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Abstract: This study aimed to investigate the relationships between road safety indicators and urban 
environment infrastructure parameters. The analysis focused on how infrastructure influenced road 
safety outcomes. To achieve the objective, a methodology using nonlinear optimization tools was 
developed to substantiate the relationships and provide a more nuanced understanding of their 
characteristics. This methodology was tested and validated using St. Petersburg as a case study, with 
metro stations as the focus of analysis. Subsequently, methodology was applied to simulate 20677 
pedestrian accident between 2018 and 2023. The results showed that there were 7 distinct clusters 
based on the specific relationships between the probability of road accident and the infrastructure 
characteristics of the surrounding areas. The dependency type of each cluster was carefully analyzed 
and justified, showing the unique characteristics of the urban environment around the selected focal 
points. The results showed significant variations in safety dependency based on different urban 
infrastructure characteristics. This innovative methodology has practical applications for specialist 
government agencies in St. Petersburg, providing a robust framework for developing targeted 
interventions and strategies to improve road safety in urban areas. 

Keywords: Nonlinear optimization; Road accident; Safety; Urban environment; Urban infrastructure 

1. Introduction 

Annually, there is a significant increase in the number of scientific studies investigating the 
nature of road accident in different territories (Chand et al., 2021). These studies explore factors 
affecting the occurrence of severe road accident, methodology to minimize their concentration, and 
measures to increase safety (Geremew, 2024; Zhou et al., 2019; Lyu et al., 2018; Behnood and 
Mannering, 2017). The application of geoinformation system (GIS), spatial (road segment and 
intersection, zonal, regional, conditional approaches), and machine learning in road safety have 
gained wide attention (Ziakopoulos and Yannis, 2020; Gutman et al., 2021). However, previous 
studies have only focused on separate aspects of road safety and urban planning. This shows the 
need to develop a complex methodology, which integrates the tools and procedures for the purpose 
of road accident concentration hotspot identification and the development of incentives to increase 
safety. Therefore, investigations are carried out to explore the distribution of accident severity and 
problems of prediction, the influence of infrastructure, and the impact of accident types on 
mortality. 
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Studies by (Ciprian-Sorin et al., 2024; Orsini et al., 2019) have examined the distribution of road 
accident severity to determine the causes of injuries to users and recommend proposals to reduce 
the severe and fatal consequences of road accident. The results showed the distribution of severity, 
predominantly consisted of minor cases, and fatal accident was the least common. Therefore, 
predicting fatal cases can be difficult due to the small number of observations in the sample 
compared to the mild and moderate severity (Sakib et al., 2024; Ahmed et al., 2023). 

Papadimitriou and Theofilatos (2017) have shown the distribution of road accident severity, 
ranging from light as the most common, to fatal cases which is minimal (Orsini et al., 2019). 
Therefore, predicting fatal cases may be difficult due to the small number of observations in the 
sample compared to the mild and moderate severity (Gianfranchi et al., 2017). Major road 
infrastructure bottlenecks tend to cause more severe injuries after accident (Zeng et al., 2017). This 
shows the need to determine the cause of injuries and implement a road safety project effectively 
in terms of reducing the severity in a shorter time. 

The impact of road infrastructure deficiency on accident needs to be analyzed. In this context, 
several studies have focused on the effect of traffic lights, road barriers, and signs on the outcome 
of road accident (Yevtyukov et al., 2020; Yevtyukov and Golov, 2017). The study by Billah et al., 
(2021) and Chen et al., (2020) focused on more comprehensive analyses considering the influence 
of different factors on the severity of road accident, such as lighting (Billah et al., 2021; Chen et al., 
2016), weather conditions (Islam et al., 2021), human factors (Onieva-García et al., 2016; Park et al., 
2012), and vehicle characteristics (Azhar et al., 2022; Wang et al., 2017). Furthermore Pang et al., 
(2022), Chen et al., (2020), and Malin et al., (2019) investigated the effect of weather conditions on 
post-accident mortality, identifying precipitation as a factor increasing the likelihood of more severe 
accident outcomes. Chen et al., (2020) and Park et al., (2012) also investigated the influence of 
weather conditions on mortality after road traffic accident. The results showed that precipitation 
was a factor increasing the likelihood of more serious consequences of road traffic accident. Rifat et 
al., (2024), Madushani et al., (2024), Rodionova et al., (2022), and Rodionova et al., (2021), have 
developed a model on the influence of various factors on the severity of injuries sustained in road 
traffic accident. The most important factor contributing to the increase in the number of fatalities 
due to the condition of the road infrastructure is the lack of road barriers (2.8%), and infrastructure, 
such as the lack of road lighting (12.6%). Azhar et al. (2022), Bhuiyan et al. (2022) and Billah et al. 
(2021) have also explored how different types of road accident can affect mortality rates. 

Based on the background above, this study aimed to develop a comprehensive methodology to 
substantiate the dependencies of safety indicators on urban infrastructure parameters. The analysis 
focused on addressing the growing need for evidence-based methodology to improve road safety 
in an increasingly complex urban environment. By understanding the intricate relationships 
between safety metrics and infrastructure attributes, this study provided valuable contributions to 
more effective planning and management strategies for urban spaces. In order to achieve the 
objective, a systematic methodology was adopted that included several key tasks. These included 
a thorough review and analysis of the existing scientific literature and studies in the field, focusing 
on substantiating the relationships between road safety indicators and infrastructure 
characteristics. The analysis was followed by the development of a novel methodology to formalize 
and validate the relationships. Finally, the practical applicability of the proposed methodology will 
be shown using St. Petersburg as a case study, providing tangible insights and actionable 
recommendations applicable to urban agglomerations in Russia. St Petersburg is one of the largest 
cities in Russia, comprising both well-established buildings of the historic center and the new 
districts. 

The subject of this study is the relationship between road safety indicators and transport 
infrastructure characteristics. Specifically, analysis is carried out to examine how different 
characteristics of urban infrastructure affect key safety metrics. The subject delves deeper into the 
interdependency of safety parameters, providing a focused examination of how urban 
infrastructure environment affects overall road safety outcomes. This dual focus ensures a 
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comprehensive understanding of both the theoretical and practical dimensions of road safety in 
urban contexts. 

This study is structured as follows, section 2 includes the development of a methodology for 
characterizing the dependencies of safety performance on the infrastructure of urban environment. 
The application of GIS to urban environment and road accident data is considered. In section 3, the 
developed methodology is applied to data from St. Petersburg. Finally, section 4 discusses the 
general conclusions of the review process and future study directions. 

2. Methodology 

In the intermediate stages of this study, a comprehensive methodology was developed to 
substantiate and analyze the relationships between safety indicators and urban infrastructure 
characteristics. This methodology included identifying key variables influencing road safety, such 
as traffic density, road design, pedestrian accessibility, lighting, and signage. Detailed modeling 
and statistical analyses were used to establish the relationships, analyzing the impact of specific 
infrastructure elements on accident frequency and severity.  

The methodology included the integration of geoinformation system (GIS) to spatially map the 
accident data and provide a visual representation of safety hotspots and infrastructure deficiencies. 
This facilitated the identification of patterns and correlations, such as the effect of road width, 
intersections, and signal placement on safety outcomes. The methodology also considered temporal 
factors, such as peak hours and seasonal variations, to ensure a robust analysis. The study by 
Talipova et al., (2023) and Lazarev et al., (2022), Sa'd et al., (2021) considered the methodology of 
creating GIS of transport infrastructure objects, defining the classification of objects, the order of 
collection and processing of raw data, as well as the sequence of data processing for transfer to GIS. 

By using the framework, this study provided insights into the direct impact of urban 
infrastructure on safety indicators. The results also provided a reference for developing targeted 
interventions and policy recommendations to improve road safety in urban environment. 

The developed methodology consisted of the following stages: 
1. Obtaining initial data on the urban environment with the help of GIS and data on road 

accident.  
2. Primary data processing. At this stage, a digital model of the urban environment with selected 

accident data was created.  
3. Target points were identified for the analysis of road accident based on the characteristics of 

pedestrian traffic volume and grouping depending on urban infrastructure parameters. Target 
points for analysis were objects of attraction to the constant flow of people.  

4. Construction of study areas from the target points. The boundaries of study areas were circles 
with a certain radius and incremental steps minus the previous area.  

The maximum radius of the study area around the target points was defined as half of the 
minimum distance between the target points belonging to different clusters and calculated as 
follows in Equation 1: 
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where 𝑅𝑚𝑎𝑥 is maximum radius for determining the number of accident around the target point; 

'kkL  is distance between target points, calculated by Equation 2; К is set of indexes (k) target points 

 1,2,...K z ; k (k=1,2,…z) is the target point index. 

2 2
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Each survey area will be taken in equal increments except for the previous area. The incremental 
step of study area around the centers of attraction can be defined in several ways:  

- as the minimum distance between the places of road traffic accident in the analyzed area, in 
line with Equations 3 and 4; 

  ' '
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where ∆𝑅 is step of increasing the radius of accident count area around the target points; 'r  is 

distance between places where accident is concentrated, φ is accident concentration point index φ 
(φ = 1,2…θ), θ is the number of road accident concentration. 

- as the average value between the accident areas, based on Equation 5; 
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- as a weighted average distance between places where road accident occur, depending on the 
severity of their outcome, as expressed in Equations 6, 7, and 8; 
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where ∆𝑅 is step of increasing the radius of accident count area around the target points; 'r  is 

weighted distances between the locations where accident is concentrated, 𝐽𝜑 is the set of accident 

point indices corresponding to the points of concentration areas φ (φ = 1,2…θ)  1,2,...J n  ; 𝑤𝑗 is 

specific designation showing the severity of the accident outcome, j is traffic accident number, n is 
number of traffic accident. 

5. Counting the number of accident in each of the areas relative to each target point as a center 
of attraction for people and determining the specific indicator of risk at each considered area as a 
ratio of the obtained number of accident to the permeability of the given centers of attraction of 
people as Equation 9. 
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where 𝑦𝑖 is the specific indicator of the risk of accident of measurement i (i=1,2,…m), m is the 
number of measurements, i is the index of measurement, Ni the number of accident by 
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measurement i (i=1,2,…m), 𝑉чел. is the volume of the flow of people through the target point at the 
considered time.  

6. Approximation results of the number of accident across study areas relative to the target points 
of each safety group through the influence of infrastructure.  

Approximation is a method of estimating mathematical objects by varying based on other values. 
The approximated function does not through the original nodes, but ‘smooths’ the values 
(Jittawiriyanukoon and Srisarkun, 2018). This method allows the investigation of numerical 
characteristics and qualitative properties of an object, reducing the problem to simpler or more 
convenient objects. The description of initial data and unknown variables is shown in Table 1. 

Expression of the approximated function in general form as Equation 10: 

( ) ·    · b xy x a e c= +  (10) 

In the case of increasing of approximated function, the maximum and minimum predicted value 
will have the following form of Equations 11 and 12 respectively: 

 

( ) ( )
max·max  , ·  1,2,ixb

iy x a e c i i m= + =   (11) 

( ) ( )
min·min , ·  1,2,ixb

iy x a e c i i m= + =   (12) 

The parameters of forecast models determined in accordance with the paragraphs of Table 1 
were formed as part of the optimization procedure using the GRG (Generalized Reduced Gradient) 
method. In the case of decreasing approximated function, the maximum and minimum predicted 
value will have the following form of Equations 13 and 14 respectively: 

 

( ) ( )
min·max , ·  1,2,ixb

iy x a e c i i m= + =   (13) 

( ) ( )
max·min , ·  1,2,ixb

iy x a e c i i m= + =   (14) 

Table 1 Input data and unknown variables 

№ Name of the element of initial data / unknown variable Unit Designation 

1 Input data 
1.1 Number of dimensions - m 
1.2 Radius of study area i (i=1,2,…m) м 𝑥𝑖 

1.3 
Actual value of the specific indicator of the probability of 
occurrence of road accident of measurement i (i=1,2,…m) 

- 𝑦𝑖  

2 Design characteristics 

2.1 
Forecast value of specific indicator of probability of 
occurrence of road accident of measurement i (i=1,2,…m) 

- iy  

2.2 Scale parameter - a 
2.3 Shape parameter м-1 b 
2.4 Offset parameter - c 

2.5 
Sum of squares of deviations of forecast values of the 
indicator from actual values 

- 2  

2.6 Determination coefficient - R2 

 
The value of the scale parameter is determined by Equation 15: 
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The value of the shape parameter is set using the selection method. 
The value of the offset parameter is determined by Equation 16: 
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The sum of squares of forecast deviations for indicator from actual values is determined using 
Equation 17: 
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The coefficient of determination is determined using Equation 18. This is the reliability value of 
approximation. 
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where R2 is sum of average deviation from actual values. 
The coefficient of determination is the reliability value of approximation, where value close to 1 

is considered better. For acceptable models, R2 is greater than 0.5. Models with a coefficient of 
determination greater than 0.7 can be considered good enough. Moreover, minimality of differences 
between the initial and approximated function is determined by the sum of squares of initial 
deviation and forecast values. 

The target function has the form Equation 19: 

( )2 2

1

( ) mi  1n ,2,,
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7. Processing and analyzing the results. At this stage, the effect of created travel safety conditions 
was determined and general recommendations were formulated. Figure 1 shows a flowchart of the 
described methodology. 

 
Figure 1 Methodology for substantiating the characteristics of safety indicators dependency on the 
parameters of the urban environment infrastructure 

3. Results and Discussion 

In the final stages, the methodology was implemented on the example of St. Petersburg. For the 
construction of urban environment, the software product QGIS was adopted. QGIS served as an 
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open-source GIS, which provided an opportunity to work with different types of geographic data 
in various formats and projections without converting to a common format.  

Based on the data obtained from QGIS, an algorithm was created in Grasshopper environment 
to identify the dependency of accident on the safety measures created around pedestrian hotspots. 
The data on buildings, roads, and traffic accident were in vector format, representing geographic 
data with attribute information. Furthermore, Grasshopper environment was considered optimal 
for working with data of different formats. Geometry is transferred to the Grasshopper visual 
programming environment in vector format (Figure 2).  

In this study, pedestrian safety was analyzed and cases were selected based on the structure of 
accident data. Subsequently, data on accident with the considered composition of participants was 
sampled. 

 

Figure 2 View of Petrogradsky district of St. Petersburg in Rhino/Grasshopper environment with 
data on buildings, roads, rivers, and traffic accident 

 
Pedestrian crossing infrastructure had a direct impact on the safety of people flow in urban 

environment. This is because pedestrian crossings could be underground and elevated. In this 
study, the type of pedestrian crossing was an indicator of infrastructure that affected the safety of 
people flow. Metro stations were divided into 2 groups based on the presence of underpass in the 
immediate vicinity. The volume of people flowing in the center of the attraction was defined as the 
passenger flow of the station during the analysis period (2018 - 2023). Based on the analysis, the 
step area of traffic accident count was considered as the average value between the traffic accident 
occurrence areas:  

∆𝑅 = 𝑟ср. ≈ 80𝑚; 

In St. Petersburg, the closest metro stations without underground crossings were identified to be 
Vladimirskaya and Ploshchad Vosstaniya, with a distance of 800 m. Therefore, the maximum radius 
of determining the number of accident around the metro station, determined by Equations 1 and 2 
was R max = 400 m. The created algorithm in Grasshopper environment allowed to automatically 
calculate the number of traffic accident by areas according to the specified target points (metro 
stations). In this algorithm, the division of accident analysis areas was presented with steps of 80 m 
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from the target point. Subsequently, the circles of analysis areas were plotted, and traffic accident 
was counted according to the given parameters (Figure 3). 

 
Figure 3 Construction of accident analysis areas around the target points 

 
The algorithm identified accident in each area separately and counted their number. Based on 

the results, the specific coefficient of probability of accident occurrence was calculated according to 
Equation 9. The approximation process, defined by the expressions Equation 10 - Equation 19, was 
performed in Microsoft Excel using the 'Solution Finding' add-in in accordance with the 
mathematical description of the model. The target cell and the type of optimization were defined 
according to Equation 19. Subsequently, the approximated graphs, showing the distribution of 
specific indicators of road accident probability per 100 million inhabitants were summarized by 
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clusters in Figure 4. These clusters were formed based on similar types of dependency and the 
composition was indicated in the legend of the corresponding graphs.  

  
(a) (b) 

  
(c) (d) 

 
 

(e) (f) 

 

 

(g)  

Figure 4 Approximated graphs of the distribution of the specific probability of road accident per 
100 million people. a- Underground crossings are located close to the metro. There is relatively free 
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urban development around the target points, b - only above-ground pedestrian crossings are 
located near the stations. There is dense urban development around the stations, and c - 
underground pedestrian crossings are located next to underground exits. The exits are directed to 
the avenues., d - only above-ground pedestrian crossings are located near the stations. Metro exits 
are directed to avenues. e - underground pedestrian crossings are located next to underground 
exits. Exits are remote from highways. f - only above-ground pedestrian crossings are located near 
the stations. Exits are remote from thoroughfares. g - only ground pedestrian crossings are located 
near the stations. There are tram stops near the exits 
 

The studies by Hee et al. (2024), Wang et al. (2022), and Dushkin et al. (2021) have provided an 
in-depth analysis of the multiple interactions between road users, including vehicles, infrastructure 
elements, pedestrians, and other participants in the traffic ecosystem. The results showed the critical 
need for innovative traffic management methodology extending beyond the automation of existing 
strategy. This proposed methodology showed the potential for transformative improvements in 
road safety and transport efficiency, serving as a continuation of previous study to explore the 
intricate relationships between road accident and urban infrastructure. By analyzing these 
relationships, the study aimed to identify how specific infrastructure characteristics influence the 
occurrence and severity of accident. The results showed a clear correlation between urban 
infrastructure parameters and road environment safety indicators. 

The results validated the effectiveness of the developed toolkit in capturing dependency, 
suggesting its high practical relevance. This methodology framework not only advanced theoretical 
understanding but also provided actionable insights for urban planners, policymakers, and 
engineers seeking to improve road safety and optimize transport systems. Therefore, the study 
provided a robust basis for implementing data-driven improvements in traffic management on the 
unique characteristics of different urban environment.  

4. Conclusions 

In conclusion, this study applies methodology to simulate 20677 pedestrian accident between 
2018 and 2023. Using approximation tools, 7 clusters are identified according to similar dependency 
types justified by the peculiarities of the infrastructure around the target points. In existing 
buildings, pedestrian underpasses reduce the probability of accident, compared to surface 
crossings. Furthermore, the results show that the presence of tram stops near metro stations 
increases the probability of accident around the target point. When the exits of metro stations are 
away from the main avenues, a decrease in the probability of accident is observed. For future study, 
the scope of the developed methodology is recommended to be extended by incorporating 
additional urban infrastructure features, such as road geometry, traffic density, lighting conditions, 
and environmental factors to explore their influence on the causes and dynamics of road accident. 
By integrating these variables, future study would develop a more comprehensive understanding 
of how different infrastructure elements contribute to road safety outcomes. Therefore, the 
developed methodology would be used in the activities of relevant government agencies to address 
the issues of improving road safety. 
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