestrians; risk assessment; driver reaction time; dynamic 
modelling; traffic safety 
 

1. Introduction 

Pedestrian-involved road traffic accidents represent a significant challenge for traffic safety and 
require a comprehensive and multifactorial analysis of the driver–vehicle–road–environment system. 
With the increasing level of urbanization and traffic intensity, pedestrians remain among the most 
vulnerable road users in the transport system, and the consequences of such incidents are often severe 
or fatal. In this context, contemporary research indicates the need not only for descriptive studies but 
also for an in-depth analysis of the dynamic interactions within the driver–vehicle–road–
environment system. Such an analysis should consider both the human factor and the potential for 
automated risk assessment and management through intelligent warning and emergency braking 
systems. 

The analysis of data from judicial practice related to road traffic accidents involving pedestrians 
shows that such events do not arise from a single isolated factor but rather from the accumulation 
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and complex interaction between human behavior, vehicle characteristics, infrastructure and variable 
environmental conditions. The examined court decisions clearly indicate that the combination of 
factors such as instantaneous vehicle speed, driver reaction time, visibility conditions and road 
environment characteristics creates critical scenarios in which even minimal delays or deviations 
from expected behavior may lead to accidents with severe consequences. In this context, the model 
proposed by Elvik [1] demonstrates that even a small change in speed leads to a disproportionate 
increase in accident risk. Judicial practice also confirms that in many cases the combination of changes 
in pedestrian movement behavior, reduced friction between the tires and the road surface, and driver 
distraction results in a rapid increase in risk [2,3]. Similar conclusions are supported by studies 
examining accident data associated with behavioral heterogeneity and age differences among drivers 
[4]. These observations highlight the importance of dynamic modelling of interactions within the 
driver–vehicle–road–environment system for quantitative risk assessment. 

The causes of accident occurrence should be considered within the context of the specific 
situational conditions at a given moment. This situation is characterized by the physical parameters 
of the environment, the condition of drivers and pedestrians, and their ability to adequately assess 
risk and make timely decisions. Judicial practice indicates that the interaction between these factors 
determines the critical development of events, for example a delay in the driver’s perception of 
danger combined with unexpected pedestrian behavior, particularly under unfavorable road surface 
conditions. Available data indicate that the specific actions of the pedestrian at the moment of the 
accident are decisive for the severity of the resulting injuries [5], while detailed diagnostic analyses 
emphasize the significant influence of environmental conditions such as lighting, visibility, and road 
surface condition on the final outcome of road traffic accidents [6]. 

Special attention should also be given to the importance of research on dynamic risk 
management using modern technologies and analytical tools. Advanced methods based on machine 
learning, probabilistic models and real time simulations [7] provide the possibility to predict 
hazardous situations before they occur and to make decisions within extremely short time intervals 
measured in milliseconds, which are practically unattainable for human reaction. Therefore, 
approaches based on hazard prediction algorithms known as Time to Collision (TTC) [8] enable 
adaptive and progressive decision making through which the possibility of collision can be 
significantly reduced. Improved TTC algorithms [9] further increase prediction accuracy in different 
scenarios involving static, moving and accelerating objects and form the basis for more realistic risk 
management models. All these developments demonstrate that the integration of analytical 
algorithms and automated systems represents an effective approach for reducing the risk of road 
traffic accidents involving pedestrians. Empirical studies conducted under real conditions [10] 
confirm that automated emergency braking (AEB) and forward collision warning (FCW) systems 
reduce the frequency of pedestrian-related accidents by 25–30%, and even more when used in 
combination [11]. 

In the dynamic assessment of risk and the identification of causes leading to road traffic 
accidents involving pedestrians, the implementation of modern vehicle systems plays a key role by 
extending human capabilities and reducing the critical interval between the emergence of danger and 
the initiation of preventive actions. The time between the appearance of a hazard and the occurrence 
of a collision is largely determined by the driver reaction time, which under real conditions varies 
within a wide range from approximately 0.8 s in expected situations to more than 2.5 s in sudden and 
unpredictable events. This parameter is decisive for the possibility of accident prevention. In other 
words, when the perception of danger occurs in time or even before its actual realization, the 
probability of successfully preventing a collision becomes significantly higher. Consequently, 
minimizing hazard detection time and reaction time is a critical factor for improving safety, and this 
is precisely where automated systems demonstrate a substantial advantage by eliminating delays 
inherent to human perception and motor response. 

Zhang et al. [12,13] have extensively analyzed the factors influencing driver reaction time. The 
presented research emphasizes the need for the development and integration of models capable of 
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automatically assessing risk and initiating appropriate actions without relying on the human factor. 
Scientific studies conducted under real road conditions are also of considerable importance [14]. Their 
analysis indicates that each event is characterized by a number of parameters, providing a basis for 
conclusions regarding their influence on driver reaction time. Similar studies have shown that age 
has only a minor influence on the reaction time of professional heavy vehicle drivers [15]. The 
obtained results demonstrate the significant influence of parameters describing a given event on the 
delay between hazard occurrence and hazard perception. 

Modern trends in automotive engineering are focused on the development of intelligent 
transport systems whose ultimate goal is the creation of fully autonomous vehicles. Achieving this 
level of autonomy is based on integrated dynamic models and artificial intelligence that perform real 
time environmental assessment, identify hazardous situations and make decisions without the need 
for human intervention. Sensor technologies such as radar, LiDAR, and cameras play a fundamental 
role in this process by detecting objects in the vehicle surroundings, recognizing them, and predicting 
their trajectories. Based on this information, the system automatically initiates preventive actions, 
including the activation of braking torque, in order to avoid collisions. 

Warning and autonomous driver assistance systems play a key role in improving safety and 
preventing such collisions. The outputs of these systems involve decision making either by issuing 
visual and acoustic warnings to the driver through Forward Collision Warning (FCW) systems or by 
activating automated braking through Autonomous Emergency Braking (AEB) systems. The 
effectiveness of FCW and AEB systems has been confirmed in numerous studies. It has been 
established that FCW reduces the risk of rear end collisions by up to 27 percent, while AEB at low 
speeds can reduce such crashes by up to 43%. When used in combination, these systems may reduce 
such accidents by up to 50 percent [16]. In pickup trucks, FCW and AEB systems also demonstrate 
considerable effectiveness, with reductions of rear end crashes by 22 percent and 34 percent 
respectively [17]. Additional evaluations of Advanced Driver Assistance Systems (ADAS) 
technologies indicate that their large scale implementation could prevent up to 8700 crashes and 
approximately 70 fatalities annually [18]. Systematic reviews and real world tests using dashcam 
recordings also confirm their positive impact on road safety [19,20]. 

Additional analyses have been conducted on braking distances and maneuvers of different types 
of vehicles, including bicycles and other light vehicles [21], as well as on motion parameters during 
overtaking on two-lane roads investigated through driving simulator experiments under realistic 
conditions [22].  

These systems significantly reduce the time interval between the occurrence of danger and the 
initiation of appropriate actions, achieving response times of only a few tens of milliseconds, which 
are practically unattainable for humans. In this way, the technological response precedes human 
reaction time and significantly increases the probability of avoiding or mitigating the consequences 
of an accident. 

The integrated approach includes probabilistic risk analysis in real time, kinematic modeling of 
the vehicle and surrounding objects, simulation of different behavioral scenarios of pedestrians and 
drivers, and decision making systems based on priority and urgency. The need for such technologies 
is particularly evident in urban areas, where pedestrians often enter the roadway without fully 
recognizing the potential danger and consequently fall within the vehicle stopping distance zone. In 
such situations, the possibility of preventing an accident depends on the accurate and timely 
identification of hazard occurrence, a task that often exceeds the capabilities of the driver. For this 
reason, the implementation of modern risk assessment models and active automated intervention 
should not be considered merely a technological advancement but rather a fundamental and 
necessary step toward reducing road traffic injuries and creating a safer transport environment. 

In this context, the present research is aimed at developing a clearly defined methodology and 
a dynamic model of the interaction within the elements of the transport system driver–vehicle–road–
environment and pedestrian behavior. The main objective of the study is to develop a dynamic model 
for quantitative risk assessment in vehicle–pedestrian interactions that combines the analysis of real 
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court cases, a system of linguistic variables and kinematic modeling of the motion of the involved 
participants. Through such an integrated system, delays associated with human reaction time can be 
eliminated, thereby enabling a scientifically grounded approach for minimizing risk in critical traffic 
situations. 

The scientific contribution of this research lies in the development of an integrated model for 
risk assessment in road traffic accidents involving pedestrians that combines the analysis of court 
cases, linguistic variables and dynamic modeling of the interaction between the vehicle and the 
pedestrian. Based on this framework, a methodology for quantitative risk assessment and simulation 
of critical traffic situations has been developed, which is presented in the following section. 

2. Methods 

The proposed methodology is based on an integrated systems approach that combines the 
analysis of real court cases, experimental determination of driver reaction time and mathematical 
modeling of the dynamic interaction between a vehicle and a pedestrian within the driver–vehicle–
road–environment transport system. 

The developed methodology for risk assessment in road traffic accidents involving pedestrians 
serves as a basis for the creation of a dynamic model describing the behavior of the vehicle and the 
pedestrian under real traffic conditions. Within this model, a system for risk analysis and quantitative 
risk evaluation is constructed, as well as a mechanism for automated control of braking torque 
depending on the moment of hazard occurrence In contrast to the approaches discussed in the 
literature review, which are often limited either to experimental studies of driver reaction time [10–
13] or to risk prediction algorithms based on generalized Time-to-Collision (TTC) models [7–9], the 
present methodology incorporates empirical data derived from judicial practice and linguistic 
variables extracted from multiple real cases with fatal outcomes. This feature enables more realistic 
modeling of the interaction between the elements of the driver–vehicle–road–environment system 
and the pedestrian as a participant in traffic. The proposed approach creates a foundation for 
automated decision-making in real time and extends the applicability of existing research both in 
forensic traffic accident reconstruction and in engineering analyses of transport safety. 

To evaluate the interaction between the elements of the system, each road traffic accident of this 
type can be divided into three main phases. The first phase includes the period from hazard 
occurrence to the moment of impact. The second phase represents the collision process itself. The 
third phase describes the motion of the involved bodies after the impact until their final stop. 

Figure 1 illustrates the transport system describing the interaction between the driver, the 
vehicle, the road, and the surrounding environment, where the pedestrian acts as a disturbance 
element. Each situation should be considered as an interaction between the elements of the system 
driver, vehicle and road with environment, as well as the time–spatial relationship between the 
vehicle and the pedestrian under the given road and meteorological conditions. 

An analysis was performed on 105 real cases from judicial practice in the Republic of Bulgaria, 
where court decisions with either conviction or acquittal were issued in road traffic accidents 
involving pedestrians. The results of the analysis show that a significant systemic problem in the 
examined transport configuration is the discrepancy between the moment of hazard occurrence from 
the pedestrian’s side and the moment when this hazard is perceived by the driver. In many cases the 
identified delay in perception reaches approximately 1.8–2 s, which corresponds to the upper limit 
of human reaction time. In other words, the distance travelled before the impact may nearly double 
before the initiation of emergency braking. 
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Figure 1. Schematic representation of the driver–vehicle–road–environment transport system with pedestrian 
involvement. 

Any delay in initiating a reaction leads to a significant increase in accident risk. This delay is a 
dynamic variable influenced by numerous factors such as the physical and psychological condition 
of the driver (fatigue or stress), visibility conditions, meteorological factors and distracting elements 
in the surrounding environment. These behavioral scenarios associated with delayed reactions are 
among the most frequently observed and are directly related to the human factor. 

These findings highlight the necessity of developing and implementing automated systems for 
risk assessment and management that compensate for human reaction delays through early hazard 
detection and the timely initiation of actions aimed at avoiding or mitigating the consequences of a 
collision. 

In the developed dynamic model simulating the interaction between a vehicle and a pedestrian, 
an integrated system for risk analysis and assessment has been implemented, as well as a mechanism 
for controlling braking torque depending on the moment when the hazard occurs. Through this 
system, the probability of a road traffic accident involving a pedestrian is reduced and the 
effectiveness of preventive actions is improved. 

The functional objective of the developed system is to compensate for the delay in perception 
and reaction that is inherent to the human factor when a hazard arises. Through continuous 
monitoring and analysis of the surrounding environment, the model enables identification of 
potential threats at an early stage and activates appropriate warning or automated actions without 
the need for human intervention. This significantly reduces driver reaction time and considerably 
lowers the risk of a collision while ensuring higher system reliability and efficiency through timely 
activation of braking torque. As a result, a higher level of safety is achieved both for pedestrians and 
for other road users. 

Through detailed examination of court decisions and their underlying reasoning, as well as a 
systematic analysis of the factors contributing to accident occurrence, the leading role of the human 
factor in risk assessment and safety within the transport system has been confirmed. The analysis of 
interactions within the driver–vehicle–road system reveals significant differences in the relative 
influence of the individual components. 

Based on the analysis of 105 court decisions from different judicial regions of the Republic of 
Bulgaria related to severe road traffic accidents involving pedestrians, 31 linguistic variables were 
identified. These variables represent measurable or qualitative characteristics of the different 
components of the transport system that influence the risk of accident occurrence. Each identified 
variable is associated with a set of terms classified in ascending order according to the level of risk. 
This enables a quantitative evaluation of the factors affecting road safety. Risk assessments for The 
terms are expressed as percentage values ranging from 10% to 90%, with the evaluation based on 
expert analysis and systematic processing of the judicial data. 

The weights of the individual terms were determined through expert evaluation based on a 
comparative analysis of the examined court cases, taking into account both the frequency of 
occurrence of the respective factors and their influence on the occurrence of road traffic accidents. 
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The structure of the transport system and the relationships between its components are 
visualized through a diagram (Figure 2), which illustrates the influence of the linguistic variables on 
risk. These variables provide the basis for performing quantitative assessments of the risk of severe 
road traffic accidents involving pedestrians. 

The “Driver” component is defined by 15 linguistic variables, indicated in the diagram as 
follows: 

1.1 Current speed 
1.2 Maneuver 
1.3 Use of alcohol or narcotic substances by the driver 
1.4 Driver experience 
1.5 Occurrence of hazard 
1.6 Pedestrian behavior 
1.7 Perception of hazard 
1.8 Initiated braking 
1.9 Pedestrian age 
1.10 Direction of movement 
1.11 Use of alcohol or narcotic substances by the pedestrian 
1.12 Comparability of distances at the current speed 
1.13 The stopping distance at the current speed is shorter than the distance to the point of impact 
1.14 Comparability of distances at the regulated speed 
1.15 The stopping distance at the regulated speed is shorter than the distance to the point of 

impact. 

 

 

Figure 2. Structural diagram of the driver–vehicle–road–environment transport system. 

It was established that driver behavior and condition have the most significant influence on the 
occurrence of road traffic accidents, while the contribution of vehicle technical condition and road 
infrastructure characteristics is less pronounced. According to Abdel-Aty et al. [23], human behavior 
remains the leading factor in risk modeling, as even modern machine learning algorithms identify it 
as a primary cause of road traffic accidents. 

The vehicle component is defined by five linguistic variables indicated in the diagram as follows: 
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2.1. Type of vehicle 

2.2 Safety systems 
2.3 Lighting control system 
2.4 Lighting system type 
2.5 Technical condition 
These linguistic variables reflect the technical and functional characteristics of the vehicle that 

influence its behavior within the transport system. 
The road component is defined by ten linguistic variables as follows: 
3.1 Road surface condition 
3.2 Type of road pavement 
3.3 Traffic conditions 
3.4 Road profile geometry 
3.5 Location of the accident 
3.6 Roadway width 
3.7 Road conditions 
3.8 Lighting conditions 
3.9 Traffic regulation 
3.10 Road class 
The component “environment” is defined by a single linguistic variable weather conditions, 

which includes the following terms: 
4.1 Clear weather 
4.2 Cloudy weather 
4.3 Rain 
4.4 Fog with visibility greater than 200 m 
4.5 Fog with visibility from 150 m to 199 m 
4.6 Fog with visibility 100–149 m 
4.7 Fog with visibility 50–99 m 
4.8 Fog with visibility ≤ 49 m 
4.9 Snowfall 
4.10 Heavy rain 
4.11 Strong wind 
4.12 Hail 
The total number of possible combinations between the terms of the linguistic variables is 

determined by the following relationship: 

𝑁 =  ෑ 𝑛௜

௞

௜ୀଵ

 (1)

The obtained relationship shows that the total number of possible system combinations is 
determined as the product of the number of terms of each linguistic variable, which makes it possible 
to account for the full set of possible states of the transport system. 

where 
𝑁 is the total number of possible combinations; 
𝑘 is the total number of linguistic variables; 
𝑛௜  is the number of terms of the 𝑖- th linguistic variable. 
The output variable of the model represents the integrated risk assessment of road traffic 

accidents and is calculated based on weighting coefficients and the membership degrees of the 
linguistic variables. 
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2.1. Risk Analysis Methodology 

A court decision represents an official legal document that summarizes the factual circumstances 
of a case and provides the legal assessment of the court within a specific criminal proceeding. Its 
structure is regulated in order to ensure a clear and logically organized presentation of the facts and 
circumstances related to a particular incident. 

The accusatory section contains a concise description of the charges and formulates the main 
issue that the court must resolve. In this section the legal qualification of the offence is presented in 
accordance with the applicable legal provisions. 

The factual background describes the facts established during the judicial process. The 
chronology of events and their context serve as the basis for the court’s analysis. The presented 
evidence, including witness testimonies, documents, and expert reports, is evaluated with respect to 
its reliability and relevance to the case. It should be noted that not all data included in a court decision 
are quantitatively measurable. Therefore, expert technical analysis is required in order to identify the 
factors that can be quantified, which allows a more accurate assessment of the risk associated with 
pedestrian related road traffic accidents. 

Linguistic variables are introduced in order to systematize and formalize the factors influencing 
the risk of road traffic accidents involving pedestrians. They include 31 significant characteristics of 
the transport system and allow a more accurate and objective assessment of the conditions under 
which critical traffic situations arise. Each term defined within these variables describes a specific 
state or characteristic classified according to its severity with respect to the risk of occurrence of the 
considered type of road traffic accident. 

Through this approach the qualitative characteristics of the analyzed traffic scenarios are 
represented, derived from court decisions and expert evaluation. Each variable describes a specific 
characteristic of the environment or the behavior of the traffic participants. For example, within the 
parameter visibility, the terms low, medium, and high are used. These values are formalized through 
a set of terms expressing the different states of the variable. Such formalization is typical of 
methodologies based on fuzzy set theory, in which expert knowledge is transformed into a 
formalized model that enables subsequent quantitative analysis. 

Within the context of the present study, the use of such variables allows the systematization of 
factors identified in judicial practice and their incorporation into a dynamic model for risk assessment 
and risk management. 

The combinations between the individual terms form a vector of 31 elements, which serves as 
the basis for the quantitative analysis of risk. These variables are grouped into three main categories 
of factors. 

Factors related to driver behavior include 15 variables. 
Factors related to the vehicle include 5 variables. 
Factors related to the road environment and surrounding conditions include 11 variables. 
This grouping enables evaluation of the individual contribution of each factor and the analysis 

of the combined influence of the different subsystems on the overall risk level within the transport 
system. 

2.2. Mathematical Relationships for Calculating Shares and Total Contribution 

2.2.1. Parameters 

The proposed methodology is based on the principle of proportional distribution of the overall 
risk associated with pedestrian related road traffic accidents among the factors that influence its 
occurrence. The total risk corresponding to the analyzed type of incident is normalized to 100% and 
proportionally distributed among three main groups of factors: road and environmental conditions 
𝑇ଵ, vehicle related factors 𝑇ଶ, and driver related factors𝑇ଷ. This normalization allows the contributions 
of the individual subsystems to be evaluated within a unified quantitative framework and enables a 
direct comparison of their relative influence on the overall level of risk. 
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𝑇ଵ + 𝑇ଶ + 𝑇ଷ = 100% (2)

The first group includes the road and environment elements, the total number of terms is 11. 
The second group, representing the vehicle component, contains 5 terms, while the third group, 
representing the driver component, contains 15 terms. The differences in the range of values arises 
from the different number of terms within each group. 

This approach provides an objective framework for the quantitative assessment of the relative 
contribution of risk associated with the individual elements of the transport system. The input data 
used in the proposed methodology are represented by a vector of values corresponding to the 31 
linguistic variables. This vector describes a specific pedestrian related road traffic accident scenario. 

Ω௝ = [𝜔ଵ, 𝜔ଶ, … , 𝜔ଷଵ] (3)

where 𝜔ଵ, 𝜔ଶ, … … , 𝜔ଷଵ are numerical values representing the relative weight associated with 
each term. 

The weighted value of risk for each linguistic variable, relative to the total weight of group 𝑇௞ , 
𝑘 = 1,2,3, is determined by the following expression: 

𝑆௜,௞ =
𝜔௜,௞

∑ 𝜔௜,௠௔௫,௞

. 𝑇௞ . 100 (4)

where:  
𝑆௜,௞ is the weighted value of risk for the 𝑖-th term in group 𝑘, 𝑖 = 1,2 … 31; 
𝜔௜,௞ are numerical values characterizing the relative share of the weight assigned to each term 

within group 𝑘; 
∑ 𝜔௜,௠௔௫,௞ is the sum of the maximum quantitative evaluations of the weights of the terms from 

all linguistic variables within the respective group 𝑘;  
𝑇௞ represents the distribution of the total weight assigned to group 𝑘; 
The distribution of weights 𝑇௞  for each group 𝑘 is determined as follows: 

𝑇ଵ =
∑ 𝜔௜,ଵ

ଵଵ
௜ୀଵ

∑ 𝜔௜
ଷଵ
௜ୀଵ

, 𝑇ଶୀ

∑ 𝜔௜,ଶ
ଵ଺
௜ୀଵଶ

∑ 𝜔௜
ଷଵ
௜ୀଵ

,   𝑇ଷ =
∑ 𝜔௜,ଷ

ଷଵ
௜ୀଵ଻

∑ 𝜔௜
ଷଵ
௜ୀଵ

 (5)

where 
𝜔௜  are numerical values characterizing the relative weight of each term from the vector Ω௝ 

describing the analyzed scenario. 
The weights of the individual factors were determined through expert evaluation based on a 

comparative analysis of the examined court cases. The assessment considers both the frequency of 
occurrence of the respective factors and their influence on the occurrence of the road traffic accident. 
Each variable is normalized with respect to the maximum possible value within the corresponding 
group of factors. This normalization ensures comparability between the individual components of 
the model and allows the integration of parameters of different nature into a unified quantitative risk 
assessment. 

The total value of the risk weight is obtained as the sum of the weighted risk values for each 
group and is expressed as follows: 

𝑅௝ = ෍ 𝑆௜,ଵ

ଵଵ

௜ୀଵ

+ ෍ 𝑆௜,ଶ

ଵ଺

௜ୀଵଶ

+ ෍ 𝑆௜,ଷ

ଷଵ

௜ୀଵ଻

 (6)

The integrated risk index 𝑅௝ represents a normalized value that summarizes the influence of all 
factors within the transport system. It is determined as the sum of the weighted risk values for the 
individual groups of factors related to the road and environmental conditions, the characteristics of 
the vehicle, and the behavior of the driver. In this way, the index reflects the combined influence of 
the components of the driver–vehicle–road–environment system on the occurrence of a road traffic 
accident involving a pedestrian. 
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It should be emphasized that the obtained index does not represent a statistical probability of 
the occurrence of a road traffic accident in the strict statistical sense, but rather an integral risk 
assessment. The index combines the influence of the probabilistic preconditions for the occurrence of 
the incident, the severity of the individual factors, and their proportional contribution within the 
overall dynamic configuration of the transport system. 

The expert evaluation derived from the analysis of real court cases determines the weight of each 
term within every variable and serves as the basis for constructing a proportionally weighted model. 
The resulting vector of 31 variables is normalized with respect to the maximum possible combination 
of terms, as a result of which the assessment is expressed within the interval from 0 to 100 percent. 

The index defined in this way reflects an integrated level of systemic risk that includes both the 
probabilistic components of the incident and the severity of the conditions identified through judicial 
practice in Bulgaria. In this manner the resulting assessment characterizes not only the probability of 
occurrence but also the structural contribution of all factors in the specific momentary situation. This 
enables the use of the index both for the analysis of court cases and for automated decision making 
within dynamic models. 

The proposed method for risk calculation is based on integral indices widely used in road safety 
research, where risk is modelled through the combination of quantitative and qualitative factors. The 
validity of the model is supported by empirical data obtained from the analysis of 105 real court cases, 
which allow calibration of the weighting coefficients of the linguistic variables. The structure of the 
linguistic variables and their proportional weighting correspond to approaches widely applied in 
fuzzy risk methodologies and expert systems. 

2.3. Dynamic Model of Vehicle and Pedestrian Motion and Their Relative Coordinate System 

The emergence of a hazardous situation results from pedestrian movement, assuming that the 
pedestrian moves in two consecutive motion phases. In the general case, the equations describing 
pedestrian motion over time are formulated through kinematic relationships that account for the 
coordinates of the center of mass, the angular rotation relative to the initial position, the velocities 
and accelerations of the center of mass, as well as the angular velocities and angular accelerations. 

Each equation consists of two time intervals. During the first interval the motion is described by 
the initial velocity and acceleration, while during the second interval the final velocity of the center 
of mass is taken into account. The sum of these two components determines the total displacement 
or rotation of the pedestrian from the moment the hazardous situation arises until the pedestrian 
reaches the boundary of the vehicle movement corridor. 

These relationships make it possible to predict the future position of the pedestrian. 

𝑥௣ଵ൫𝑡௣ଵ൯ + 𝑥௣ଶ൫𝑡௣ଶ൯ = 𝑥̈௣ଵ.
𝑡௣ଵ

ଶ

2
+ 𝑥̇௢ . 𝑡௣ଵ + 𝑥̇ଶ. 𝑡௣ଶ 

𝑦௣ଵ൫𝑡௣ଵ൯ + 𝑦௣ଶ൫𝑡௣ଶ൯ = 𝑦̈௣ଵ.
𝑡௣ଵ

ଶ

2
+ 𝑦̇௢ . 𝑡௣ଵ + 𝑦̇ଶ. 𝑡௣ଶ 

𝜑௣ଵ൫𝑡௣ଵ൯ + 𝜑௣ଶ൫𝑡௣ଶ൯ = 𝜑̈௣ଵ.
𝑡௣ଵ

ଶ

2
+ 𝜑̇௢ . 𝑡௣ଵ + 𝜑̇ଶ. 𝑡௣ଶ 

(7)

where 
𝑥௣ଵ , 𝑥௣ଶ represent the projections of the displacement of the pedestrian’s center of mass along 

the 𝑥  axis, measured from the position of the pedestrian at the moment when the hazardous 
situation arises to the coordinates of the point of entry into the vehicle movement corridor within two 
consecutive time intervals; 

𝑥̇௢ , 𝑦̇௢ represent the projections of the initial velocity of the pedestrian’s center of mass along the 
corresponding coordinate axes x and y at the moment when the hazardous situation occurs. These 
components determine the initial direction and intensity of pedestrian motion with respect to the 
global coordinate system; 
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𝑥̈௣,  𝑦̈௣ represent the projections of the average acceleration of the pedestrian’s center of mass 
along the corresponding axes 𝑥 and 𝑦 within the considered time interval. They reflect the change 
in the velocity of the centre of mass in the direction of motion and are used to determine the nonlinear 
component of the travelled distance; 

𝑡௣ଵ  represents the time of pedestrian motion from the initial moment of occurrence of the 
hazardous situation; 

𝑥̇ଵ, 𝑦̇ଵ  represent the projections of the velocity of the pedestrian’s center of mass along the 
corresponding axes 𝑥 and 𝑦 during the period after the initial acceleration but before reaching a 
relatively constant motion speed. These parameters describe the intermediate phase of motion in 
which the pedestrian is still changing velocity before stabilization; 

𝑡௣ଶ represents the time interval corresponding to motion at constant velocity; 
𝜑௣ଵ, 𝜑௣ଶ represent the angular displacements during the first and the second time intervals 𝑡௣ଵ 

and 𝑡௣ଶ; 
𝜑̈௣ଵ represents the average angular acceleration of the pedestrian during the initial stage of 

motion; 
𝜑̇௢ represents the initial angular velocity of the pedestrian’s center of mass at the moment the 

hazardous situation arises; 
𝜑̇ଶ represents the steady state or transitional angular velocity at a later stage of motion. 
This distance is determined under different motion conditions. Under real conditions the 

movement of the pedestrian may vary, as the pedestrian may accelerate, reduce the walking speed, 
or even stop before reaching the critical point. This creates a dynamic and difficult-to-predict traffic 
situation in which the driver is required to continuously reassess the risk of a potential collision.  

The total distance 𝐿(𝑡) travelled by the vehicle from the moment the hazard is perceived until 
the vehicle reaches a complete stop is determined as follows: 

𝐿(𝑡) = 𝑠ோ + 𝑠஺ + 𝑠ீ + 𝑠ௌ (8)

where 
𝑠ோ is the distance travelled during driver reaction time 𝑡ଵ; 
𝑠஺ is the distance travelled during the brake system activation time 𝑡ଶ; 
𝑠ீ  is the distance travelled during the time required for the braking force to increase from zero 

to its maximum value 𝑡ଷ; 
𝑠ௌ is the distance travelled during the time corresponding to full activation of the braking system 

𝑡ସ. 
The distances in equation (8), taking into account the deceleration motion as well as the engine 

resistance forces and the rolling resistance forces of the wheels, are determined as follows: 

𝑠ோ = ൬𝑉௢ . 𝑡ଵ −
1

2
. 𝑎௥. 𝑡ଵ

ଶ൰ 

𝑠஺ = ൬𝑉ଵ. 𝑡ଶ −
1

2
. 𝑎௥ . 𝑡ଶ

ଶ൰ 

𝑠ீ =  ൬𝑉ଶ. 𝑡ଷ −
1

2
. 𝑎௥. 𝑡ଷ

ଶ −
1

6
. 𝑎௠௔௫ . 𝑡ଷ

ଶ൰ 

𝑠ௌ = ൬𝑉ଷ. 𝑡ସ −
1

2
. (𝑎௥ + 𝑎௠௔௫). 𝑡ସ

ଶ൰

=
𝑉ଷ

ଶ

2. (𝑎௥ + 𝑎௠௔௫)
 

𝑉௢ 

𝑉ଵ = 𝑉௢ − 𝑎௥ . 𝑡ଵ 

𝑉ଶ = 𝑉ଵ − 𝑎௥ . 𝑡ଶ 

𝑉ଷ = 𝑉ଶ − 𝑎௥ . 𝑡ଷ −
1

2
. 𝑎௠௔௫ . 𝑡ଷ 

(9)

where 
𝑉௢  is the initial velocity of the vehicle center of mass at the moment when the hazard is perceived; 
𝑡ଵ is the driver reaction time; 
𝑡ଶ is the brake system activation time; 
𝑡ଷ is the time required for the braking force to increase to its maximum value; 
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𝑡ସ is the time corresponding to the full action of the braking system; 
𝑎௥  is the deceleration caused by the engine resistance torque and the rolling resistance forces of 

the wheels; 
𝑎௠௔௫  is the deceleration corresponding to the maximum braking force in the presence of an ABS 

system. The maximum braking deceleration can be estimated using the relationship 𝑎௠௔௫ = 𝜇𝑔 , 
where 𝜇 is the coefficient of adhesion between the tire and the road surface. The friction coefficient 
is determined according to the Slip model [24, 25]; 

𝑉ଵ is the vehicle velocity at the end of the interval 𝑡ଵ; 
𝑉ଶ is the vehicle velocity at the end of the interval 𝑡ଶ; 
𝑉ଷ is the vehicle velocity at the end of the interval 𝑡ଷ. 
The velocities 𝑉ଵ, 𝑉ଶ, and 𝑉ଷ are determined sequentially from the kinematic relationships of 

motion with variable acceleration, taking into account the influence of resistance forces and the 
gradual increase of the braking force during each phase of the braking process [26]. 

For a given moment 𝑡௫, measured from the moment the hazard is perceived, the velocity 𝑉(𝑡௫) 
and the travelled distance 𝐿(𝑡௫) are determined depending on the phase of motion to which the 
moment belongs. 

The total distance 𝐿ଵ(𝑡), travelled by the vehicle from the moment the hazardous situation arises 
for the driver until the vehicle reaches a complete stop is determined as 

𝐿ଵ(𝑡) = 𝑠௫ + 𝑠ோ + 𝑠஺ + 𝑠ீ + 𝑠ௌ (10)

where 𝑠௫ , is an additional term representing the distance travelled during the time interval 𝑡௫ 
before the hazard is perceived. 

According to the analysis of equation (10) and the data obtained from judicial procedures, the 
following relationship is observed: 

𝑠௫ > 0 or 𝑠௫ = 0 (11)

It is evident that when the first inequality is satisfied, a delay in reaction occurs, which 
corresponds to the time 𝑡௫. 

Particular interest for the analysis arises when the following condition is satisfied: 
𝐿ଶ(𝑡) = 𝑠஺ + 𝑠ீ + 𝑠ௌ (12)

From equation (12) it can be seen that the influence of the driver is practically absent, since 
vehicle control is assumed to be entirely performed by an automated system responsible for 
activating the braking and engine control actions. 

Automated systems based on sensors and predictive algorithms are capable of identifying the 
hazard at an early stage, even before it is consciously perceived by the driver, and can initiate braking 
almost without delay. This means that under automated vehicle control the actually travelled 
distance does not include the additional distance covered during the human reaction time, a factor 
that often proves to be critical. 

The improved dynamic model of vehicle motion (Figure 4) is formulated on the basis of six 
differential equations, three describing the linear displacement of the vehicle center of mass and three 
describing its angular rotations [27]. The analysis of the interaction between the vehicle and the 
pedestrian requires a systems engineering approach that integrates information related to driver 
behavior, vehicle motion dynamics, and environmental conditions [28,29]. 
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Figure 4. Dynamic vehicle model used for the simulation.. 

The generalized coordinates of the dynamic vehicle model are: 
𝑥(𝑡) is the position of the center of mass along the longitudinal axis of the fixed coordinate 

system; 
𝑦(𝑡) is the position of the center of mass along the lateral axis of the fixed coordinate system; 
𝑧(𝑡) is the position of the center of mass along the vertical axis of the fixed coordinate system; 
𝜑(𝑡) is the rotation about the longitudinal axis; 
𝜃(𝑡) is the rotation about the lateral axis; 
𝜓(𝑡) is the rotation about the vertical axis. 
Accordingly, the linear and angular velocities are obtained as 𝑥̇(𝑡), 𝑦̇(𝑡), 𝑧̇(𝑡) representing the 

components of the linear velocity, and 𝜑̇(𝑡), 𝜃̇(𝑡), 𝜓̇(𝑡) representing the angular velocities. 
The corresponding linear and angular accelerations are expressed as follows: 𝑥̈(𝑡), 𝑦̈(𝑡), 𝑧̈(𝑡) 

for the linear accelerations and 𝜑̈(𝑡), 𝜃̈(𝑡), 𝜓̈(𝑡) for the angular accelerations. 
Therefore, the gravitational force 𝐺⃗ acts along the 𝑂𝑧 axis. The spatial arrangement of the car 

model is a rigid body supported by four elastic supports, which are marked by 𝐾௜(𝑖 = 1 ÷ 4) (Figure 
5). 

 

Figure 5. Model of forces acting on the vehicle during spatial motion considering tire and suspension elasticity. 

𝐹⃗௜(𝑖 = 1 ÷ 4) is elastic force generated by the tire and suspension elasticity; 𝑁ሬሬ⃗ ௜(𝑖 = 1 ÷ 4) is 
normal reaction at the tire–road contact point, corresponding to elastic force; 𝑉ሬ⃗ ௜(𝑖 = 1 ÷ 4) is velocity 
of the contact point 𝑃௜  in the road plane О𝑥𝑦; 𝑇ሬ⃗ ௜(𝑖 = 1 ÷ 4) is friction force acting at the contact 
points that lies in the plane of the road О𝑥𝑦 ; 𝑅ሬ⃗ ௜(𝑖 = 1 ÷ 4)  is resistance force generated by the 
suspension damping elements; 𝑐௜ ,

ே

௠
(𝑖 = 1 ÷ 4)  suspension stiffness, taking into account both 

coefficient of elasticity of tires and suspension; 𝑏௜ ,
ே∙௦

௠
(𝑖 = 1 ÷ 4) coefficient of linear resistance. 
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The vehicle motion based on the principles of kinetic energy and generalized forces is defined 
by six differential equations with six generalized coordinates. These equations are valid when the 
friction force follows Coulomb’s law and wheel slip occurs without rolling. 

The generalized forces and moments on the right-hand sides of the differential equations (13, 
14) are determined by assuming that the absolute coordinate system has a vertical axis О𝑧. 

The differential equations governing the linear motion of the vehicle center of mass are 
formulated using three generalized coordinates defined in a selected Cartesian coordinate system. 

ൣ𝐵௜௝൧. ൥
𝑥̈
𝑦̈
𝑧̈

൩ = [𝐹] 

[𝐹] =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ ෍ 𝐹௫௜

ସ

௜ୀଵ

෍ 𝐹௬௜

ସ

௜ୀଵ

−𝐺 + ෍ 𝑁௜

ସ

௜ୀଵ

− ෍ 𝑅௜

ସ

௜ୀଵ ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

(13)

where ൣ𝐵௜௝൧ is the square matrix of the vehicle mass parameters of the vehicle, and ൥
𝑥̈
𝑦̈
𝑧̈

൩ is the 

column vector of the projections of the accelerations of the vehicle center of mass. [𝐹] represents the 
column vector of the projections of the external forces. 

The rotation of the vehicle is determined by the three Euler angles and the corresponding 
angular accelerations derived from them. 

ൣ𝐴௜௝൧. ቎

𝜑̈

𝜓̈

𝜃̈

቏ = ൣ𝑀௜௝൧ 

ൣ𝑀௜௝൧ =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡

෍ 𝑀ே௜

ସ

௜ୀଵ

+ ෍ 𝑀ோ௜

ସ

௜ୀଵ

+ ෍ 𝑀ி௜

ସ

௜ୀଵ

+ ቀ෍ −𝑏௜ ∙ 𝑞̇௜
ଶቁ + ቀ෍ −𝑐௜ ∙ 𝑞̇௜ ∙ 𝑞̇௝ቁ

෍ 𝑀ே௜

ସ

௜ୀଵ

+ ෍ 𝑀ோ௜

ସ

௜ୀଵ

+ ෍ 𝑀ி௜

ସ

௜ୀଵ

+ ቀ෍ −𝑏௝ ∙ 𝑞̇௝
ଶቁ + ቀ෍ −𝑐௝ ∙ 𝑞̇௝ ∙ 𝑞̇௞ቁ

෍ 𝑀ே௜

ସ

௜ୀଵ

+ ෍ 𝑀ோ௜

ସ

௜ୀଵ

+ ෍ 𝑀ி௜

ସ

௜ୀଵ

+ ቀ෍ −𝑏௞ ∙ 𝑞̇௞
ଶቁ + ቀ෍ −𝑐௞ ∙ 𝑞̇௜ ∙ 𝑞̇௞ቁ

⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

(14)

where ൣ𝐴௜௝൧  is a square matrix containing the coefficients associated with the angular 

accelerations expressed as functions of the inertia moments; ቎

𝜑̈

𝜓̈

𝜃̈

቏ is represents the column vector of 

angular accelerations corresponding to the selected generalized coordinates; ൣ𝑀௜௝൧ is the column 
vector representing the sum of moments of the normal reactions of the wheels, the moments of the 
damping forces, the moments of the friction forces, and the moments of the inertial forces; 𝑞̇ 
represents the angular velocity corresponding to each generalized coordinate. 

The system is solved in matrix form: 
[𝑄] = [𝐴]ିଵ ∙ [𝐹] (15)

where 
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[𝑄]  is the column vector of the unknown linear and angular accelerations of the vehicle center 
of mass; 

[𝐴]ିଵ is the inverse of the coefficient matrix of the coefficients corresponding to the unknown 
variables; 

[𝐹]  is the column vector of generalized forces. 
In addition to the differential equations describing the motion of the vehicle, the equations 

describing the motion of the wheels are also considered, which can be expressed as 

ൣ𝐼ఏ೔
൧. ൣ𝜃̈௜൧ = 𝑇௜ . 𝑟௜ + ൛𝑠𝑖𝑔𝑛 ൫𝜃̇௜൯. [𝑀ௗ௜ − 𝑓௜ ∙ 𝑁௜ − 𝑀௦௜]ൟ, 𝑖 = 1 ÷ 4 (16)

Figure 6 presents the dynamic model of the driving wheel, which can represent either two or 
four driven wheels. 

 
Figure 6. Dynamic model of the driven wheel. 

The following notation is used: 𝑟௜  is the radius of the wheel; 𝑓௜  is the rolling resistance 
coefficient; 𝑁ሬሬ⃗ ௜  represents the normal reaction acting on the wheel; ൣ𝐼ఏ೔

൧ is the matrix of coefficients 
corresponding to the angular accelerations of the wheels; ൣ𝜃̈௜൧ is the vector of angular velocities of 
the wheels. 

In the context of risk assessment in road traffic accidents, it is important to realistically model 
the variation in pedestrian velocity. In such cases time dependent accelerations are considered, where 
𝑎(𝑡) can be described using a function that may be linear, exponential, or based on empirical data. 

3. Numerical Investigation 

A numerical experiment was conducted using a dynamic model of a passenger car based on 
known technical characteristics, including inertial parameters, vehicle mass, elastic and damping 
properties of the suspension, as well as the geometric dimensions of the vehicle. The initial conditions 
of the differential equations describing wheel motion were also incorporated into the differential 
equations of vehicle motion. The analysis was performed for an initial velocity of the vehicle center 
of mass of 70 km/h. 

A transverse pedestrian crossing scenario was examined, in which the pedestrian enters the 
roadway from the right side relative to the direction of vehicle motion and moves with an 
approximately constant speed of 7.2 km/h. The trajectory corresponds to a typical transverse crossing 
scenario, with the initial appearance of the pedestrian detected within the right peripheral vision 
zone of the driver, an area generally associated with minimal delay in the perception of an emerging 
hazard. 

The main focus of this numerical experiment is the assessment of risk and the influence of the 
human factor on the interpretation of the linguistic variables characterizing the road environment 
and the vehicle, as well as on the actions taken by the driver in response to pedestrian behavior. 
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The analysis of the examined cases from judicial practice shows that the drivers involved in road 
traffic incidents are predominantly male. For this reason, a targeted study of the reaction time of male 
drivers from different age groups was conducted using a driving simulator, presented in Figure 7. 
This approach provides the possibility to evaluate the real responses of this group of drivers and to 
compare them with the data derived from court cases, thereby achieving greater consistency between 
the empirical results and the dynamic modeling. 

 

Figure 7. Driving simulator used to measure driver reaction time. 

The results of the reaction time study are presented in Table 1, where the ranges corresponding 
to each age group are shown. Reaction time was recorded using the capabilities of the simulator 
through three consecutive trials for each participant. The measured intervals correspond to the time 
between the appearance of a pedestrian hazard and the driver’s response action, namely pressing the 
brake pedal. The experiment was conducted under three different experimental conditions 
corresponding to the categories expected hazard, unexpected hazard, and surprise. 

Participants were presented with scenarios in which a pedestrian suddenly entered the roadway 
under different conditions of visibility, vehicle speed, and road surface adhesion. In this way 
responses were elicited under conditions that closely resemble real traffic situations, which made it 
possible to evaluate the influence of age and expectancy on driver reaction time. The obtained data 
complement the information derived from judicial practice with controlled experimental 
observations and provide quantitative parameters for the dynamic model necessary for a more 
accurate assessment of accident risk. 

The objective of the experimental study is not to establish universal reaction time values but to 
provide empirical parameters comparable to the analyzed judicial cases. In this way a better 
correspondence is achieved between real scenarios derived from judicial practice and the input 
parameters of the dynamic model. 

Table 1. Driver reaction time intervals for different age groups. 

№ Age group (years) 

Driver reaction time intervals [s] 

Reaction time interval in 
surprise conditions [s] 

Reaction time interval in 
unexpected hazard conditions 

[s] 

Reaction time interval in 
expected hazard 

conditions [s] 
1 up to 30 0.93–1.20 1.01–1.08 0.76–0.87 

2 30–40 1.11–1.38 1.02–1.20 0.96–1.02 

3 40–50 1.40–1.85 1.05–1.25 1.02–1.20 

4 50–60 2.23–2.25 1.44–1.48 1.15–1.21 

5 over 60 2.32–2.36 1.60–1.72 1.23–1.35 
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Within the framework of this scenario, the main components of the reaction process were 
considered, including a driver reaction time of 1 s, a brake system activation time of 0.2 s, and a time 
of 0.4 s required to reach the maximum braking deceleration. This indicates that the driver was 
particularly attentive or that the hazard was perceived in a timely manner, allowing the driver to 
react at the moment the pedestrian began to enter the roadway (Figs. 8–10). 

 

Figure 8. Discrete positions of the vehicle and the pedestrian during motion under timely hazard perception 
conditions. 

The obtained risk assessment is used as an input parameter for the simulation model, where it 
serves as a logical criterion for activating different operating modes, including the formation of the 
hazardous stopping zone, the selection of a specific scenario, and the activation of emergency braking 
when a defined threshold is reached. The data obtained from the driving simulator determine the 
parameter reaction time, which participates in the calculation of the hazardous stopping zone and in 
defining the moment at which the model switches from motion to braking. In this way the risk 
assessment determines the moment of activation of the simulation mechanisms, while the measured 
reaction times influence the calculated stopping distances and the preventability of the accident. 

The analysis was carried out through the numerical solution of the differential equations of 
motion, taking into account the influence of the human factor on the braking process. Figure 8 
presents the discrete relative positions of the vehicle and the pedestrian during their motion. The 
vehicle and the pedestrian are visualized at several different moments of their interaction. The action 
on the brake pedal and the achievement of maximum braking efficiency following timely hazard 
perception determine the driver’s ability to avoid the collision. 

Figure 9 presents the time variation of the engine torque and the braking torque 𝑀௦ ௠௔௫ , It can 
be observed that up to 𝑡 = 1.2 𝑠 the braking torque remains zero. After this moment a rapid increase 
occurs, reaching the maximum braking force within approximately 0.4 s. This behavior indicates 
activation of the braking system with full efficiency, which leads to intensive braking until the vehicle 
reaches a complete stop. 

The obtained dynamics are indicative of an emergency braking scenario in which the system 
responds in a timely manner depending on the hazard perception time and the driver reaction time. 
The projections of the velocity of the pedestrian and the vehicle center of mass as functions of time 
are also presented. 
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Figure 9. Time variation of engine torque, braking torque, and velocity projections of the pedestrian and the 
vehicle center of mass. 

Figure 10 presents the trajectories of the vehicle and the pedestrian. From the first graph it can be seen that the 
projection of the pedestrian center-of-mass velocity along the 𝑌-axis remains constant. The projection of the 
vehicle center-of-mass velocity along the 𝑋-axis up to 𝑡 = 1.2 𝑠 decreases only slightly. Within this time interval 
the driver perceives the hazard and initiates braking. Until the moment when the deceleration begins to increase, 
the vehicle operates in the engine forced-idle regime. 

 
Figure 10. Trajectories of the vehicle and the pedestrian. 

The results of the first numerical simulation show that when the moment of hazard occurrence 
and the moment of hazard perception coincide with the moment the pedestrian enters the roadway, 
the driver has a real opportunity to prevent a road traffic accident. The analysis confirms that when 
the reaction begins at the initial critical moment, the available distance and time window are 
sufficient for effective activation of the braking system, which allows safe avoidance of a collision 
between the vehicle and the pedestrian. 

The level of risk is particularly high in situations involving approach to an intersection when a 
pedestrian enters the traffic area from the continuation of the sidewalk. Under such conditions even 
minimal delay in perception due to visual distraction, cognitive workload, or inattention may lead to 
an accident. Despite optimal technical characteristics of the vehicle, human perception remains a 
critical factor in collision avoidance. 

Therefore, timely detection of a pedestrian within the critical zone and immediate initiation of 
braking actions are essential. This emphasizes the need for the implementation of perception 
assistance systems and automated response mechanisms that can compensate for risks arising from 
the human factor in environments with a high concentration of vulnerable road users. 

The second model examines the analysis of the vehicle motion with a reaction delay time of 1 s 
(Figures 11 and 12). Similarly, a driver reaction time of 1.0 s is assumed, a braking system activation 
time of 0.2 s, and a braking force build-up time of 0.4 s. 
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Figure 11 presents discrete positions of the vehicle and the pedestrian relative to the initial 
moment of hazard occurrence and perception. The movement corridor zone, shown in green, 
indicates the time delay in hazard perception, while the delayed motion regime demonstrates that 
the vehicle and the pedestrian cannot avoid a collision. 

 

Figure 11. Discrete positions of the vehicle and the pedestrian at the moment of hazard perception. 

Figure 12 presents the time variation of the braking torque 𝑀௦௠௔௫ . It can be observed that the 
braking torque remains zero up to 𝑡 = 2.2 𝑠 the braking torque remains zero. After this moment, a 
rapid increase occurs, reaching the maximum braking torque within approximately 0.4 s. 

 

Figure 12. Time variation of the braking torque. 

Figures 13 and 14 present the time variation of the velocity projections of the center of mass of 
the pedestrian and the vehicle. For the pedestrian, a relatively constant velocity component is 
observed along the 𝑌-axis. 

 

Figure 13. Time variation of the velocity projections of the pedestrian center of mass. 
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Figure 14. Time variation of the velocity projections of the vehicle center of mass. 

The projection of the vehicle velocity along the 𝑋-axis remains constant, which indicates that the 
braking system is not activated. The collision occurs while the vehicle center-of-mass velocity remains 
unchanged until the moment of impact. 

Figure 15 presents the trajectories of the center of mass of the vehicle and the pedestrian. A key 
aspect of the analysis is the driver reaction delay of 1 s, which, considering the vehicle dimensions, 
determines the impossibility of preventing the collision. 

 

Figure 15. Trajectories of the centers of mass of the vehicle and the pedestrian. 

The conclusions from the second numerical model, in which the driver reacts with a delay of 
approximately 1.0 s after the hazard occurs, clearly show that even a minimal distraction of attention 
and a slight delay in reaction may lead to a collision between the vehicle and the pedestrian. 

The obtained results demonstrate that even a delay in hazard perception of approximately 1 s 
may result in the loss of the technical capability to prevent the collision. This effect is caused by the 
additional distance travelled at an approximately constant speed before the braking process begins. 
As a consequence, the vehicle covers an additional distance prior to braking, which significantly 
reduces the probability of stopping before the vehicle enters the pedestrian crossing corridor. 

This scenario clearly illustrates the inherent vulnerability of the driver–vehicle system in 
situations involving momentary distraction, fatigue, or reduced concentration. A similarly elevated 
level of risk may arise under conditions of limited visibility, when approaching pedestrian crossings, 
or in the presence of distracting lateral visual stimuli. Under such circumstances, even a brief loss of 
attention lasting only fractions of a second may lead to severe consequences. 

The analysis therefore confirms that the human factor plays a dominant role in accident risk 
formation, regardless of the technical characteristics of the vehicle. Effective accident prevention in 
such situations requires either the elimination of driver reaction delay or its compensation through 
automated early warning and emergency braking systems capable of operating within millisecond 
response times. 

The third scenario analyzes hazard management in the event of a potential collision through an 
automated system for controlling the braking and engine torque. The numerical experiment is 
performed at a vehicle speed of 70 km/h and without the influence of the human factor (Figures 16–
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17). The simulation is carried out under conditions of increased risk of collision with a pedestrian in 
order to analyze the effectiveness of the automated system. 

Figure 16 presents discrete positions of the relative motion between the vehicle and the 
pedestrian. It can be observed that they pass without collision, while the hazard assessment is fully 
automated and does not depend on the human factor. 

 

Figure 16. Discrete positions of the vehicle and the pedestrian at the moment of hazard perception. 

Figure 17 shows the time variation of engine torque and braking torque under automated hazard 
evaluation. The activation of the braking torque in the presented model is based on a predictive 
assessment of the risk of collision with a pedestrian obtained through simulation of the future 
trajectories of the traffic participants. Braking intervention is activated when the predicted position 
of the pedestrian enters the hazardous zone in front of the vehicle in front of the vehicle and the and 
the estimated time to collision indicates a critical situation. 

Depending on the remaining time before the potential incident, a proportional coefficient 
governing the increase of braking torque is determined, which ensures adaptive and progressive 
activation of the braking process. The model also incorporates ABS control logic which, through slip 
filtering, ensures vehicle stability and optimal distribution of braking force between the wheels. 

 

Figure 17. Time variation of engine torque, braking torque, and velocity projections of the centers of mass of the 
pedestrian and the vehicle. 

Additional velocity projections of the center of mass of the vehicle and the pedestrian are also 
presented. According to the graph, when a hazard is detected the projection of the velocity of the 
vehicle center of mass along the 𝑋 axis decreases with variable deceleration as a result of the applied 
braking torque. After the hazard has passed at 𝑡 = 1.8 𝑠, the velocity of the center of mass begins to 
increase again, indicating that the risk has been eliminated. 

Figure 18 presents the trajectories of the vehicle and pedestrian centers of mass. A key aspect of 
the analysis is the driver reaction delay of 1 s, which, considering the vehicle dimensions, determines 
the impossibility of preventing the collision. 
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Figure 18. Trajectories of the vehicle and pedestrian centers of mass. 

In the developed model, the engine torque control mode is activated when safe conditions for 
acceleration occur, taking into account the current motion and position of the vehicle relative to the 
pedestrian. Engine torque is applied when the emergency braking mode is inactive and the collision 
risk has been eliminated. When these conditions are satisfied simultaneously, the model activates the 
acceleration command by supplying engine torque. This ensures a smooth transition from braking to 
driving while maintaining traffic safety. 

The analysis of the third numerical simulation, in which the vehicle moves with an initial speed 
of 70 km/h and the response is fully controlled by an automated system, clearly demonstrates that 
even under adverse conditions characterized by higher kinetic energy and a shortened reaction time 
interval the collision can be successfully prevented. The immediate intervention of the braking 
system, activated without delay, together with its ability to adapt the braking force in real time, is 
crucial for avoiding the incident. 

This result highlights the significant advantage of intelligent automated emergency braking 
systems which, through continuous processing of sensor information and algorithmic risk 
assessment, can initiate corrective actions on a millisecond time scale. Such responsiveness is 
practically unattainable for human perception and motor response, particularly in situations 
involving visual or cognitive limitations. 

Despite the high level of risk caused by vehicle speed and the immediate hazard, the 
effectiveness of the automated system remains high due to the elimination of delays inherent to the 
human factor. The obtained results clearly confirm that the implementation of such technologies 
significantly increases the probability of successfully avoiding a collision even in critical situations 
where human intervention would be inadequate or delayed. 

Considering these circumstances, the need for the widespread implementation of automated 
systems for controlled risk management becomes not only a technological priority but also a strategic 
measure for improving road safety, particularly in urban environments with intensive pedestrian 
presence. 

It should be noted that the developed model is based on the analysis of court cases and 
experimental data related to driver reaction time, which implies certain limitations. Some parameters 
have been determined through expert interpretation of judicial practice and may vary depending on 
the specific conditions of the road environment and the behavior of traffic participants. Nevertheless, 
the proposed methodology enables systematic identification of the key factors influencing the risk of 
pedestrian related road traffic accidents and provides a basis for further development of dynamic 
models for risk assessment and risk management. 

4. Results and Discussion 

As a result of the numerical investigations, a multifactor assessment of the factors influencing 
the occurrence of pedestrian-involved road traffic accidents was performed. Real cases occurring 
under different meteorological conditions were analyzed, characteristics of the road infrastructure, 
and technical conditions of the vehicles were analyzed, as well as different behavioral responses of 
both the driver and the pedestrian. 
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The analysis considered key dynamic parameters such as vehicle speed, the moment of hazard 
occurrence, and the driver’s perception time of the pedestrian. These parameters allow a more 
accurate assessment of the conditions under which the risk of a road traffic accident is formed. 

The main objective of this study is to determine risk levels through the application of an 
integrated multifactor approach. A methodology for the identification, classification, and 
quantitative evaluation of the main risk factors has been developed. In this context, a system of 
linguistic variables describing critical characteristics of the transport system and the behavior of road 
users is proposed. 

The methodology is based on data extracted from court decisions related to specific road traffic 
accidents, on the basis of which the values of the linguistic variables were determined. These 
variables are structured into three main groups. 

The first group includes 11 variables describing road infrastructure and meteorological 
conditions. The second group contains 5 variables describing the technical characteristics of the 
vehicle. The third group includes 15 variables related to the behavior and condition of the driver. 

This structure enables the evaluation of the individual contribution of each variable and their 
combined influence on the risk of road traffic accidents. 

For the purposes of the quantitative analysis, each considered case is represented by a vector of 
linguistic variable values in the following form: 

Ωଵ = [10,20,60,10,30,10,10,10,60,40,10,75,60,40,90, 

10,40,10,20,30,70,50,60,50,20,10,30,60,60,60,60] 
(17)

The vector of the maximum values of the linguistic variables, arranged according to the same 
groups, is given as follows: 

Ω௠௔௫ = [90,60,70,90,90,50,70,80,80,80,90, 90,80,80,70, 

90,90,90,90,90,80,90,90,90,90,90,90,90,90,90,90] 
(18)

Based on the ratio between the actual and maximum values of the linguistic variables, the 
weighted risk values of the corresponding terms are calculated. 

For the first group, the following expression is obtained: 

𝑆ଵ,ଵ =
𝜔ଵ

∑ 𝜔௠௔௫,ଵ
ଵଵ
௜ୀଵ

. 𝑇ଵ. 100 =
𝜔ଵ

∑ 𝜔௠௔௫,ଵ
ଵଵ
௜ୀଵ

.
∑ 𝜔௜,ଵ

ଵଵ
௜ୀଵ

∑ 𝜔௜
ଷଵ
௜ୀଵ

. 100 =
10

870
.

270

1175
. 100 = 0.264% (19)

Similarly, for the terms of the second and third groups, the following expressions are obtained: 

𝑆ଵଶ,ଶ =
𝜔ଵଶ

∑ 𝜔௠௔௫,ଶ
ଵ଺
௜ୀଵଶ

. 𝑇ଶ. 100 =
𝜔ଵଶ

∑ 𝜔௠௔௫,ଶ
ଵ଺
௜ୀଵଶ

.
∑ 𝜔௜,ଶ

ଵ଺
௜ୀଵଶ

∑ 𝜔௜
ଷଵ
௜ୀଵ

. 100 =
75

440
.

275

1175
. 100 = 3.989% 

𝑆ଵ଻,ଷ =
𝜔ଵ଻

∑ 𝜔௠௔௫,ଷ
ଷଵ
௜ୀଵ଻

. 𝑇ଷ. 100 =
𝜔ଵ଻

∑ 𝜔௠௔௫,ଷ
ଷଵ
௜ୀଵ଻

.
∑ 𝜔௜,ଷ

ଷଵ
௜ୀଵ଻

∑ 𝜔௜
ଷଵ
௜ୀଵ

. 100 =
40

1340
.

630

1175
. 100 = 1.601% 

(20)

After calculating the weighted values of all terms, the results are aggregated by groups, allowing 
the determination of the partial risk for each group of factors. 

For the first analyzed case, the following values are obtained: 

𝑆ଵ =  ෍ 𝑆ଵ,௜ = 7.131%

ଵଵ

௜ୀଵ

, 𝑆ଶ =  ෍ 𝑆ଶ,௜ = 14.628%

ଵ଺

௜ୀଵଶ

,

𝑆ଷ =  ෍ 𝑆ଷ,௜ = 25.208%

ଷଵ

௜ୀଵ଻

 

(21)

The overall risk assessment for the first analyzed case is determined as the sum of the partial 
risks of the three groups of factors: 

𝑇ଵ = 𝑆ଵ + 𝑆ଶ + 𝑆ଷ (22)
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𝑇ଵ = 7.131 + 14.628 + 25.208 = 46.97% 
The obtained value characterizes the integrated level of risk in the considered case, taking into 

account the combined influence of the factors from the three main groups. The analysis of the partial 
risks indicates that the largest contribution to the formation of the overall risk comes from the third 
group of factors related to driver behavior and condition, whose relative share reaches 25.208%. 

A significant contribution is also observed for the second group of factors describing the 
technical parameters of the vehicle, where the partial risk value is 14.628%. A relatively smaller 
contribution is associated with the first group of factors related to road infrastructure and 
meteorological conditions, where the partial risk amounts to 7.131%. 

The obtained distribution of risk confirms the dominant role of the human factor in the 
occurrence of pedestrian-involved road traffic accidents. Nevertheless, the influence of vehicle 
technical characteristics and road environmental conditions also plays a significant role on the overall 
level of risk and should be considered within the framework of an integrated multifactor analysis. 

The first pie chart in Figure 19a shows the distribution of risk levels for the elements “road”, 
“meteorological conditions”, and “vehicle”. The analysis shows that the share of cases with a the 
share of cases with a risk level up to 40 units is 68.6%, while the share within the interval of 41 to 70 
units is 18.8%, and values above 71 units account for 12.5%. 

The second pie chart in Figure 19b illustrates the risk levels associated with driver behavior. It 
can be observed that in 46.7% of the cases the risk level is up to 40 units, in 53.3% the risk falls within 
the interval of 41 to 70 units, while values above 71 units are not observed. 

The relative distribution of the factors indicates that the share of the elements “road” and 
“meteorological conditions” is 23.0%, the share of the element “vehicle” is 23.4%, and the share of the 
element “driver” is 53.6%, with the total equal to 100%. 

The overall integrated risk assessment for the considered case is 46.97%. 

  

(a) (b) 

Figure 19. Distribution of weighted risk levels corresponding to the integrated risk value of 46.97%. (a) weight 
levels for the elements road and vehicle; (b) driver behavior. 

Similarly to the presented analysis, two additional cases from the examined set of more than 100 
road traffic accidents were considered. 

The vector of linguistic variables corresponding to the minimum risk assessment relative to the 
first case has the following form: 

Ω௠௜௡ = [10,20,60,10,30,10,10,10,60,40,10,75,60,40, 

90,10,40,10,20,30,10,50,30,50,20,10,30,60,60,60,60] 
(23)

The relative distribution of the factors indicates that the share of the elements “road” and 
“meteorological conditions” is 24.9%, the share of the element “vehicle” is 25.4%, and the share of the 
element “driver” is 49.8%, with the total equal to 100%. The overall integrated risk assessment for the 
considered case is 43.62%. The difference of approximately three percentage points compared to the 
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first case is mainly attributed to the influence of the moment of hazard occurrence and the driver’s 
reaction time, which significantly affects the possibility of preventing the road traffic incident. 

The vector of linguistic variables for the second case has the following form: 
Ωଶ = [20,20,80,10,60,20,10,10,60,70,10,60,40,40, 

90,10,40,10,20,30,80,90,90,70,60,50,30,80,70,80,70] 
(24)

The weighted risk values for each term within the groups are determined according to the 
following relationship: 

𝑆ଵ,ଵ =
𝜔ଵ

∑ 𝜔௠௔௫,ଵ
ଵଵ
௜ୀଵ

. 𝑇ଵ. 100 =
𝜔ଵ

∑ 𝜔௠௔௫,ଵ
ଵଵ
௜ୀଵ

.
∑ 𝜔௜,ଵ

ଵଵ
௜ୀଵ

∑ 𝜔௜
ଷଵ
௜ୀଵ

. 100 =
20

870
.

370

1480
. 100 = 0.575% (25)

Similarly, for the terms of the second and third groups, the following expressions are obtained: 

𝑆ଵଶ,ଶ =
𝜔ଵଶ

∑ 𝜔௠௔௫,ଶ
ଵ଺
௜ୀଵଶ

. 𝑇ଶ. 100 =
𝜔ଵଶ

∑ 𝜔௠௔௫,ଶ
ଵ଺
௜ୀଵଶ

.
∑ 𝜔௜,ଶ

ଵ଺
௜ୀଵଶ

∑ 𝜔௜
ଷଵ
௜ୀଵ

. 100 =
60

410
.

240

1480
. 100 = 2.211% 

𝑆ଵ଻,ଷ =
𝜔ଵ଻

∑ 𝜔௠௔௫,ଷ
ଷଵ
௜ୀଵ଻

. 𝑇ଷ. 100 =
𝜔ଵ଻

∑ 𝜔௠௔௫,ଷ
ଷଵ
௜ୀଵ଻

.
∑ 𝜔௜,ଷ

ଷଵ
௜ୀଵ଻

∑ 𝜔௜
ଷଵ
௜ୀଵ

. 100 =
40

1340
.

870

1480
. 100 = 1.755% 

(26)

After calculating the weighted values of all terms, the results are summed within each group, 
which allows the determination of the partial risk associated with the corresponding group of factors. 
For the considered case, the group sums are as follows: 

𝑆ଵ =  ෍ 𝑆ଵ,௜ = 10.632%

ଵଵ

௜ୀଵ

, 𝑆ଶ =  ෍ 𝑆ଶ,௜ = 8.845%

ଵ଺

௜ୀଵଶ

,

𝑆ଷ =  ෍ 𝑆ଷ,௜ = 38.166%

ଷଵ

௜ୀଵ଻

 

(27)

The overall risk value for the considered case is calculated as the sum of the partial risks of the 
three groups of factors: 

𝑇ଵ = 𝑆ଵ + 𝑆ଶ + 𝑆ଷ 

𝑇ଵ = 10.632 + 8.845 + 38.166 = 57.64% 
(28)

The first pie chart in Figure 20a shows the distribution of risk levels for the elements “road”, 
“meteorological conditions”, and “vehicle”. The analysis shows that the share of cases with a risk 
level up to 40 units is 62.5%, while the share within the range of 41 to 70 units is 25.0%, and values 
above 70 units account for 12.5%. 

Figure 20b illustrates the risk levels associated with driver behavior. It is observed that in 33.3% 
of the cases the risk level is up to 40 units, in 33.3% it falls within the interval of 41 to 70 units, and in 
33.4% the values exceed 71 units. 

The relative distribution of the factors indicates that the share of the elements “road” and 
“meteorological conditions” is 25.0%, the share of the element “vehicle” is 16.2%, and the share of the 
element “driver” is 58.8%, with the total equal to 100%. The overall integrated risk assessment for the 
considered case is 57.64%. 
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(a) (b) 

Figure 20. Distribution of weighted risk levels corresponding to the integrated risk value of 57.64%. (a) weight 
levels for the elements road and vehicle; (b) driver behavior. 

A third analyzed case is also presented, in which the vector of linguistic variables has the 
following form: 

Ωଷ = [70,20,60,25,30,20,70,80,80,70,75,60,40,40, 

90,10,60,10,20,30,70,70,90,70,20,80,90,60,60,80,70] 
(29)

The weighted risk values for each term within the groups are calculated according to the 
following relationship: 

𝑆ଵ,ଵ =
𝜔ଵ

∑ 𝜔௠௔௫,ଵ
ଵଵ
௜ୀଵ

. 𝑇ଵ. 100 =
𝜔ଵ

∑ 𝜔௠௔௫,ଵ
ଵଵ
௜ୀଵ

.
∑ 𝜔௜,ଵ

ଵଵ
௜ୀଵ

∑ 𝜔௜
ଷଵ
௜ୀଵ

. 100 =
70

870
.

600

1720
. 100 = 2.807% (30)

Similarly, the following values are obtained for the terms of the second and third groups: 

𝑆ଵଶ,ଶ =
𝜔ଵଶ

∑ 𝜔௠௔௫,ଶ
ଵ଺
௜ୀଵଶ

. 𝑇ଶ. 100 =
𝜔ଵଶ

∑ 𝜔௠௔௫,ଶ
ଵ଺
௜ୀଵଶ

.
∑ 𝜔௜,ଶ

ଵ଺
௜ୀଵଶ

∑ 𝜔௜
ଷଵ
௜ୀଵ

. 100 =
60

440
.

240

1720
. 100 = 1.903% 

𝑆ଵ଻,ଷ =
𝜔ଵ଻

∑ 𝜔௠௔௫,ଷ
ଷଵ
௜ୀଵ଻

. 𝑇ଷ. 100 =
𝜔ଵ଻

∑ 𝜔௠௔௫,ଷ
ଷଵ
௜ୀଵ଻

.
∑ 𝜔௜,ଷ

ଷଵ
௜ୀଵ଻

∑ 𝜔௜
ଷଵ
௜ୀଵ

. 100 =
60

1340
.

880

1720
. 100 = 2.291% 

(31)

After calculating the weighted values of all terms, the results are summed within each group, 
allowing the determination of the partial risk for each group of factors. The obtained group sums are 
as follows: 

𝑆ଵ =  ෍ 𝑆ଵ,௜ = 24.058%

ଵଵ

௜ୀଵ

, 𝑆ଶ =  ෍ 𝑆ଶ,௜ = 7.611%

ଵ଺

௜ୀଵଶ

,

𝑆ଷ =  ෍ 𝑆ଷ,௜ = 33.599%

ଷଵ

௜ୀଵ଻

 

(32)

The overall risk assessment for the considered case is determined as the sum of the partial risks 
of the three factor groups: 

𝑇ଵ = 𝑆ଵ + 𝑆ଶ + 𝑆ଷ 

𝑇ଵ = 24.058 + 7.611 + 33.599 = 65.27% 
(33)

The first pie chart in Figure 21a shows the distribution of risk levels for the elements “road”, 
“meteorological conditions”, and “vehicle”. The analysis shows that the share of cases with a risk 
level up to 40 units is 43.8%, while the share within the range of 41 to 70 units is 31.3%, and values 
above 70 units account for 25.0%. 
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The second pie chart in Figure 21b illustrates the risk levels associated with driver behavior. It 
can be observed that in 26.7% of the cases the risk level is up to 40 units, in 46.7% it falls within the 
range of 41 to 70 units, and in 28.7% the values exceed 71 units. 

The relative distribution of the factors indicates that the share of the elements “road” and 
“meteorological conditions” is 34.9%, the share of the element “vehicle” is 14.0%, and the share of the 
element “driver” is 51.1%, with the total equal to 100%. The overall integrated risk assessment for the 
considered case is 65.27%. 

  
(a) (b) 

Figure 21. Distribution of weighted risk levels corresponding to the integrated risk value of 65.27%. (a) weight 
levels for the elements road and vehicle; (b) driver behavior. 

Based on the expert structuring of the analyzed cases and the application of the proposed risk 
assessment methodology, eleven consecutive risk levels were identified. These levels are defined 
through an integrated quantitative evaluation of linguistic variables of the linguistic variables related 
to the road environment, the technical characteristics of the vehicle, and driver behavior. Such 
stratification allows the systematization of the observed cases and allows a more detailed analysis of 
the factors contributing to the occurrence of pedestrian-involved road traffic accidents. 

The analysis of the obtained results reveals a clear relationship between the increase in 
integrated risk and the growing contribution of the human factor. At lower risk levels, factors related 
to the road environment and the technical characteristics of the vehicle tend to dominate. As the 
integrated risk values increase, particularly in the range above 50%, driver behavior emerges as the 
primary determining element in the formation of the overall risk assessment. 

The first risk level includes values up to 39.99% and is characterized by a predominance of low-
risk linguistic variables. Within this range, driver behavior remains stable, while the observed 
deviations are isolated and do not significantly affect the overall safety assessment. 

The second and third risk levels, corresponding to the ranges of 40.00–42.99% and 43.00–45.99%, 
are characterized by a gradual increase in the proportion of variables associated with a moderate 
level of risk. However, values corresponding to the high-risk category remain limited, indicating that 
driver behavior still remains under relatively stable control. 

The fourth and fifth risk levels, corresponding to the ranges of 46.00–48.99% and 49.00–51.99%, 
show a progressive increase in risk values, particularly in the variables associated with driver 
behavior. At these levels, a higher proportion of terms belonging to the moderate risk range is 
observed, which leads to an increase in the overall integrated risk value. 

The sixth and seventh risk levels, covering the ranges of 52.00–54.99% and 55.00–57.99%, are 
characterized by a noticeable increase in risk values both in driver behavior and in some factors 
related to the road environment. Within this range, the share of variables belonging to the high-risk 
class increases, indicating a strengthening of the critical factors contributing to risk formation. 

The eighth and ninth risk levels, corresponding to the ranges of 58.00–60.99% and 61.00–63.99%, 
demonstrate a clear shift of risk values toward the moderate and high-risk categories. At these levels, 
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driver behavior becomes the dominant factor contributing to the increase in integrated risk, while the 
influence of the road environment and vehicle technical characteristics remains relatively limited. 

The tenth risk level covers the range of 64.00–66.99% and is characterized by the predominance 
of values within the high-risk category, particularly for linguistic variables associated with driver 
behavior. In these cases, significant deviations in driver reactions and actions are observed when 
hazardous situations arise. 

The eleventh risk level includes values above 70.00% and represents the highest risk category. 
At this level, a clear dominance of behavioral factors and a significant proportion of variables 
belonging to the high-risk category are observed. This level is characterized by critical manifestations 
in driver behavior and a substantially increased probability of road traffic accidents. 

The eleven risk levels were established based on the analysis of 105 real court cases, in which 
recurring combinations of factors related to driver behavior, road environment characteristics, and 
accident dynamics were identified. These levels reflect empirically observed patterns of criticality in 
judicial practice and provide a structured framework for the systematic risk assessment of pedestrian-
involved road traffic accidents. 

The obtained results, combined with the analysis of more than 100 court decisions, indicate that 
driver behavior remains the dominant factor in the formation of risk in pedestrian-involved road 
traffic accidents. At the same time, the influence of the road environment and the technical 
characteristics of the vehicle appears to be significantly more limited. 

The results of the dynamic simulations were analyzed using the proposed risk assessment 
methodology based on linguistic variables and Kernel Density Estimation (KDE), which enables 
continuous estimation of the empirical distribution of the integrated risk, as shown in Figure 22. 

 

Figure 22. Empirical distribution of the integrated risk estimated using Kernel Density Estimation (KDE). 

Figure 23 presents the distribution of the integrated risk for the element “driver”, defined 
through 17 linguistic variables out of a total of 31 variables in the model. The obtained results show 
a clear concentration of values within the interval of 41–70%, with the maximum density occurring 
around a mean value of 55.48%. The calculated 95% confidence interval lies within the range of 54–
58%, indicating a relatively stable distribution of risk associated with driver behavior in the analyzed 
sample. 
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Figure 23. Empirical distribution of the integrated risk for the vector of linguistic variables for the element 
“driver”, estimated using Kernel Density Estimation (KDE). 

The fact that both the mean value and the confidence interval fall entirely within the range of 
41–70% indicates that the analyzed cases are characterized by an elevated level of risk primarily 
determined by the human factor. This is most commonly manifested through inappropriate speed 
selection, delayed perception of the hazard, and inaccurate assessment of the moment of occurrence 
of the critical situation. 

Within the framework of the analysis, an additional case was also examined, represented by a 
vector of linguistic variables, in which the risk assessment according to the proposed methodology is 
61.65%, corresponding to the eighth risk level: 

Ωସ = [10,20,80,10,30,10,10,40,80,70,10,60,40,40,90, 

10,40,10,90,30,80,90,90,80,60,50,30,80,70,80,70] 
(34)

The comparison of this value with the empirical distribution indicates that it lies in the upper 
part of the 41–70% interval and is significantly higher than the mean value of the sample, which 
suggests an increased influence of human-related factors. 

The distribution of risk for the element “road–environment” is presented in Figure 24. The data 
show a concentration of values within the low-risk range, mainly between 10% and 40%, which is 
also confirmed by the shape of the KDE curve. The mean value is 35.50%, while the calculated 95% 
confidence interval lies within the range of 33.45–37.55%. 

 

Figure 24. Empirical distribution of the integrated risk for the vector of linguistic variables corresponding to the 
element “road–environment”, estimated using Kernel Density Estimation (KDE). 

The value obtained for the analyzed case falls within this interval, indicating that the road and 
environmental conditions do not significantly deviate from the typical profile of the observed cases 
and therefore do not represent a dominant factor in accident occurrence. 

Figure 25 presents the distribution of risk associated with the element “vehicle”. The main 
concentration of values is observed within the range of 41–70%, with the mean value of the historical 
data approximately equal to 51.85%. The calculated 95% confidence interval is approximately 50–
53%, indicating a stable distribution of risk associated with the technical characteristics of the vehicle. 
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The value obtained for the analyzed case falls within this interval and corresponds to the main 
maximum of the KDE curve, indicating that the technical condition of the vehicle and its contribution 
to the risk do not differ significantly from the typical observed values. 

 

Figure 25. Empirical distribution of the integrated risk for the vector of linguistic variables corresponding to the 
element “vehicle”, estimated using Kernel Density Estimation (KDE). 

In summary, the results of the analysis, combined with the examination of more than 100 court 
decisions, indicate that driver behavior emerges as the primary factor in the formation of risk in 
pedestrian-involved road traffic accidents, while the influence of the road environment and the 
technical characteristics of the vehicle is considerably more limited. The proposed methodology, 
based on linguistic variables, dynamic modeling, and Kernel Density Estimation (KDE), 
demonstrates high applicability for quantitative risk assessment and enables the identification of 
critical zones with increased risk concentration. The analysis of empirical data and the results of 
dynamic simulations show that the integrated approach allows reliable identification of the key 
factors determining the level of risk, thereby providing a foundation for the development of 
intelligent systems for risk assessment and management in the transport system. The obtained results 
may serve as a basis for the development of driver assistance systems and intelligent transportation 
systems aimed at reducing the risk of pedestrian-involved accidents. 

5. Conclusions 

This study presents an integrated dynamic model for risk assessment and prevention of 
pedestrian-involved road traffic accidents. The model combines the analysis of real court cases, a 
system of linguistic variables, and mathematical modeling of the interaction between the vehicle and 
the pedestrian. Based on the analysis of 105 court decisions, 31 significant factors describing driver 
behavior, vehicle technical characteristics, and road-environmental conditions were identified and 
integrated into a unified model for quantitative risk assessment. 

The obtained results show that even minimal delays in driver perception of a hazardous 
situation may lead to a significant increase in the risk of road traffic accidents. Numerical experiments 
conducted using the dynamic model demonstrate that a delay in driver reaction of approximately 
one second is sufficient to eliminate the technical possibility of avoiding a collision, regardless of the 
effectiveness of the braking system. 

The results of the simulation studies confirm the critical importance of early hazard detection 
and highlight the need for implementing automated driver-assistance systems. It is demonstrated 
that automated control of the braking moment can substantially reduce reaction time and increase 
the probability of preventing a collision between a vehicle and a pedestrian. 

The developed methodology and the proposed model can be applied both in engineering 
analyses of transport safety and in forensic investigations of road traffic accidents. The obtained 
results provide a basis for the development of intelligent systems for risk assessment and automated 
traffic management aimed at improving the safety of vulnerable road users within the transport 
system. 
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The main scientific contribution of this study is the development of an integrated risk-
assessment model that combines the analysis of real court cases, a system of linguistic variables, and 
dynamic modeling of vehicle–pedestrian interaction. The future research directions include the 
integration of machine learning algorithms for automated risk assessment and the improvement of 
the model by incorporating simulation-based experimental scenarios between road users, as well as 
its integration within intelligent transport systems and advanced driver-assistance systems. 
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