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Abstract

Context: The high rate of road accidents in Colombia constitutes a serious public
health issue. This study seeks to identify spatial patterns in the occurrence of
traffic accidents at the departmental level. Based on these data, the aim is to better
understand the factors that influence road accidents in order to propose more
effective prevention strategies.

Method: To this effect, a cluster analysis based on the K-means algorithm
and binomial analysis was used. These statistical techniques allowed grouping
Colombian departments according to their accident profile, considering variables
such as geographical location, incidents, the validity of vehicle documents, and the
presence of new road actors.

Results: The results of the analysis revealed three groups of departments with
different accident rates: high, medium, and low. This classification makes it possible
to identify regions with a higher risk of suffering road accidents and determine
their associated factors, such as population density and road conditions. This study
demonstrates the usefulness of cluster analysis to identify spatial patterns in road
accidents at the departmental level.

Conclusions: The results obtained contribute to a better understanding of the
factors that influence the occurrence of traffic accidents in Colombia, which enables
the design of more focused and effective prevention strategies. Future research
could delve into the analysis of the socioeconomic and cultural factors associated
with road accidents, in addition to exploring the application of predictive models to
anticipate the occurrence of accidents.
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Resumen

Contexto: La alta accidentalidad vial en Colombia constituye un serio problema de salud ptblica. Este estudio
busca identificar patrones a nivel departamental en la ocurrencia de accidentes de transito. Con base en los datos
de accidentalidad, se busca comprender mejor los factores que influyen en los sucesos para proponer estrategias de
prevencién mds efectivas.

Meétodo: Se utilizé un andlisis de conglomerados basado en el algoritmo K-medias y un analisis binomial. Estas
técnicas estadisticas permitieron agrupar los departamentos colombianos segtn su perfil de accidentalidad,
considerando variables como: la ubicacién geografica, los incidentes, la validez de los documentos vehiculares y la
presencia de actores viales.

Resultados: Los resultados del andlisis mostraron tres grupos de departamentos con diferentes tasas de
accidentalidad: alta, media y baja. Esta clasificacién permite identificar las regiones con mayor riesgo de sufrir
accidentes viales y determinar los factores asociados, como la densidad poblacional y el estado de las carreteras.
Este estudio demuestra la utilidad del andlisis de conglomerados para identificar patrones de comportamiento
espacial en accidentalidad vial a nivel departamental.

Conclusiones: Los resultados obtenidos contribuyen a una mejor comprensién de los factores que influyen en la
ocurrencia de accidentes de transito en Colombia, lo que permite disefiar estrategias de prevencién especificas
y eficaces. Futuras investigaciones podrian profundizar el andlisis, con factores socioeconémicos y culturales
asociados a los accidentes de transito. Ademas, de explorar la aplicacién de modelos predictivos para anticipar la

ocurrencia de accidentes.

Palabras clave: accidentalidad, vehiculos, trafico, andlisis binomial, seguridad vial, conglomerados
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1. Introduction

According to the National Road Safety Agency (1), the main causes of traffic accidents in the
country are excessive speed (42.91 %), failure to obey traffic signals (32.51 %), and driving under the
influence of alcohol (4.94 %). These factors pose a significant risk to road safety and highlight the need
to strengthen control and prevention strategies regarding mobility.
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According to (2), five risk factors associated with traffic accidents have been identified, among
which driving under the influence of alcohol, excessive speed, and the lack of protective systems (e.g.,
helmets and seat belts) stand out. The same study reports that, in 2002, out of 6063 traffic-related deaths
in Colombia, 39 % involved pedestrians, 19 % involved passengers, and 15 % involved motorcyclists.
Additionally, 75 % of these accidents involved men, indicating that the male gender has been the most

affected. This trend has remained consistent over time.

The analysis of accident rates in the context of risky and aggressive driving behaviors, as presented
in the study by (3), reveals that factors such as age and gender significantly impact traffic accident rates.
The results indicate that men and young drivers tend to exhibit riskier driving behaviors, which are
associated with a higher likelihood of accidents. This study underscores the importance of identifying

and addressing these behaviors to improve road safety.

In a different context, the study by (4) in Neiva, Colombia, examines the road infrastructure and its
relationship with urban traffic accidents. The findings indicate that factors such as vehicle type, time of
day, and road infrastructure characteristics play a crucial role in accident frequency, with motorcyclists
being the most vulnerable victims. Combining these studies highlights the relevance of both driver
behavior and road infrastructure in preventing traffic accidents, suggesting that improving road safety

requires interventions targeting both driver conduct and infrastructure improvements.

Additional important factors, such as location, the lack of road safety systems for drivers, and
road infrastructure conditions, contribute to a higher incidence of traffic accidents in certain areas (5).
Likewise, studies such as that of the Colombian Safety Council (6) have shown that road conditions
are a determining factor in the occurrence of accidents, as they influence both driver behavior and

vehicle performance. In this context, geographic location and driving behavior play a significant role (7).

In an article on how black spots can significantly improve road safety, (8) argue that this is a key
aspect in analyzing road safety. Addressing these areas, where most accidents occur, helps to reduce
the likelihood of their recurrence. Moreover, in a broader sense, this approach could not only identify
specific black spots, but also reveal ‘black departments’, or regions characterized by high accident
rates. This may be influenced by multiple factors such as vehicle flow, the mandatory traffic accident
insurance (SOAT), driver’s licenses, and vehicle registrations, among other elements that contribute
to this phenomenon. In 2023, the Colombian government implemented various initiatives aimed at
strengthening driver capabilities and improving road safety. These actions align with the objectives
of the Decade of Action for Road Safety. The Ministry of Transport’s territorial programs (9) and the
Global Plan for Road Safety 2021-2030 (10) prioritize the improvement of road infrastructure as a key

measure to reduce traffic-related fatalities, with projections extending to the year 2030 (11).
Research in the field of road safety has advanced significantly due to the development of statistical

models and machine learning techniques. Studies such as those by (12) and (13) have demonstrated the

usefulness of these models in identifying patterns in accident data and assessing the impact of various
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risk factors. By analyzing variables such as vehicle type, traffic flow, and road characteristics, these
models enable the development of more effective strategies for accident prevention and road safety

improvement.

The studies by (14) and (15) address issues related to traffic accidents in Colombian urban contexts,
emphasizing the importance of identifying high-risk points to enhance road safety. In the case of
Tunja, (14) applied spatial analysis, using geoprocessing techniques and kernel density estimation to
identify risk-prone areas based on accident concentration while considering socio-spatial variables
such as land use and traffic flows. This approach helps to delineate zones with a high probability of
accidents, offering a useful framework for planning and managing road safety in urban areas. On the
other hand, (15) focused on Ibagué, determining that, aside from factors such as mechanical failures
and recklessness, decision-making errors at critical points like roundabouts significantly contribute to
accident rates. Both studies agree on the need for an integrated approach to road risk management,

incorporating both infrastructure and driver behavior to reduce accidents and improve public safety.

According to (16), the K-means and K-medoids algorithms are widely used in partition- based
clustering techniques. These algorithms form clusters based on their centers, but they require the
number of clusters (k) to be specified beforehand. To determine this optimal number, it is essential
for the user to have adequate knowledge of the application dataset, as the value of k depends on the
specific characteristics of the data. There are various methods for identifying the correct number of
clusters, including the rule of thumb, cross- validation, the elbow method, information-based criteria,
and the core matrix. However, most of these approaches require clustering beforehand in order to

estimate the appropriate number of clusters.

According to the study by (17), which was conducted in a hospital in Metropolitan Lima during
the COVID-19 pandemic, a significant increase in occupational accidents was observed during the
pandemic. These included crush injuries, assaults, internal trauma, sprains, and fractures, notably
impacting the lumbosacral region and fingers. This rise highlights the risks faced by healthcare workers
during a public health crisis. In contrast, the work by (18) on the handling of traffic accident data in
Brazil demonstrates how information can be effectively managed by integrating multiple databases.
This process, implemented in five pilot capitals of the Vida no Transit project, enabled the creation of a
unified victim list and the reclassification of accidents as severe or fatal. The results showed a significant
increase in the number of recorded victims, emphasizing the importance of accurate data for planning
and evaluating road safety actions. Although they address different contexts (occupational and traffic
accidents), both studies agree on the importance of data collection and analysis to understand and
mitigate risks in various domains. They suggest that improving safety requires integrating effective

information systems and making decisions based on reliable data.
Furthermore, (19) analyzed factors affecting traffic accidents in Cartagena, Colombia, using a

geographic information system (GIS) and a Bayesian approach. They identified 69 sections with a

high propensity for accidents, noting that motorcycles have a higher accident rate than cars, and
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that commercial areas experience more accidents due to the high presence of pedestrians. The study
by (20) compared the adjusted traffic accident mortality rates (TAMR) in Colombia, Spain, and the
United States, highlighting that Colombia has higher rates due to its lesser development in road safety.
However, the European guidelines implemented by Spain have contributed to a reduction in mortality
rates, whereas the United States demonstrates limited adherence to international guidelines, which also
affects its TAMR.

As for developing countries, the analysis by (21) highlights Colombia’s progress in adopting
regulations to improve road safety. Nevertheless, despite recent legislative efforts, the country still faces
significant challenges in enforcing and ensuring the effectiveness of these measures. This reflects the

general situation in developing nations, where implementing road safety policies remains a priority.

After conducting a literature review, we determined that the factors with the most significant
influence on road accidents are those provided by the National Road Safety Agency (ANSV). Therefore,
this research aimed to find solutions to traffic safety problems by addressing questions such as: Do
vehicle registration data influence accident rates? Is it possible to predict accidents based on the analysis
of this data? and Is it feasible to classify accident-prone zones by department using this information? In
line with these questions, the research objectives were firstly, to demonstrate the influence of vehicle
registration records on road accident rates; secondly, to demonstrate the importance of analyzing
variables in understanding road accidents and how they affect road behavior; and finally, to identify
critical accident zones based on available information and analyze how these affect road safety in their

corresponding regions.

2. Methodology

2.1. Location

Fig. 1 shows the geographical distribution of Colombia’s 32 departments, serving as a fundamental
reference for territorial and regional analysis. This spatial context is essential for identifying
accident-prone areas and understanding regional differences regarding road safety. This map supports
the examination of factors such as traffic flow, infrastructure, and administrative divisions. It provides

the basis for targeted strategies aimed at reducing road accidents across the country.

The research methodology was structured in three main phases, as illustrated in Fig. 2: database
construction and segmentation, cluster center analysis, and the accident prediction model for improving
road safety in Colombia. To conduct an analysis of accidentality based on a cluster distribution, various
methods were employed to segment the data according to their characteristics and behavior. The criteria
for segmentation were dictated by the distance between the data points. Grouping was executed using
the K-means method, one of the most commonly utilized techniques for the specific purpose of data

clustering (23).
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Figure 1. Map with the 32 departments of Colombia

Source: (22)

This cluster analysis method aims to classify data related to a specific study, facilitating the formation

of groups with a higher level of identification. This process is executed through the approximation

of distance matrices, which are developed according to specific criteria (24). This method seeks to
unite similar elements, providing solutions for addressing challenges related to pattern clustering,

decision-making, data mining, and machine learning, among others. Conceptually, it deals with the

representation of patterns, evaluates similarities, performs grouping, and ultimately aids in visualizing

the resulting clusters (25).
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The database utilized in this study was obtained from the National Single Traffic Registry
(RUNT) and the ANSV. These data were essential for the efficient consolidation and distribution
of vehicle-related variables, including registrations (the official identification records of vehicles,
comprising a unique combination of letters and numbers), transfers (the formal process of transferring
vehicle ownership), the number of fatal accidents (the total number of accidents resulting in the loss
of human lives), the SOAT (the mandatory traffic accident insurance, covering medical expenses for
victims), technical inspections (mandatory reviews ensuring compliance with safety and emissions
standards), and driver’s licenses (official documents authorizing individuals to operate vehicles on
public roads after passing the required examinations). Based on these variables, an analysis was
conducted in order to determine the distribution of the 32 departments in Colombia, following a data
normalization process that incorporated population figures from the 2018 census conducted by the
National Statistics Department (DANE).
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2.2. Equations

To conduct this type of analysis, it is essential to determine the number of clusters into which the
data will be divided. Consequently, it is necessary to normalize the data in order to ensure that all groups
are on equal footing (26). In this work, the K-means method was employed for group separation (27).
This method groups the data’s spatial position and their distance to a random point within an iterative
process directed by Eq. (2). The proposed process includes: (i) assigning a random position to each
element (speed profile), (ii) calculating the distance of each element and grouping those with similar
values according to Eq. (1), (iii) calculating the group center location using Eq. (2), and (iv) iterating
between steps (iii) and (iv) until the sum of the distances of the elements is minimized, as evaluated via
Eq. (3) (28).

ST D(Xis1,C5(k)) — D(X:,Ci(k)) | (1)
=1
Cilr+1) = - XV @
E(r+1)=>_ zn: lw— C;(r+ 1)), 3)
=1 weWw

where n is the number of iterations, k the number of clusters, C;(n) the cluster center for j =
1,2,...,k D(X;41,C;(k) the distance for i = 1,2,...,k; and Wj the cluster center. The result of this
process assigns a value (1,2,3,...,n) to each analyzed speed profile, indicating the cluster to which it

was assigned.

3. Results

This section provides a detailed overview of the results obtained from the analyzed methodological

procedures.

Table I presents data related to the 32 departments of Colombia and their vehicular records,
including registrations, transfers, SOAT, and technical-mechanical inspections. These descriptive

statistics characterize the sample to facilitate grouping based on accidentality.

Table II presents the classification of the departments according to their population, which
was normalized based on the analysis using the K-means method. This was complemented with a
distribution selected through predefined criteria. Through this analysis, each department was assigned
to one of three groups (1, 2, or 3). Subsequently, the incidence of accidents within each group was

evaluated and classified as high, medium, or low, according to the criteria established in this study.
Fig. 3 presents the distribution of the 32 departments of Colombia, comprising three clusters based

on the number of accidents for every 100 000 inhabitants in 2022 and 2023. The departments are

represented by colored points, with each cluster identified by a specific color and number, providing an
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overview of the spatial distribution of accidents in Colombia. Note that the departments with a higher
number of accidents are concentrated in the central part of the country, while those with a lower number

of accidents are located in peripheral regions.

Table I. Basic statistical description of the sample

TECHNICAL-ME-

REGISTRATIONS TRANSFERS SOAT LICENSES
CHANIC INSP.

Min. 568 Min. 36 Min. 2002 Min. 117 Min. 0
1stQu 8669 1stQu 2708 1stQu 26152 1stQu 10738 1stQu 3588
Median 15532 Median 13128  Median 122 279 Median 81976 Median 15174
Mean 26 167 Mean 41227 Mean 283 017 Mean 196 864 Mean 27 607
3rdQu 26 668 3rdQu 28 189 3rdQu 225378 3rdQu 156 080 3rdQu 26 500
Max. 167 566 Max. 310 006 Max. 1911332 Max. 1478 598 Max. 197 663

A2022 A2023 A2024
Min. 2 Min. 0 Min. 1
1stgqQu  70.75 1stqQu 645 1stqQu 104
Median 1585 Median 176 Median 237
Mean 187.1 Mean 192 Mean 258
3rdqQu 2265  3rdQu 231 3rdQu  300.75
Max. 788 Max. 806 Max. 1093

Note: A2022 and A2023 correspond to accidents recorded in the years 2022 and 2023

Table II. Group distribution of the 32 departments of Colombia

POPULATION POPULATION POPULATION
DEPARTMENT GROUP (DANE, DEPARTMENT GROUP (DANE, DEPARTMENT  GROUP (DANE,
normalized) normalized) normalized)

CUNDINAMARCA 1 2792877 BOLIVAR 3 1909 460 LA GUAJIRA 2 825 364
ANTIOQUIA 1 5974788 MAGDALENA 3 1263 788 CHOCO 2 457 412
DEZA(‘Z];-;],?CA 1 3789 874 CESAR 3 1098 577 CAQUETA 2 359 602
BOGOTA D.C 1 7181 469 CAUCA 3 1243503 GUAVIARE 2 73 081
HUILA 3 1009 548 NARINO 3 1335521 PUTUMAYO 2 283197
SANTANDER 3 2008 841 META 3 919 129 AMAZONAS 2 66 056
DE SSISI);{IIIEIDER 3 1346 806 CALDAS 2 923 472 GUAINIA 2 44 431
TOLIMA 3 1228763 SAN ANDRES 48299 CASANARE 2 379 892

Y PROVIDENCIA

BOYACA 3 1135698 RISARALDA 2 839 597 ARAUCA 2 239 503

ATLANTICO 3 2342265 QUINDIO 2 509 640 VICHADA 2 76642
CORDOBA 3 1555 596 SUCRE 2 864 036

The center of cluster 1 includes the departments with the lowest number of accidents, with 24
to 25 accidents for every 100 000 inhabitants. The departments in this group are Cundinamarca,
Antioquia, Valle del Cauca, and Bogotd DC. Cluster 2 comprises the departments with the highest
number of accidents, with 14-15 accidents for every 100 000 inhabitants. The departments in this group
include Huila, Santander, Norte de Santander, Tolima, Boyaca, Atlantico, Cérdoba, Bolivar, Magdalena,

Cesar, Cauca, Narifio, and Meta. Cluster 3 encompasses the departments with a moderate number of
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Figure 3. Cluster distribution

accidents, reporting 4 to 5 accidents for every 100 000 inhabitants. This group includes the remaining 19
departments, significantly influencing the overall distribution of accidents in the country.

However, departments with a higher number of accidents and a higher risk classification should
be the central focus of road safety policies. Prioritizing these areas enhances decision-making processes
and encourages the implementation of specific measures, such as contingency plans, road infrastructure

and signage improvements, and awareness campaigns.

Fig. 4 presents a graphical analysis of the weighting of the cluster centers. It illustrates how they
are grouped based on their proximity to other groups, identifying accidents that occurred in 2022 and
2023. This information could prove valuable in determining the areas of the country that require greater
attention with regard to accident prevention. Here, the cluster with the lowest number of accidents is in
black, the cluster with a moderate number of accidents is labeled green, and the cluster with the highest

number of accidents is in red.

In the Cartesian plane, the X-axis quantifies the number of traffic accidents that occurred in 2023
(A2023), while the Y-axis represents the incidents recorded in 2022 (A2022). Each point on the graph
corresponds to a department, and the color coding indicates cluster membership as defined through
the K-means algorithm. Additionally, the asterisks represent the location of each group’s centroid,
which serves as the geometric center of each cluster within the analytical space. This facilitates the
interpretation of regional trends in road accidentality, revealing marked regional differences that are

associated with traffic density and the effectiveness of local road safety policies.
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Figure 4. K-means clustering

The following three figures analyze the variation in the percentage of accidents by department for
the years 2022 and 2023. This analysis is based on the classification of cluster centers 1, 2, and 3, which
enables a deeper understanding of the distribution and behavior of accidents in the country. The main
objective is to identify patterns and trends at the departmental level. This information is crucial for

decision-making regarding road safety.

This article sought to analyze the departments with the highest and lowest percentage of accidents,
the trends in accidents, and the impact of socioeconomic factors in this regard. The results have
important implications for the design of public policies and academic research in the field of road safety.
Although there are limitations in relation to the availability and quality of the data, we expect that this

analysis will serve to understand and address the issue of road accidents in Colombia.

Fig. 5 shows the results of the classification performed using cluster analysis, which identified
territorial groupings with similar characteristics in terms of variables associated with the occurrence
of road accidents. In the specific case of cluster 1, corresponding to the areas or departments with
the highest incidence of accidents, a direct relationship is evident between this classification and key
variables such as the number of registered vehicles, population density, and vehicular activity. This is
observed in Bogotd, as it belongs to this cluster 1 and represents the lowest percentage of accidents

in this classification, accounting for approximately 5 % of the total number of recorded accidents. This
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allows inferring and highlighting the importance of this city, combined with its high population density
and level of road activity, reinforcing and consolidating its position within this group. Based on the
above, this classification not only responds to the absolute number of accidents; it is also influenced
by the behavior of the variables considered in this work, which show greater intensity and correlation
in this group when compared to clusters 2 and 3. Therefore, the results suggest that the grouping of
these departments is strongly determined by structural and dynamic factors of vehicular traffic, which
provides a consolidated technical criterion for interpreting and prioritizing road safety intervention

within the analyzed areas.

CLUSTER 1

25

20

15

i

% Accidents in relation to the total

CUNDINAMARCA ANTIOOUILA WALLE DEL CAUCA BOGOTAD.C
Department

% total =% Accidents in relation to the total
Figure 5. Cluster 1

Fig. 6 presents a comparative representation of the total percentage of records and the percentage of
accidents with respect to the total number of registered vehicles for each of the departments in cluster 2.
We evidenced a heterogeneous distribution of accidents concerning the proportion of each department
within the group. Some departments, such as Santander and Norte de Santander, exhibit higher
accident percentages than the cluster average, highlighting that, despite having similar relationships
with the total records, their road accident rates are higher in comparison with others in the same group.
In contrast, departments such as Boyacd and Tolima show a lower proportion of accidents in relation to

their total representation, which suggests a more favorable behavior in terms of relative road safety.

Fig. 7, representing cluster 3, shows the departments with the lowest levels of road accidents
in Colombia. This cluster is particularly notable for its low population density, lower volume of
registered vehicles, and lower traffic volumes, which reflects its low percentages regarding both the
absolute number of accidents and its relative incidence within the country. Some departments, such as
Guainfa, Vaupés, Amazonas, and Vichada, have near-zero percentages in both variables, suggesting a

rather limited road exposure, attributed to their geographic location. Departments such as Putumayo,
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Figure 6. Cluster 2

Guaviare, and Caquetd also have higher proportions within the cluster, although their percentages are
lower than 2 %, which is consistent with the classification. Considering that this cluster corresponds to
a low accident rate, its analysis is vital, as the presence of specific events or future territorial growth
can alter these conditions, especially in departments with emerging development dynamics. Finally,
an approximate prediction of accident behavior was generated through a negative binomial analysis,
which initially utilized the analyzed variables. The aim was to consolidate and adjust this analysis by
examining the strength of the variables in the prediction.

Eq. (4) presents the initial model, which was based on accident data from the year 2022. In contrast,
Eq. (5) represents an updated version of the model that incorporates data from 2023 in order to generate
an accident prediction for 2024.

Accidents = exp(A+ REGISTRATIONS «* B4+ TRANSFERS «C + SOAT * D (4)
+TECHNICAL-MECHANICAL INSPECTIONS x E+ LICENSES x F + A2022 G)

Accidents = exp(A 4+ REGISTRATIONS * B+TRANSFERS «C + SOAT x D (5)
+TECHNICAL-MECHANICAL INSPECTIONS x E+ LICENSES x F + A2023 * G)

According to Table III, we analyzed each of the constants in the mathematical model related to
accident prediction. Each constant (A-G) indicates the influence of a variable on the number of accidents.
Constant A represents the baseline level of accidents when all other variables are zero. Coefficient B
shows that a higher number of registered license plates increases the number of accidents. Conversely,
coefficient C indicates that more transfers are associated with fewer accidents, possibly due to vehicle

renewal. Coefficient D (SOAT) also shows a slight inverse relationship, suggesting that greater insurance
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Figure 7. Cluster 3

compliance may slightly reduce accidents. The technical-mechanical inspection variable has a positive
effect, perhaps because more inspections reflect a greater number of vehicles in circulation. Coefficient
F indicates that more licenses mean more drivers and, therefore, a higher risk of accidents. Finally,
coefficient G (accidents in 2022) has the greatest influence, showing that accident rates tend to remain

similar from one year to the next.

Table III. Accident prediction by department of Colombia

Constants

Estimate Std. Error p-value
(Intercept) A 413E+00 289E-02 142.888 2.00E-16
REGISTRATIONS B 147E-05 1.01E-06 14.607 2.00E-16
TRANSFERS C -222E-05 1.25E-06 -17.778 2.00E-16
SOAT D -1.32E-06 3.40E-07 -3.877 0.000106

TECHNICAL-
MECHANICAL E 202E-06 b5.15E-07 3.929 8.53E-05

INSP.

LICENSES F 3.44E-05 2.65E-06 12984 2.00E-16
A2022 G 211E-03 1.51E-04 14.024 2.00E-16

The p-value indicates whether the estimated effect of each variable on accidents is statistically
significant. When the p-value is less than 0.05, there is sufficient evidence to indicate that the variable has
a real effect on accidents. For example, variables such as transfers, licenses, and A2022 have extremely
low p-values (2.00E-16), indicating a high statistical significance. The SOAT variable, although it has
a very small coefficient, has a p-value of 0.000106 (also less than 0.05), so its effect, although weak,
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is statistically significant. It should be noted that a low p-value does not necessarily imply that the

variable has a large impact on the equation but rather highlights that its effect is consistent.

Considering the above, it should be highlighted that the prediction model uses the exponential
function through a regression equation, as the variables to be analyzed are related to the number of

accidents. This ensures that the predictions are always positive values.

4. Discussion

In order to improve road safety, policies aimed at reducing accidents must be designed based on
the identification of patterns regarding the factors that influence accident records, driver behavior,
and vehicle conditions. With this information, both the Ministry of Health and the Ministry of
Transportation, in collaboration with the ANSV, will be able to identify how various variables influence
the occurrence of traffic accidents. Key variables to consider include vehicle registration, the number
of licenses, technical-mechanical inspections, and the SOAT. This not only optimizes the control of
road safety but also contributes to a more efficient and equitable management in the distribution
of preventive measures, especially in departments with high accident rates. This allows for policies

focusing on specific areas and creates a more robust structure for accident reduction.

In this sense, one possible strategy could be the creation of point-based license types, which would
incentivize responsible driving and reduce accidents. With a more effective license allocation system,
adapted to the needs of each driver according to their history and performance, which considers and
understands the impact of these variables on accidents, public policies can be formulated in order
to mitigate the occurrence of accidents in high-risk and critical areas through improvements in the

registration and regulation of licenses, the SOAT, and technical-mechanical inspections.

Table IV presents the public policies considered in this work, as well as their proposed aims,

penalties, and requirements.

Table IV. Public policies analyzed in this work

Category Aims Penalties Requirements

To ensure that Monetarv fine f. t havi
onetary fine for not having One-year validity

SOAT vehicles are insured ]
a valid SOAT
(mandatory  and covered
traffic accident To guarantee
insurance) dical attention i
medical attention in Vehicle immobilization Availability of sales points

case of a traffic

accident
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To ensure that

vehicles are in safe

Fines for not passing the

Inspections to be

Technical- o } ] conducted at authorized
. conditions to inspection
mechanical ) centers (CDA)
. . circulate
inspection X X 1 T ; :
To identify Vehicle immobilization Annual inspection for
mechanical failures Prohibition to circulate vehicles over six years old
Complete and updated
To regulate the .
. ) . . o documentation: SOAT,
Vehicle change of ownership ~ Legal issues if the vehicle is ] )
) . technical-mechanical
ownership of vehicles reported as stolen ) ]
inspection, ID card
transfers
To ensure that
transfers are legal Verification of tax
and properly payments
registered
To regulate and Fines for driving without a Theoretical, practical, and
Driver’s certify trained drivers license medical exams
licenses To conduct medical,

theoretical, and

practical exams

Fines for driving with an

expired license

Compliance with age and

health requirements

To issue driving

licenses

Vehicle immobilization

Updated knowledge on
road safety

Our model for accident prediction by department in Colombia was tested in Cundinamarca, Cauca,
and Tolima, based on data from 167 566 vehicle registrations, 158 595 ownership transfers, 1 242 294
vehicles with SOAT and 795 736 with technical-mechanical inspection, 639 590 driver’s licenses, and
420 accidents during 2022—as well as 493 in 2023 for the department of Cundinamarca. Using these
data, the model demonstrated high accuracy. It predicted 458 accidents, and 493 actually occurred in

2023; there was a difference of only 35 accidents compared to the initial figures based on 2022 data.

This analysis validated the robustness of the model and its ability to anticipate the number of
accidents with a minimal margin of error. The early prediction of accidents allows authorities and
road safety agencies to design and implement more effective prevention and mitigation strategies,
as it enables the identification of patterns, trends, and risk factors associated with accidents. With
this advance information, resources can be optimized, efforts can be focused on critical areas, and

awareness campaigns aimed at reducing the incidence of accidents in each department can be promoted.

Based on the above, Tables V and VI present a summary of the departments and the years analyzed,
confirming the accuracy obtained with respect to an update made for the year 2024. This demonstrates
that the prediction model continues to function correctly, as the estimated values closely match the
observed data.
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Table V. Accident prediction for 2023

PREDICTION FOR 2023 ACCIDENTS IN 2023 DEPARTMENT

420 493 CUNDINAMARCA
299 213 CAUCA
324 250 TOLIMA

Table VI. Accident prediction for 2024

PREDICTION FOR 2024 ACCIDENTS IN 2024 DEPARTMENT

534 664 CUNDINAMARCA
306 262 CAUCA
320 318 TOLIMA

It is essential to highlight that this study presents an initial analysis whose purpose is to establish a
baseline for understanding the observed conditions. In addition, it incorporates data from the previous
year, which makes it easier to identify key trends for a correct interpretation. According to (29), traffic
accidents are a major public health issue and the second leading cause of death for individuals aged
five to 29. This study examines the application of geosimulation as a means to prevent these accidents.
Through computational models that integrate geospatial data and traffic variables, it is possible to
simulate various scenarios and evaluate the impact of factors such as road infrastructure and driver
behavior. This approach enables the identification of high-risk areas and the planning of more effective

interventions to enhance road safety.

The use of advanced tools such as GIS, neural networks, and agent-based models is significantly
transforming the analysis and prevention of traffic accidents. These technologies offer a more dynamic
and detailed approach, allowing for a deeper understanding of the conditions that contribute to these
events and facilitating the design of specific strategies to mitigate them. GIS, for instance, are essential
for creating maps that identify areas with the highest incidence of accidents. Moreover, they enable the
integration of key information, such as traffic volume, weather conditions, and proximity to high-risk
locations. These comprehensive analytical capabilities provide traffic management authorities with a
more complete understanding of the factors associated with accidents, thereby facilitating the planning

of targeted interventions for each problematic area.

In this research, however, we were unable to apply this method due to its reliance on specific
variables such as traffic density, vehicle speed, road characteristics (including geometry and pavement
conditions), and driver behavior, all focused on a specific study area. Instead, our data were gathered
on a global scale using information from the RUNT and the ANSV, covering all 32 departments of
Colombia. Nonetheless, in a more detailed study, it would be feasible to combine these approaches and

replicate the method to achieve more accurate results.
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A study conducted in Kazakhstan applied K-means clustering analysis to vehicle liability insurance
data, classifying claims based on their frequency and severity. This technique allowed insurers to
optimize premium pricing and improve risk detection. Although the study was carried out in a
different context, the results could be applicable to systems such as the SOAT in Colombia, using

equivalent variables to identify accident patterns among policyholders (30).

Similarly, in the city of Medellin, Colombia, a geospatial K-means clustering model was
implemented to analyze high-risk areas associated with traffic accidents, grouping zones according to
the type of incident (e.g., collisions, pedestrian runovers, etc.). This approach enabled the identification
of accident patterns related to specific environmental features, such as proximity to bars or parks.
Although the study did not include variables like driver’s licenses or technical-mechanical inspections,
it demonstrated that spatial clustering techniques are useful for identifying high-accident zones based

on environmental characteristics (31).

In developed countries such as Switzerland and other European nations, latent class clustering
(LCC) techniques have been applied for analyzing the severity of pedestrian accidents using contextual
and geographic variables. This methodology has allowed researchers to identify specific factors
influencing accident severity. By employing LCC, more adaptive and accurate predictive models have
been developed to enhance prevention strategies and improve road safety by integrating various factors

that affect accident occurrence (32).

Furthermore, studies conducted in the United States and Ethiopia have combined the use of
K-means methods with classification algorithms such as random forests and naive Bayes to improve
accident severity predictions. This process involves grouping incidents by shared characteristics and

then applying classification models within each group to determine severity levels (33).

Finally, in Italy, researchers have explored the integration of geographic information—such as
climate, land use, and points of interest—through machine learning techniques. This combination has

significantly improved the prediction of accident risk by considering multiple environmental factors (?).

It should be highlighted that these studies were mostly conducted in highly developed countries,
which allows them to rely on advanced road intelligence systems and robust databases. In contrast,
developing countries like Colombia are beginning to adopt integrated techniques that combine
clustering and classification, although they still face significant challenges related to data availability,

quality, and standardization.

5. Conclusions

In summary, this work confirmed the viability of the classification of groups using the K-means
method based on the incidence of accidents from current data. Three clusters were identified: high,

medium, and low accident rates. We acknowledge the potential to improve the results through the
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expansion of the database provided by the RUNT and the ANSV. The inclusion of additional data,
especially those related to vehicle records, could significantly enrich the analysis and enhance the
accuracy of the initial accident prediction model. This approach could offer valuable insights for traffic
safety management by providing a more comprehensive and detailed understanding of the factors

contributing to accident incidence.

After identifying the departments with high accident rates based on various records (vehicle
registrations, SOAT, and technical-mechanical inspections, among others), the actions to be
implemented by the ANSV and other government entities could be more precisely focused.
Additionally, by assessing the influence of factors such as driving licenses and technical-mechanical
inspections on accident prediction, it can be concluded that increasing the number of issued licenses
and improving the review process for said inspections will lead to significant improvements in road

safety. These actions can be implemented through educational, preventive, and punitive campaigns.

Moreover, an initial accident prediction model was developed in this work, which, as previously
mentioned, considers vehicle parameters such as vehicle registration, SOAT, and ownership transfers,
among others. These aspects are essential for enhancing the accuracy and effectiveness of the analysis,
as they facilitate targeted actions aimed at establishing sustainable and long-lasting mechanisms for
improving road safety and designing safer roadways. Ultimately, it is emphasized that cluster analysis
is a tool with significant potential in the field of road engineering, although it has not received the
necessary attention, as there are limited references on the subject. This type of analysis can be employed
to understand and improve various aspects, such as road safety to prevent traffic accidents, human
factors, simulation, and traffic flow on highways. It is also crucial to have a database derived from real

information.

6. Limitations of this work

The study faced several limitations, including limited data availability, as the analysis was
constrained by the scarcity of available data; the lack of temporal continuity, since there were no
continuous data series, particularly because the study involved future predictions; evaluation at the
macrozone level, as the study focused on a broad territory without reaching the level of specific zones,
which limited the thoroughness of the analysis; and the absence of an average daily traffic analysis due
to the scope and magnitude of the data used.

7. Lines of research

Future research directions include access to complementary variables, where including additional
variables and more specific data on accidents would enrich the analysis and improve the model’s
accuracy; international comparison, aimed at evaluating the applicability of the model in countries

with similar conditions, which would help validate its robustness and adaptability; and the exploration
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of new statistical methods, which could enhance both the prediction and the identification of clustering

patterns in accident data.

Finally, as future studies, the analysis of underdeveloped countries that have this type of records
will allow verifying the usefulness of the method in identifying regions with high accident rates, thus

contributing to improving road safety in these areas.
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