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3 Petar Zhivkov

Chapter 1

Introduction

Air pollution, particularly fine particulate matter (PM), is a leading environmental cause
of morbidity and premature mortality, having risen from fifth position in 1990 [37].
Deaths attributed to ambient PM have increased over the past 25 years [13], and exposure
to higher levels of atmospheric pollution is associated with increased mortality [7]. The
latest report on the

PM is classified based on its size, with particles smaller than 10 micrometers (PM10)
and 2.5 micrometers (PM2.5) causing the greatest concern due to their ability to pen-
etrate deep into the lungs and cause adverse health effects. PM constitutes a complex
mixture of solid particles and liquid droplets suspended in the air, with varying sizes and
chemical compositions. These particles can originate from natural sources such as dust
and pollen, as well as human activities including industrial emissions, vehicle exhaust,
and combustion of biomass and solid fuels.

Studies have shown that exposure to PM2.5 and PM10 is associated with premature
mortality from several diseases, including cardiovascular, respiratory, lung cancer, and
upper and lower respiratory tract infections [2], [23], [26]. Urban air pollution increases
the risk of pulmonary and systemic oxidative stress, hypoxemia, immunological modifica-
tions, atherosclerosis, and accelerated progression of cardiovascular diseases and chronic
obstructive pulmonary disease (COPD) [32], while epidemiological studies indicate that
PM exposure increases the risk of diabetes [60].

The severity of health consequences can vary depending on the concentration and
duration of exposure, as well as the individual’s health status and sensitivity to pollu-
tants. Some population groups, such as children, the elderly, and those with pre-existing
respiratory or cardiovascular diseases, are particularly vulnerable to the health effects of
air pollution [45].

Studies show a strong association between air pollution and hospitalizations for respi-
ratory diseases [52] (18, [33]. A cohort review of 175 articles summarizes that exposure to
air pollution increases the likelihood of developing various diseases including respiratory
diseases (asthma, chronic obstructive pulmonary disease (COPD), and lung cancer), car-
diovascular diseases (heart attacks, strokes, and hypertension), kidney, liver, and others

.
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1.1 Relevance and Motivation of the Topic

The growing concern regarding the impact of air pollution on public health necessitates
the development of predictive models to forecast acute morbidity levels based on air
quality data [34]. The latest report by the European Union (EU) on air quality assesses
the EU’s efforts to improve air quality as only ”partially effective” and specifically high-
lights that actions to reduce PM2.5 are insufficient. Figure presents the results of
a study involving 432 cities in the EU, which analyzes the economic consequences of
the three main pollutants in European cities: particulate matter (PM), nitrogen dioxide,
and ozone [15]. The results indicate that PM is the primary cause (82.5%) of economic
damage resulting from illnesses and mortality due to air pollution. The study utilizes
the ATRQ+ modeling program, developed by the World Health Organization (WHO),
incorporating pollution levels and economic data for each city.

Figure 1.1: Contribution of the three main urban pollutants to the total morbidity and
mortality damage in 432 European cities

In light of these findings, there is a growing need for models that can examine acute
morbidity based on air quality data. Despite increasing awareness of the health risks
associated with air pollution, there is a need for an in-depth analysis of specific pollutants
and their effects on various health outcomes. Existing studies show links between air
pollution and respiratory diseases, cardiovascular diseases, adverse birth outcomes, and
even mental health issues. However, a comprehensive investigation of the extent and
mechanisms of these connections is still required to inform evidence-based interventions
and policies at the national and local levels.

The levels of PM exceed EU air quality standards in Bulgaria. The European Com-
mission won a case against Bulgaria in April 2017 due to excessive air pollution in several
cities. Bulgaria also leads in lost healthy life years due to dirty air. According to an in-
ternational report, our citizens lose 2.5 years of their lives due to air pollution, whereas
the EU average is 0.7 years. The main reasons for air quality surpassing the standards
are household heating, car traffic, and geographical factors that trap pollutants in the
atmosphere. The lack of solid research and statistical data on the health effects of PM

Abstracts of Dissertations 2025 (3) 3-42



5 Petar Zhivkov

pollution in Sofia undermines the city’s ability to develop evidence-based strategies to
mitigate its impact. Without accurate and detailed information, policymakers and pub-
lic health officials face significant challenges in implementing targeted interventions and
raising public awareness of the severity of the problem. Hence, there is an urgent need
for comprehensive research efforts and improved data collection methods to overcome
existing knowledge gaps and pave the way for informed decision-making in combating
PM pollution and improving health quality in Sofia.

1.2 Aim and objectives of the thesis

The aim of the dissertation is to study the impact of fine particulate matter (PM) on
acute illnesses in Sofia and to identify methods for prevention.
To achieve this aim, the following four tasks have been formulated:

e Investigate the relationship between fine particulate matter and health indicators
for acute morbidity in Sofia;

e Improve data from citizen air quality monitoring stations through calibration using
a machine learning-based two-step method;

e Develop a software tool for optimizing and evaluating cycling routes by character-
izing cyclists’ exposure to air pollution;

e Develop an IoT platform for aggregating and modeling air quality sensor data.

1.3 Research Methodology

The present dissertation employs a multidisciplinary approach, combining literature re-
view, quantitative analysis, and advanced statistical modeling. A systematic review of
existing studies has been conducted to summarize and synthesize the current evidence
on the relationship between air quality and health outcomes. Additionally, epidemiolog-
ical studies and data from health surveillance agencies have been analyzed to quantify
the relationship between specific pollutants and health consequences. Modern statistical
techniques, such as regression modeling and spatial analysis, have been utilized to inves-
tigate complex interactions and spatial patterns of air pollution and health outcomes.

The methodology used in this dissertation involves a systematic approach to studying
the impact of fine particulate matter (PM) on acute diseases in Sofia and developing
strategies to mitigate their consequences. The methodology includes data collection from
hospitals and monitoring stations, data analysis to establish correlations, calibration
of citizen laser stations, development of an IoT platform for data visualization, and
optimization of cycling routes.

Data collection includes admissions and hospitalizations from two major hospitals in
Sofia, emergency medical service registry data, and PM measurements from both official
monitoring stations of the Executive Environmental Agency (EEA) and citizen laser sta-
tions. Meteorological data, including humidity, atmospheric pressure, and temperature,
as well as traffic data and other relevant factors, are also collected.

Data analysis techniques are applied to investigate the relationship between PM levels
and acute diseases. Statistical analysis and comparisons of PM levels below and above
the World Health Organization (WHO) health standards are performed. The calibration
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process focuses on calibrating data from citizen laser stations using machine learning
models with controlled and uncontrolled methods. Reference data from EEA monitoring
stations are used for precise calibration, considering factors such as humidity, atmospheric
pressure, and temperature.

A model for optimizing cycling routes to minimize PM inhalation is developed. This
involves using a modified algorithm to find the shortest path and conducting real-field
tests to validate the methodology. A software system is developed to visualize the location
and indicators of monitoring stations on a geographical map. A new approach is applied
for aggregating, organizing, processing, modeling, and exchanging data in the IoT system.

During the research process, a wide range of literature was utilized to investigate the
problem. The newly developed methods and algorithms were published in [[?], [62], [63],
[64]]. The presented methodology allows for a comprehensive analysis of the impact of
fine particulate matter on acute illnesses, calibration of citizen laser stations through
machine learning and neural networks, and optimization of cycling routes considering
PM pollution. In line with the set objectives, algorithms and methodologies have been
developed to address specific problems. Software applications for each of the developed
algorithms have been created, and data visualization has been implemented through an
IoT platform. The platform and software are written in Python and utilize the Django
framework.

The results of this thesis will contribute to scientific knowledge, policy development
and public awareness, ultimately leading to improved air quality management and better
protection of human health.
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7 Petar Zhivkov

Chapter 2

Link between PM Pollution
and Acute Health Indicators

The links between urban air pollution (UAP) and human health have been consistently
and clearly established by a number of researchers [53], [47], [31], with prominent groups
of diseases being cardiovascular [55], neurovascular [51], [9], and pulmonary [54]. Ac-
cording to recent refined modeling, it is estimated that there are nearly 9 million deaths
annually from UAP [44]. About 25% of premature deaths associated with UAP are
respiratory by presumption [5].

Significant literature from epidemiological studies suggests a link between acute mor-
bidity and exposure to PM2.5 air pollution [I7]. Most of these data come from time-
series analyses [20], comparing variations in hospitalizations with average variations in
particulate matter [24]. UAP is responsible for respiratory tract inflammations [12], and
considering that the respiratory system is a common gateway of entry, minimizing res-
piratory tract exposure also minimizes cardiovascular problems [49]. Additionally, there
are studies that model pollution across multiple cities, such as the European Air Pol-
lution and Health: A European Approach (APHEA) [29] and the National Morbidity,
Mortality, and Air Pollution Study (NMMAPS) [48], both providing consistent evidence
of the health-air pollution link for multiple cities by covering large geographic areas.

The consequences of air pollution can be viewed as either an increased risk of illness or
injury to an individual or as an additional general risk to the well-being of the population
[19]. The goal of air quality management is to control or avoid the adverse effects of air
pollution on public health. Therefore, it is important to define such impacts that are
considered ”adverse” and distinguish them from those impacts that are not considered
adverse, thus concentrating protection efforts on pollutants that cause the most extreme
health impacts.

2.1 PM Standards: Analysis of EU Legislation and
WHO Guidelines

The EU legislative framework for PM levels in the air is based on the Ambient Air Quality
Directive (2008/50/EC) and is complemented by the National Emission Ceilings Directive
(2016,/2284/EU). These regulations require Member States to meet air quality standards
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Table 2.1: Air Pollution: WHO Recommendations and EU Legislation (in pug/m?)

. . WHO EU
Air pollution standards PM10 | PM2.5 | PM10 | PM2.5
daily average 50 25 50 -
yearly average 20 10 40 25

according to specific threshold values derived from scientific assessments. Compliance is
monitored by the European Commission, and non-compliance can lead to legal actions
and fines. In comparison, WHO provides general air quality guidelines without legislative
obligations, leaving implementation to individual countries.

In the comparative analysis between EU legislation and WHO guidelines regarding
PM2.5 levels in the air, several key differences emerge (Table . While both the EU
and WHO recommend a daily average concentration threshold for PM10 of 50 ug/m?,
the EU and WHO significantly differ in their annual average recommendations, with
WHO standards being twice as stringent (20 ug/m?3 compared to 40 ug/m? from the
EU). For PM2.5, the EU does not have a daily average concentration threshold, and
there are significant differences in annual recommendations, with WHO advocating for
stricter limits. Furthermore, EU standards are region-specific, while WHO guidelines are
non-binding and universal, providing guidance to countries worldwide.

For the purposes of this dissertation, we will use WHO air quality guidelines as they
are recommended globally, have a daily limit for PM2.5, and are based solely on health
aspects, compared to the EU directive, which focuses on regional and national needs and
includes policy-economic and social aspects in the directives.

In its latest report, WHO pays special attention to PM pollution and considers ex-
posure to PM2.5 as the greatest air-related killer globally. About 80% of global deaths
attributable to PM2.5 exposure could be prevented if countries adhere to an annual
PM2.5 threshold value of 5 pug/m3. Achieving interim targets will also have significant
health benefits. In the case of PM2.5, achieving interim target 4 (10 ug/m?3) would lead
to approximately a 48% reduction in the total number of deaths attributable to PM2.5
exposure.

2.2 Geographical Study Area

Sofia is the only European capital located in a basin and is characterized by high levels of
anthropogenic emissions and frequent occurrences of stagnant meteorological conditions.
The city has a population of 1.2 million people [38] and is situated in the Sofia Basin. The
area is recognized as problematic, particularly during winter when numerous exceedances
of the norms in European legislation for air pollution control occur.

For years, Sofia has been struggling with significant levels of air pollution, with PM
concentrations consistently exceeding the recommended limits set by WHO and the EU.
These elevated levels of PM pollution in the city pose a serious threat to the health
and well-being of its residents. Figure 2.2] shows the average concentration of PM2.5 in
the most polluted capitals in Europe in 2022. It can be seen that Sofia ranks among
the top positions in this ranking. Additionally, it is important to note that air quality
measurement data are insufficient for Sofia. Data for PM2.5 levels in the capital are
provided by only one station - AIS Hipodruma, which is insufficient for quality statistical
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9 Petar Zhivkov

analyses for a city the size and population of Sofia.

32,4
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15,2 15,1
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| I i |

Capaeso  Cronue 3arpeb Benrpag, ATuHa Codua Byrypew, Hwkoswa Bapwaea Twupada

Figure 2.1: The average concentration of PM2.5 in the most polluted capitals in Europe
in 2022 (in pg/m?)

The combination of cold winters with subzero temperatures and the city’s location
predisposes it to temperature inversions that can last for several days to a week. Many
urban areas situated in valleys with poor air exchange encounter significant air pollution
problems, which are associated with local atmospheric conditions [46]. Strong inversions
and a lack of precipitation and/or wind are the main reasons for retaining pollutants in
the air, primarily during winter.

Historically, air quality indicators in Sofia during winter have been significantly worse
than those during summer. In addition to temperature inversions typical of colder con-
ditions, during the heating season, the burning of fossil fuels for domestic heating such
as wood and coal, and sometimes waste, significantly increase PM levels.

Therefore, this difference in air quality between summer and winter conditions will
serve as a good model for testing our hypothesis regarding a significant link between
pollution and health outcomes in Sofia. The literature abounds with models that can
be used to assess the hypothesis of pollution/health relationship. Specifically for Sofia,
no such studies have been conducted. Correlation between temperature and mortality
around Sofia is made using linear and nonlinear models [43]. Other studies examining
the genotoxicity of atmospheric air in 3 European cities, including Sofia, show that air
pollution in winter is 6 to 10 times higher compared to summer air [21].

2.3 Methodology of the Study

This is the first such study with real data from official and citizen sources of information
on particulate matter air pollution, comprehensive data from the emergency medical
service center (emergency aid), and data from two of the largest hospitals associated
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with access to emergency care in Sofia - UMBSM Pirogov and UMBSM Tokuda. The
results can be compared and contrasted with other international studies using local data.

The aim of this study is to determine which acute morbidity increases and by how
much on days when PM levels do not meet WHO guidelines, using time-series analysis.

The following four subtasks have been addressed: comparing air quality data with
health data obtained from hospitals and emergency care; comparative analysis and high-
lighting of key problem areas; testing the hypothesis that data from inexpensive sensors
can be useful in such epidemiological studies; identifying future prospects and summa-
rizing key areas where additional research is needed to improve the model’s effectiveness.

Air Pollution Data

First, we will identify which days, within the observed period, exceed the daily average
limits set by the WHO for PM concentrations. Then, we will compare the health data
for the days when air quality is within WHO guidelines to those that are not.

The air quality data in the form of hourly average concentrations of PM2.5 and PM10
are for the years 2018 and 2019 and represent independent series for each element from
official sensors provided by (a) the Executive Environment Agency (EEA) and (b) laser
stations from the luftdaten network (a global sensor network run by volunteers that
generates open environmental data).

The data is collected from 5 official monitoring sites (Druzhba, Nadezhda, Hipodruma,
Pavlovo, and Mladost). The method of beta attenuation is used for measuring PM10
and PM2.5 according to European Directive 2008/50/EC (Directive, 2008).

According to previous studies, the use of data from inexpensive laser stations aims
to enhance the potential benefits of traditional monitoring networks with additional geo-
graphic and temporal resolution of measurements [8]. Additionally, inexpensive stations
can complement official measuring devices and particularly address the limited data
quantity and station distribution [65]. It is believed that inexpensive sensors are suit-
able for many specific purposes, including expanding conversations with communities
and enhancing public awareness of air pollution issues [36]. In Sofia, at the time of the
study, there are several citizen networks of laser stations that complement, with addi-
tional geographic and temporal resolution of measurements, the official stations of the
EEA.

Health Data

Due to the voluntary nature of data provision, there are various temporal characteristics
and formats from different sources:

e Aggregated data on the activity of the Sofia Emergency Medical Center by diag-
noses from 01.01.2017 to 14.03.2019;

e Information on diagnostic activity from Tokuda Primary Care Center - from 02.01.2018

to 31.12.2018;

e Information on diagnostic activity from University Hospital ”St. Marina” - from
01.01.2018 to 31.05.2019;

e Information on hospitalized diagnoses from St. Marina Hospital - from 01.01.2018
to 31.12.2018.

Abstracts of Dissertations 2025 (3) 3-42



11 Petar Zhivkov

The study uses the International Classification of Diseases (ICD), specifically ICD-10,
to segment diseases and identify morbidity. ICD-10 is the 10th revision of the Interna-
tional Statistical Classification of Diseases and Related Health Problems published by
the World Health Organization (WHO), which is used up to the time of this study. It
contains codes for diseases, signs and symptoms, abnormal findings, complaints, social
circumstances, and external causes of injury or diseases [39], [40].

Methods

This study employs time series analysis with correlation methods to analyze air quality
and health data. The statistical methods in the study fall into two categories: parametric
and non-parametric. Parametric methods, such as Pearson’s correlation coefficient, are
preferred when the data are normally distributed or there is a sufficiently large volume
of measurements, allowing for the assumption that the data follow a normal distribution.
These methods are suitable for assessing the linear relationship between two continuous
variables.

The parametric Pearson correlation test (2.1) is used to compare the two sources of
air quality data. It provides a measure of the linear relationship between the two con-
tinuous variables (commonly referred to as just the correlation coefficient). Correlation
coefficients for each pair (z,y) are calculated for assessment, and the values of x and
y are replaced with their ranks, respectively. The results of the test are applied to the
correlation coefficient in the range of —1 to 1.

_ i (@i = ) (yi — )

Vs (@i — 22/ (yi — §)?

Non-parametric comparative methods, such as Spearman’s rho and the Mann—Whitney
U test, are used when the data are not normally distributed or there is uncertainty about
whether they follow a normal distribution. These methods are suitable for assessing the
rank correlation between variables or for comparing differences between two groups with-
out requiring specific assessment of the linear relationship. The choice in this disserta-
tion is as follows: descriptive analysis for individual variation series; correlation analysis
(non-parametric - Spearman’s rho) between pairs of variables; between-group comparison
(non-parametric Mann—Whitney U test) of mean values.

The model developed in this study aims to explore the relationship between air quality
indicators and health outcomes based on data on fine particulate matter and hospital
admissions and Emergency Medical Service (EMS) visits. At the advice of medical
professionals and health data analysts, we incorporate lagged effects of 1, 2, and 3 days.
This is because health effects typically require time to manifest after exposure to air
pollutants [28]. By doing so, our analysis of hospital admissions and EMS records will
not only reveal which disease cases undergo changes due to variations in air quality but
also demonstrate how these effects evolve over time. Figure 77 illustrates the exposure-
response method, where the dose is the exposure multiplied by time.

T (2.1)

2.4 Results

In a recent study, it is suggested that low-cost sensors can provide rough details about
air quality but may not be suitable for applications requiring high accuracy [27]. In
this chapter, we test the hypothesis that low-cost air quality sensors from Luftdaten
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can be a valuable addition to the official monitoring stations operated by the EEA. By
cleaning and summarizing the data, we aim to identify correlations that can provide
insights into certain coarse details. During comparison, we filtered out data when the
air humidity exceeded 70%. While these conditions do not necessarily imply inaccurate
data, the manufacturer does not guarantee the predicted accuracy of 10% under such
circumstances.

The results of daily concentrations for PM10 and PM2.5 are summarized in Table
?? The average daily concentration of PM2.5 is 11.7 g/m3 with a range from 2 to 136
g/m3. During the study period, 13.2% of the daily concentrations of either PM10 or
PM2.5 did not meet the WHO air quality guidelines (50 g/m3 for PM10 and 25 g/m3
for PM2.5). There were some gaps in the data from the EEA for several hours to several
days (due to power supply issues, malfunctions, maintenance), and some of the sources
for hospital admissions had missing data during weekends (Saturday, Sunday, official
holidays). Therefore, an analysis of the gaps was conducted to exclude the possibility of
bias.

Table 2.2: Daily concentration of PM10 and PM2.5, divided into working and non-
working days

Day from the week N

PM10 Working days 522 34.17 275 5 336 20
PM10 Non-working days 230  37.1 26 6 290 18
PM2.5 Working days 522 11.15 9 2 104 4
PM2.5 Non-working days 230 12.93 8 2 113 3

The correlations observed in the data for hospitalized patients with more severe con-
ditions are summarized in Tables and An increase (compared to background
levels) in respiratory and pulmonary diseases is noted from the 1st to the 3rd day fol-
lowing an exceedance of PM10 by 120%, as well as heart failure during the same period
by 19%. Exceedances of PM2.5 are associated with a 59% increase in the frequency of
pulmonary embolism on days 2 and 3.

The results show an increase in emergency medical service contacts by 11% on days
with exceedances of PM10 and 13.5% on days with exceedances of PM2.5, for a period
of at least 3 days. The average increase (compared to background levels) in neuroses
on day 2 following an exceedance of PM10 is 1%, for myocardial infarctions on day 3
following an exceedance it’s 8%, for strokes immediately following an exceedance it’s 9%,
continuing until day 3 post-exceedance. The same applies to hypertensive conditions,
which increase by 5% immediately around the exceedance and up to the third day after
the event.

From the analyzed data, a significant correlation is observed between cardiovascular
and cerebrovascular diseases, fully coinciding with the rapid increase in risk at low levels

Table 2.3: Comparison of nonparametric data from hospitalized patients on days with
exceedances of WHO standards for PM10

Morbidity ICD-10 no lag 1-day lag 2-days lag 3-days lag
7 p 7 p Z p 7 p

Resp. system | C30-C39 | -1,504 | 0,133 | -2,211 | 0,027 | -2,870 | 0,004 | -2,862 | 0,004

Heart attack | I50 -1,729 | 0,084 | -3,656 | 0,001 | -3,475 | 0,001 | -2,821 | 0,005
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13 Petar Zhivkov

Table 2.4: Comparison of non-parametric data from hospitalized patients in severe con-
ditions on days with exceedances of WHO standards for PM2.5

Morbidity 1CD-10 no lag 1-day lag 2-days lag 3-days lag
7 p Z P V4 P 7 p
Resp. system C30-C39 | -0,361 | 0,718 | -1,270 | 0,204 | -1,265 | 0,206 | -2,119 | 0,034
Pulm. embolism | 126 -1,601 | 0,109 | -2,302 | 0,021 | -2,894 | 0,004 | -1,852 | 0,064
Heart attack 150 -1,5686 | 0,113 | -2,831 | 0,005 | -3,195 | 0,001 | -2,799 | 0,005

Table 2.5: Comparison of non-parametric data from outpatient examinations in hospitals
with WHO standards for mean daily concentrations of PM10

Morbidity ICD-10 no lag 1-day lag 2-days lag 3-days lag

Z p Z P Z p Z P
Respiratory system C30-C39 | —1.515 | 0.130 | —2.950 | 0.003 | —2.941 | 0.003 | —2.423 | 0.015
Ear diseases H65,H81 | —0.754 | 0.451 | —0.976 | 0.329 | —1.580 | 0.114 | —2.322 | 0.020
Myocardial infarct. 120-125 —0.244 | 0.807 | —1.393 | 0.164 | —1.876 | 0.061 | —2.104 | 0.035
Heart deficiency 150 —0.771 | 0.440 | —2.840 | 0.005 | —2.559 | 0.010 | —2.972 | 0.003
Upper respir. tract JO0-J06 —3.218 | 0.001 | —3.507 | 0.000 | —3.910 | 0.000 | —4.605 | 0.000
Bacterial pneum. J13-J18 —3.171 | 0.002 | —3.395 | 0.001 | —2.556 | 0.011 | —3.683 | 0.000
Acute bronchiolitis J20-J21 —3.096 | 0.002 | —2.848 | 0.004 | —1.606 | 0.108 | —1.588 | 0.112
Lower resp. tract J40-J47 —3.988 | 0.000 | —4.049 | 0.000 | —2.842 | 0.004 | —3.481 | 0.001
Skin infections L0O0-LO8 | —2.552 | 0.011 | —1.379 | 0.168 | —0.267 | 0.789 | —0.489 | 0.625
Mycoplasma pneum. | J20.0 —2.330 | 0.020 | —2.327 | 0.020 | —0.430 | 0.667 | —0.431 | 0.667
Acute bronchitis J20.9 —2.496 | 0.013 | —1.449 | 0.147 | —0.039 | 0.969 | —1.292 | 0.197
Asthma, allergic J45.0 —2.426 | 0.015 | —2.808 | 0.005 | —3.577 | 0.000 | —3.643 | 0.000
Angina 120.8 —1.971 | 0.049 | —0.763 | 0.445 | —0.773 | 0.440 | —0.674 | 0.500

of PM2.5 pollution fractions, consistent with similar findings in other studies [61], [50],
[56].

But the highest correlation is observed in acute upper respiratory tract infections,
increasing by 47%, and notably pneumonia by 60%. Chronic obstructive pulmonary
disease (COPD) increases by 36% after one day. Regarding asthma, records of allergic
asthma increase more on days with increased pollution compared to non-allergic asthma.
Ambulatory hospital visits for mild conditions that do not require hospitalization logically
show an increased presence of respiratory diagnoses (Table .

2.5 Conclusion

The analyses and tests conducted have proven that acute illness increases on days when
the concentrations of fine particulate matter exceed the WHO air quality standards. This
was established by comparing hospital admissions and emergency cases on days with and
without exceedances of PM standards in Sofia.

Respiratory diseases show higher and faster development when air pollution exceeds
healthy limits. Other diseases related to air pollution, such as cardiovascular and cere-
brovascular diseases, also increase.

This is among the first studies of its kind in Bulgaria and could be valuable for
healthcare professionals, environmental scientists, and policymakers.

The exposure-effect method is complex, and achieving precise measurements is chal-
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lenging, even in exposure chambers. However, with the help of epidemiological research
methods and population statistics, it becomes evident that air pollution contributes to
expected changes in certain disease indicators. In conclusion, similar to data from pub-
lished studies in cities in Europe, America, and Asia, elevated levels of air pollution are
associated with and lead to higher levels of diagnosed diseases. With few exceptions,
short-term health effects are measured using averaged concentrations of air pollution
across the entire city as exposure indicators. This can lead to misclassification of expo-
sure and thus bias.

The use of extensive data from multiple low-cost laser sensors can effectively enrich the
information provided by the high-precision official stations of the Executive Environment
Agency, which, besides being few in number, often have missing data for certain periods.
This approach leads to improved measurements of the links between health and air
pollution by providing a more comprehensive exposure to pollutants.
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Chapter 3

Development of a software
model for bicycle route
selection with respect to PM
pollution

Most of the specialized and segregated bicycle lanes in cities are located near busy traffic
arteries, which can pose a significant health risk to cyclists due to increased pollutant
intake associated with higher ventilation rates and physical activity levels [66], [22], and
high levels of physical activity [6], [42]. Researchers have focused on assessing actual
exposure levels of cyclists along predetermined routes using personal samplers [14] or
deriving personal exposure from street-level pollution measurements using mobile lab-
oratories or stationary air monitoring stations [41]. Many studies also attempt to link
specific physiological reactions to cyclists’ exposure to air pollution and find evidence
that short-term exposure can lead to adverse health effects [57]. One study even found
that cyclists absorb a greater portion of fine particles PM2.5 and black carbon than
drivers of motorized transport [25].

3.1 Formulation of the Problem

Here, the issue of the lack of quantitative determination of exposure of urban cyclists
to PM in areas with poor air quality is addressed. In the city of Sofia, known for its
high levels of air pollution, there is a lack of a comprehensive method for assessing and
quantitatively determining the exposure levels of cyclists. This knowledge gap hinders
the development of effective strategies to minimize exposure and provide healthier cycling
routes.

To address this problem, we propose the development and evaluation of a software
model that utilizes a modified route determination method reflecting the expected in-
halation of PM by the cyclist, providing a healthier route. By incorporating data on air
quality, pollutant concentrations, and traffic patterns into the software model, we can
quantify cyclists’ exposure to PM and provide recommendations for routes with minimal
exposure. This innovative approach aims to fill the existing gap in quantitative exposure
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determination and provide a practical tool for urban cyclists in polluted cities like Sofia.

The software implements the decision-making system outlined in this chapter. It is
deployed in a cloud infrastructure, and Python, Django, and GraphQL (for the database)
were used for its development. It combines GIS data with traffic and air quality data to
apply the modified k — SPwLO algorithm to find the most suitable bicycle route and
display it on the OpenStreet map.

The input parameters include: PM measurements from fixed sensors; PM measure-
ments from mobile sensors; traffic data; temperature and humidity from stationary sen-
sors; start and end points of the journey; terrain elevation; heart rate.

3.2 Research study

This study examines the creation of a software tool aimed at selecting the optimal cycling
route that minimizes the inhalation dose of PM for a cyclist traveling from point A to
point B.

The inhalation dose (ID) of air pollutants is a variable that depends on pollutant
concentrations, time, and ventilation rate (VR) [min]. We calculate the inhalation dose
by incorporating PM exposure for each cyclist with biomarkers such as heart rate and
the time required to travel each route into the model. The next subsection will provide
more detailed information on the calculation methods used in the model.

To calculate the cyclist’s ventilation rate (VR) (in 1/min), we use the equation from
the model [I6], which is based on the heart rate (HR) [min] (Equation [3.1)).

VR = 0,00070724 x HR?*17008537 (3.1)

To determine the quantities of particulate matter affecting cyclists, we use Equation
n [16] to calculate the inhalation dose of PM for each segment:

inh = PMcone X VR X time (3.2)

where PM;,,p, (pg) is the mass of pollutants that enter the cyclists’ respiratory tract during
travel (in both directions); PMeon. (pg/m3) is the average exposure to pollutants.

The formulas for calculating the inhalation dose (Equations and lead to the
following hypothesis: If we want to create a tool that reduces the inhalation dose of PM,
it should select a route that is fast and short. The shorter the time, the smaller the
PM;,,p; it requires less effort. HR increases during uphill climbs and high speeds. Look
for routes with low elevation gain. Pass through areas with lower concentrations of PM;
avoid heavily trafficked roads. Prefer smaller streets and park alleys.

The decision-making system is calibrated using data on HR, IR, cycling speed, PM
measurements from mobile and stationary sensors, and traffic data. The software inte-
grates traffic and air quality data from multiple sources with specific bicycle route data,
including exact location, duration of ride, and elevation gain.

To calculate the least inhalation of polluted air, this software first needs to compute
the shortest path in linear time [4], [58]. Additionally, it should present options that are
longer than the shortest path but have different desired characteristics, such as lower
vehicle traffic and minimal elevation gain. The k-Shortest Paths problem is a simple
method for computing alternative routes [35].

Therefore, in this study, we decided to use an alternative routing, specifically k-
Shortest Paths with Limited Overlap (k-SPwLO), which was introduced earlier in [I0].

Abstracts of Dissertations 2025 (3) 3-42



17 Petar Zhivkov

The k-SPwLO algorithm searches for paths that are: as short as possible; sufficiently
different from each other.

Despite the method’s better performance compared to the baseline solution, which
lists paths in increasing order of their length, OnePass is not useful even for moderately
sized road networks [IT]. For this purpose, we use MultiPass - a more precise method
that, by adding a second pruning criterion, extends and improves OnePass. MultiPass
traverses the network k-1 times, but evaluates and expands only the most promising
paths, unlike OnePass, which traverses the road network once and expands only those
paths that meet a similarity criterion. Pruning is performed for each path that cannot
lead to a solution.

Let P be a set of routes in the road network G connecting nodes s and t. A path p’
(s — t) is called an "alternative” in P when p’ is sufficiently different from every path p
P. Formally, the overlap coeflicient between p’ and p determines how similar they are:

> (na,ny)ep’ NpWay
I(p) ’

where p’ Np denotes the set of edges that are common to p’ and p. Given the similarity
threshold 6, the route p’ is an alternative to the set P if Sim(p’,p) < 6.

Given a source node s and a target node ¢, the k-SPwLO query provides a collection
of k routes from s to t, arranged in increasing order of length, such that: the shortest
route p'(s — t) is always included; all k routes are pairwise dissimilar with respect to
the similarity threshold 6; all k routes are as short as possible.

The final result of the k-SPwLO-modified function is a single path. This path rep-
resents the shortest path from the source node to the target node, taking into account
certain constraints such as avoiding major boulevards and locations with high levels of
PDMs 5 or heavy traffic. The algorithm traverses through the neighbors of each node,
considering their relevant characteristics based on the specified criteria, and selects the
path with the lowest cost. If the algorithm successfully reaches the target node, it returns
this single path.

Sim(p',p) = (3-3)

3.2.1 Measurements from fixed sensors

The software utilizes an aggregation tool that extracts air quality data from both stan-
dard environmental monitoring instruments by IAOS and inexpensive sensor networks
such as Luftdaten, Smog, Openaqi, and many others. It receives, records, cleans, and
calibrates air quality data from fixed inexpensive sensors.

To mitigate the aforementioned limitations of fixed inexpensive sensors, we calibrate
the data obtained from them. This is done by examining data from both environmental
monitoring stations and the Luftdaten network of inexpensive sensors. To calibrate the
data from the inexpensive sensors and enhance their reliability, we employ a two-step
calibration method [62], which utilizes artificial neural networks and anomaly detection.

3.2.2 Measurement of PM exposure using mobile sensors

Portable low-cost pollution sensing devices are environmental monitoring devices that
people can carry or wear while going about their daily activities. Since they detect
pollution levels directly and in real-time, they can enable healthcare providers and re-
searchers to monitor exposure at an individual level and empower citizens to manage their
personal pollution exposure beyond what regulatory monitoring stations can achieve [59].
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The particle sensor in the Airbeam2 - PMS 7003 is the seventh generation in the
PMSx003 series developed by Plantower. The PMS7003 is a digital and universal particle
concentration sensor used to measure the quantity of suspended particles in the air and
output the results through a digital interface. It can be used with various instruments
to provide accurate real-time concentration data. It provides a solid particle counting
efficiency of 98% and can operate within a temperature range of -10 to 60 degrees Celsius.

3.2.3 PM Measurements and Calibration of the Decision-Making
Model

As previously discussed, the software is programmed to search for a route where: the
shortest path p’(s — t) is always included; the routes are pairwise dissimilar with respect
to the similarity threshold 6; the routes are as short as possible.

The computational model relies on the previously mentioned formulas for calculating
ventilation and inhalation rates, which are used to develop the weights for the search
algorithm.

Additionally, the algorithm is further enhanced through route assessment, combining
traffic data with air quality data from mobile and stationary sensors. The integration aids
in more accurately forecasting the computation of the optimal route. Stationary sensors
positioned near bicycle routes establish the baseline concentrations of PM pollutants in
the area - PMpgserine. Meanwhile, traffic data provides information to estimate the PM
concentrations from vehicles and transportation - PMy.qffic. The expected exposure
to PM pollutants PM.,, along the bicycle route is determined by combining these two
variables.

PMea:p = PMbasel'me + PMtrafic (34)

As the bicycle route approaches main roads, the influence of traffic pollution on over-
all PM concentrations increases. Therefore, the variable PMy,¢fic increases. The time
of travel also affects this variable - passing during rush hours and near heavily congested
streets and boulevards increases PM concentrations, as noted further in the chapter. Ac-
tual PM concentrations are estimated using measurements from mobile sensors. Mobile
sensors provide highly accurate measurements as they are attached to the bicycle itself,
transmit PM measurements every minute via a mobile phone, and reflect ultra-local pol-
lution, such as being directly behind a bus or large truck. Later in the field studies, this
assessment process is demonstrated.

The characteristics for evaluating bicycle routes are highly dependent on the location
and features of the specific area. This is why we conducted a very detailed field study,
examining two bicycle routes described in the next section.

3.2.4 Field Tests and Investigated Routes

In this section, the software model is evaluated through real-world field testing in Sofia,
examining two bicycle routes. Both investigated routes start from the Vasil Levski Na-
tional Stadium and end at ”Petite Kiosque.” These two locations are situated in the
center of Sofia and experience active bicycle traffic.

The two selected routes were chosen based on the following criteria: they have the
same starting and ending points; one route is suggested by the software while the other
follows dedicated bicycle lanes; both routes are actively used by cyclists; both routes
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pass near stationary sensors from the Luftdaten network; and both routes are deemed
safe for regular cyclists.

On the following images, you can see the two paths used for evaluation: Segment A
(Fig7 which is the optimized bicycle route proposed by the software tool, passing
through the shortest path via small central streets and parks; while Segment B (Fig
utilizes the developed bicycle infrastructure (mainly cycling near major road arteries
with heavy traffic), is longer in distance, and is proposed by the navigation software as
it follows dedicated bicycle lanes.

Figure 3.1: Section A - suggested by our software looking for the smallest inhalation dose

Figure 3.2: Section B - offered by most navigation software, which follows a designated
cycle lane

Field tests were conducted with 10 participants in the study. The mobile equipment
was attached to the front part of each bicycle, allowing the sampling lines to capture
pollutants without obstruction; it was also secured from below to reduce vibrations.
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We selected 10 individuals (aged 27-41) through contact with the local cycling com-
munity (8 males and 2 females). Before participating in the study, participants completed
a pre-screening questionnaire. Exclusion criteria from the group included respiratory (in-
cluding asthma), cardiovascular, or other chronic diseases, as well as tobacco smoking
(current or recent). Only individuals who commuted daily by bicycle in Sofia were in-
cluded. These factors were used to minimize the risk of injury due to unfamiliarity with
Sofia’s streets, lack of cycling experience, and adverse health consequences. Addition-
ally, participants were asked to abstain from alcohol and caffeine for 48 hours prior to
the tests.

Circular journeys were conducted on weekdays during rush hours (HT) (8:00-9:30
a.m.) and during off-peak hours (LT) (10:30 a.m.-12:00 p.m.) and on non-working days
(NWD): weekends and holidays. The results from the three scenarios are evaluated
separately in the next section. Field tests were conducted in April and May when the
weather was moderate, and air pollution from domestic heating did not influence the data.
Therefore, increases in particulate matter concentrations were mainly due to traffic. The
ten participants performed circular journeys on both segments during HT, LT, and NWD.

3.3 Results and discussion

3.3.1 PM1 and PM2.5 concentrations from mobile measurements

In Table the minimum, maximum, and mean (median) values of PM10 and PM2.5
concentrations for the two surveyed segments during working days under heavy traffic
(HT) are shown. The concentrations of ultrafine particles with a diameter below 1 micron
(PM10) ranged between 8 and 24 pg/m3 (average 11 pg/m3) for segment A and between
8 and 41 pug/m3 (average 14 pug/m3) for segment B. The concentrations of fine particles
below 2.5 microns (PM2.5) ranged between 12 and 29 pg/m3 (average 15 pg/m3) for
segment A and between 12 and 45 ug/m3 (average 19 pg/m3) for segment B.

Table 3.1: PM1 and PM2.5 concentrations from mobile measurements on weekdays dur-
ing heavy traffic (HT)

1 2,5
min max mean min max mean
Stretch 8 24 11 12 29 15
Stretch B 8 41 14 12 45 19

In Table the concentrations of PM10 and PM2.5 for segments A and B during
working days under light traffic (LT) are presented. Measurements from segment A show
lower concentration levels for both PM10 and PM2.5. The concentrations of ultrafine
particles with a diameter below 1 micron (PM10) ranged between 6 and 19 ug/m3 (av-
erage 10 pug/m3) for segment A and between 5 and 34 pg/m3 (average 12 pug/m3) for
segment B. The concentrations of fine particles below 2.5 microns (PM2.5) ranged be-
tween 10 and 24 pug/m3 (average 13 ug/m3) for segment A and between 9 and 38 pg/m3
(average 15 pg/m3) for segment B.

Table[3.3|illustrates the minimum, maximum, and median values of PM10 and PM2.5
concentrations for both surveyed segments during weekends and holidays.
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Table 3.2: Concentrations of PM1 and PM2.5 from mobile measurements on weekdays
with low traffic (LT)

1 2,5
min max mean min max mean
Stretch 6 19 10 10 24 13
Stretch B 5 34 12 9 38 15

Measurements for segment A show almost identical low concentration levels for PM10
and PM2.5. PMI10 concentrations range between 3 and 7 pg/m3 (average 4 pg/m3)
for segment A and between 3 and 8 ug/m3 (average 4 pug/m3) for segment B. PM2.5
concentrations range between 4 and 11 pg/m3 (average 7 ug/m3) for segment A and
between 5 and 11 pg/m3 (average 7 pg/m3) for segment B.

Table 3.3: Concentrations of PM1 and PM2.5 from mobile measurements on non-working
days

1 2,5
min max mean min max mean
Stretch 3 7 4 4 11 7
Stretch B 3 8 4 5 11 7

Despite the fact that the dedicated bicycle route is mostly exposed, the high volume
of cars, buses, and trucks in this corridor is the main reason for the elevated pollution
concentrations, as increased traffic raises the levels of PM. As a result, PM2.5 measure-
ments are almost identical during weekends but with nearly 20% higher concentrations
between the two routes during weekdays.

3.3.2 Ventilation Rate

To measure the ventilation rate (VR) during breathing, we conducted measurements of
heart rate (HR), oxygen saturation (SpO2), and respiratory rate (RR) for each partic-
ipant in the project. The average value of each parameter has low variability, and the
final results for VR are presented in Table[3:4] No differences are observed in these three
factors depending on whether the route is traversed on a workday or a non-workday, as
they are not directly influenced by traffic or different levels of short-term air pollution
exposure.

Table 3.4: Averaged indicators from
field measurements

Stretch | Stretch B
VR (L,/min) 10,14 | 11,06
HR (beats/min) | 82,30 85,66
Denivelation (m) | 3 15
Speed (km/h) 14,3 14,7

Despite having the same starting and ending points, the distances are different, with
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Segment A being shorter - 3.8 km compared to 4.4 km for Segment B, and it is faster -
15:52 minutes compared to 18:04 minutes for Segment B. The time taken to traverse both
segments remains relatively constant on workdays and non-workdays. The specialized
bike route had longer and straighter corridors with fewer intersections and crossings,
leading to higher maximum and average speeds. Additionally, Segment B has a greater
elevation change - 15 m compared to 3 m in Segment A. All these data result in increased
cyclist speeds in Segment B - 11.06 kim/h compared to 10.14 km/h for Segment A.

Table shows the results of the inhalation dose of cyclists for PM10 and PM2.5.
They are calculated based on the average exposure value of PM during the ride measured
by mobile sensors, along with the time taken for the ride and the ventilation rate for each
cyclist.

Table 3.5: Inhalation Dose of PM10 and PM2.5 during the Circuits

Period Pollutant Stretch A(optimized) Stretch B(bike lanes)
Heavy traffic PM 1inp 29.74 46.45 (156%)
PM2.5;,n 40.56 63.04 (155%)
Low traffic PM 1;np 27,04 39,82 (147%)
PM2.5:01 35.15 49.77 (142%)
Non-working days PM1;nn 10.82 13.27 (123%)
PM2.5;,p 18.93 23.23 (123%)

Despite having the same starting and ending points, Segment B shows an increased
inhalation dose of particulate matter (PM) due to the longer duration of the route,
requiring more effort, and exposing the cyclist to higher concentrations of PM due to
vehicle exhaust gases. Even on non-workdays, when PM concentrations are similar across
both routes, Segment B exhibits higher inhalation doses due to the longer duration and
higher ventilation rate (due to higher elevation change and higher average speed).

Measurements for SpO2 and RR do not show any significant short-term health effects.
This was expected since the study participants, selected for safety reasons, were non-
smokers without chronic conditions and were regular cyclists. However, this does not
necessarily mean that people with chronic conditions and sensitivity to air pollution may
not experience symptoms or irritations, as observed in some studies.

3.3.3 Visualization of Bicycle Routes by Incorporating Data from
Stationary Sensors

We will utilize the network of inexpensive stationary sensors from Luftdaten to demon-
strate the technology for our fixed sensors in our software. Figure[3:3]displays the concen-
trations for Segment B during LT, where measurements from stationary sensors within
200 m or closer to the route are applied. The black-colored line indicates that in this
part of the route, there is no fixed sensor closer than 200 m, while the green and yellow
lines represent the concentrations measured by the fixed sensors nearby. Green color is
used for PM2.5 concentration values between 0 and 12, while yellow indicates PM2.5
values between 12 and 35. These color categories are inspired by the EPA Air Quality
Index and are the same for visualizing Aircasting routes measured with portable sensors.
Thanks to the dense network of inexpensive sensors in Sofia, 5 fixed sensors are used for
Segment A, and 6 sensors are used for Segment B, as they meet the selection criteria.
The software has continuous access to particulate matter (PM) concentrations from
fixed sensors, while traffic data can dynamically change the input values for the decision-
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Figure 3.3: Biking Route with Exposure from Fixed Sensors

making mechanism. The tool also has the functionality to display the same route in
different time frames and accordingly show different air pollution concentrations.

3.3.4 Refinement of the model and evaluation of data from mo-
bile and stationary sensors

The average values for PM2.5 concentrations from stationary sensors, located near the
surveyed routes (within 200 meters), are compared with PM2.5 measurements from mo-
bile sensors, as shown in Table below. We find a strong correlation between the
average values of PM2.5f,,.4 and the minimum values for PM2.5,,0p1¢, partly prov-
ing the assumption that the concentration from nearby fixed sensors can be used as an
output for calculating the overall PM concentration estimate.

Data from the fixed sensors closely match the minimum concentrations along the
route. Typically, this part of the route has negligible traffic, and its value often ap-
proximates PMpqseiine, measured by the fixed sensors. Meanwhile, the maximum PM
concentrations along the bicycle route are observed when passing by significant sources
of pollution such as trucks, vehicles with old diesel engines, mopeds, or queues of cars
waiting at traffic lights. As expected, the difference between the minimum and maximum
PM concentrations is more significant during HT.

3.4 Conclusion

This chapter presents the development of a software tool that optimizes bicycle routes
based on algorithms predicting the least harmful air pollutants. The algorithm utilizes
a modified implementation of the k-shortest path with limited overlap method. It relies
on experimental data and equations that calculate the total inhaled pollutant dose for
cyclists. Additionally, the study evaluates two bicycle routes: Route A, suggested by the
newly developed software, which traverses small streets in Sofia, and Route B, suggested
by navigation apps, which follows a dedicated bicycle lane.
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Table 3.6: PM2.5 concentrations from fixed sensors near the route and mobile measure-
ments

23 5fized 27 5mobile
Period Route mean min max mean
WD-HT Stretch A 10 12 29 15
Stretch B 10 12 45 19
WD-LT Stretch A 8 10 24 13
Stretch B 8 9 38 15
NWD Stretch A 4 4 11 7
Stretch B 4 5 11 7

In the field test, ten cyclists make circular trips on both routes over three periods:
(1) during heavy traffic, (2) during light traffic on workdays, and (3) on non-workdays.
Based on the data collected during the study from a mobile sensor, cyclists’ exposure
and potential inhalation doses of PM2.5 and PM10 along both routes are calculated.

Exposure concentrations along dedicated bicycle lanes were found to be higher than
exposure levels along the optimal route, especially on workdays. Even when average
concentrations were nearly equal, the inhalation dose for cyclists was always higher on the
bicycle lane route, as it took longer in terms of time and distance, had higher elevation
differences, and required more intense cycling. Choosing the optimized bicycle route
reduced the inhalation dose of PM2.5 by 23% on non-workdays and up to 55% during
heavy traffic on workdays. Results during workdays show an additional health risk for
cyclists using the investigated bicycle lanes due to pollutants directly associated with
traffic. Exposure to PM concentrations in the investigated bicycle lanes was closely
linked to vehicular traffic, as the study was not conducted during the heating season.

The findings of this study build upon previous observations [3], which suggest that
redesigning streets for low-speed multimodal traffic without barriers is a more sustainable
and pragmatic approach than constructing bicycle infrastructure on heavily trafficked
roadways. There is a significant difference between studies conducted during light traffic
and heavy traffic conditions. Bicycle lanes without physical barriers between the bicycle
route and the road have higher exposure levels, a conclusion also noted in another study
[30]. Our findings contribute to a better understanding of Sofia’s air pollution issues,
particularly related to vehicular traffic.
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Chapter 4

Software System for
Visualization of Air Pollution

In order to utilize all the research described up to this point and to convey information
on how air pollution affects health in an accessible way, it is necessary to develop a
comprehensive software system that allows for the collection, processing, and modeling
of data.

The architecture of the software is modular, defining how different components in-
teract, how data is processed, and how results are visualized. Figure illustrates its
appearance. The software architecture consists of the following components: API con-
nection module; Central cloud repository; Data processing module; Forecasting module;
Module for measuring PM concentration along a specified route; Data visualization and
dissemination.

Figure 4.1: Software architecture
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Ensuring the accuracy and reliability of our decision-making system is paramount to
the success of our research. To achieve this, our software relies on a series of input pa-
rameters. These parameters include: measurements of PM concentration from stationary
laser sensors; measurements of PM concentration from official monitoring stations; mea-
surements of PM concentration from portable sensors; data on temperature and humidity
from stationary sensors; traffic data.

The inclusion of these parameters is contingent upon their significance for assessing
air quality and their potential impact on human health. Each parameter contributes to
a comprehensive understanding of air quality, enabling our decision-making system to
make informed forecasts and assessments.

To achieve this, we are committed to creating a modern air quality monitoring system
that collects data from various sources.

The output data include: real-time air quality data by location, geographic radius,
or city; station locations with their values on geographic maps; air quality forecast;
calibrated data from specific stations; selection of the most suitable route based on PM
pollution and traffic.

4.1 Data Collection Module

Access to data from national and civilian air quality monitoring networks is facilitated
through public APIs (such as Luftdaten, aqicn, openaq, etc.). The built system peri-
odically connects to these APIs over a specified period. These data provide us with a
comprehensive view of air quality in a given area.

— Air Pollutants: We receive information about various air pollutants, including
particulate matter (PM2.5 and PM10), nitrogen dioxide (NO2), sulfur dioxide
(SO2), and carbon monoxide (CO). Each pollutant contributes to the overall
air quality index.

— Traffic Data: Real-time updates on road traffic help us understand how vehi-
cle activity affects air quality. This data source helps us identify congestion
points and emissions.

— Temperature: Knowledge of temperature is essential as it affects the disper-
sion and concentration of pollutants in the air. Higher pollution levels are
often observed during the winter heating season and temperature inversions.

— Humidity: Humidity levels influence air quality by affecting the concentration
and dispersion of particles and pollutants in the air. High humidity can
improve air quality, while low humidity can exacerbate issues. Humidity is
also an important factor when comparing and processing pollution data from
different measurement devices. Laser measuring stations show higher error
levels when humidity is high.

— Air Pressure: Air pressure data helps in forecasting meteorological conditions

that may impact air quality. This is an important factor in understanding
atmospheric stability and modeling air pollution forecasts.
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4.2 Cloud Data Storage Module

The system for monitoring air quality and its impact on human health is based on
an integrated approach that involves collecting and processing diverse data. We
gather data on air pollutants, road traffic, temperature, humidity, and pressure
from various sources and centralize and store them in the cloud infrastructure.
This approach ensures scalability and flexibility, allowing us to meet the growing
demands of the system.

By collecting data on air pollutants, road traffic, temperature, humidity, and pres-
sure, we can provide a comprehensive view of air quality. This approach not only
enhances our understanding of air quality but also enables us to make informed
decisions and take timely actions to protect public health and the environment.
Traffic data is integrated as it provides information on vehicle emissions and their
impact on air quality. By combining traffic data with air quality measurements,
we can identify areas with high pollution due to congestion and develop strategies
to reduce pollution.

The data is updated in real-time, allowing us to provide users with up-to-date
information on air quality. Integrating data from various sources makes analysis
and information extraction easier and more efficient, providing a unified platform
for data processing. Users with different privileges have easy access to information
from anywhere with an internet connection.

4.3 Module Analysis, Forecasting, and Air Pollu-
tion Measurement

The Data Processing Module is the heart of the system and performs several key
functions. Figure provides a comprehensive architectural overview of the air
quality monitoring system. It visually outlines the complex data flow between the
data processing, forecasting, and pollution measurement modules. The diagram
clearly demonstrates how data is processed, used for forecasting, and measured in
real-time. Additionally, it emphasizes the integration of geographic context through
GIS data, facilitating a holistic understanding of the system’s functionalities.

First and foremost, this module provides basic data preprocessing, including clean-
ing and structuring. This means that data obtained from various sources and APIs
undergo analysis and processing to ensure their accuracy and integrity. Cleaning
involves removing invalid or corrupted data, while structuring them in a suitable
format enables easier navigation and analysis of the information. It is important
to note that the module includes a two-step machine learning-based calibration
method, which enhances the accuracy of the data and prepares it for analysis.

4.4 Used technologies

In this section, we will focus on the reason for choosing Python and the related
libraries for data modeling within our software system for measuring air quality.
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Figure 4.2: Architectural diagram showing the flow of data between the data processing
modules.

We will provide information on how Python and these libraries integrate with the
system and what key functionalities they provide.

Python is used as the primary programming language for developing the system,
providing flexibility and power in data processing. Its readability and rich set of
libraries make it a suitable choice for data processing and analysis.

Using Python and modeling libraries brings several significant advantages to our
software system. Python provides a convenient environment for developing and
testing models, allowing for rapid prototyping and efficient data modeling.

Python provides an extensive and flexible ecosystem of libraries that are crucial
tools for data processing, including data obtained from financial and physical mea-
surements. These libraries, such as NumPy, pandas, and SciPy, offer powerful
tools for analysis, manipulation, and processing of numerical data. For instance,
NumPy provides capabilities for efficient operations on multidimensional arrays
and matrices, which are crucial when working with data obtained from physical
measurements where the data structure is complex and requires fast and efficient
traversal.

Django provides a powerful and robust framework for developing web applications.
Built on top of Python, Django offers comprehensive tools for rapid and convenient
development of web-based applications. An important aspect of this toolkit is the
built-in data processing and the capability for storing and processing information
in databases.

Combining Django with data processing tools like NumPy and pandas can be ex-
tremely useful for developing web applications that require data manipulation and
analysis. Integrating these tools helps create powerful web-based applications that
work with data from various sources and provide valuable analytical capabilities.

Additionally, Django provides capabilities for building public APIs, which is ex-
tremely useful for creating web applications that provide access to data through
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standardized interfaces. This facilitates sharing and integrating data between dif-
ferent systems and applications.

GraphQL is a powerful and flexible query language for working with data, used to
interact with various data sources including databases, web services, and others. By
employing this approach to data management, we achieve significant flexibility and
control over data queries, allowing for precise extraction of only the data required
for a specific task or application.

GraphQL not only simplifies data handling but also facilitates efficient interaction
between the client and server sides of the application by providing optimized queries
and responses. This abstract and flexible approach to data management, combined
with data processing tools like NumPy and pandas, can be crucial in creating
applications that require complex and dynamic data queries.

Using GraphQL has helped us build applications that not only provide user satis-
faction but also facilitate data extraction and analysis, which is crucial in today’s
world of information and data.

REST (Representational State Transfer) is an architectural style for creating web
services and APIs that provides a secure and efficient way to communicate between
different systems and applications. REST APIs offer a lightweight and straight-
forward method for accessing resources through common HTTP requests, such as
GET (for retrieving data), POST (for creating new data), PUT (for updating data),
and DELETE (for deleting data).

REST APIs provide an easy way to access and manage data through standardized
and intuitive requests, making it suitable for integration into various applications
and platforms. This structured and transparent approach to data handling ensures
flexibility and scalability of applications.

The cloud repository serves as a central storage for data coming from various
sources. This includes information on pollutant concentrations, meteorological
data, traffic, and many other factors affecting air quality. The cloud infrastruc-
ture provides secure storage and management of vast amounts of data.

Utilizing cloud infrastructure is crucial for processing large volumes of data and
delivering services that require flexibility and scalability. Cloud platforms such as
Amazon Web Services (AWS) and Microsoft Azure are used, providing resources
and services for storing, processing, and analyzing data on a global scale. Combined
with Python, Django, GraphQL, and REST APIs, along with cloud infrastructure,
we provide tools for analyzing air quality and its impact on health.

4.5 Example of Using the Software Infrastructure:
The AirLief Mobile Application

At the core of our software’s functionality lies its ability to integrate data from GIS,
measurements of air quality from stationary monitoring stations, and traffic data.
This integration is achieved through advanced data merging techniques, allowing
us to gain a comprehensive understanding of air quality on various spatial and
temporal scales. GIS data provides essential geographic context, enabling us to
precisely determine air quality measurements. By overlaying air quality and traffic
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data onto GIS layers, we can identify spatial patterns, hotspots, and correlations
that would otherwise go unnoticed. This integration is crucial for our research as
it allows us to assess the impact of traffic patterns and geographic characteristics
on air quality levels.

The software has the capability to visualize air quality information on popular
mapping platforms such as Google Maps and OpenStreetMap. This feature trans-
forms raw data into a visually interpretable format, facilitating the dissemination
of important information to a wide audience. We can analyze variations in air
quality over time, identifying trends and anomalies to serve as the basis for our
research findings. This temporal analysis provides insight into how air quality
changes throughout different times of the day, seasons, or under certain meteoro-
logical conditions.

Integrating these diverse data sources into a cohesive framework enables us to draw
significant conclusions about air quality and its interaction with the environment,
contributing to the depth and comprehensiveness of our research.

AirLief is a mobile air quality application developed for iOS and Android platforms.
It is a free, open-access application that shows users the air pollution levels around
them based on their geolocation. AirLief retrieves data from the software system
using the API created for data communication outside the system.

Air quality and atmospheric data are distributed from the software system to the
mobile application through purpose-built infrastructure endpoints. To facilitate
data transmission to our system, location information (GPS coordinates), geo-
graphic radius, or city inputs are entered, and real-time air quality data corre-
sponding to the query is outputted. Three infrastructure endpoints have been
created for the AirLief application:

— Nearest Point Measurements (input data: GPS coordinates): This endpoint
allows users to receive results from the nearest monitoring station located near
the specified GPS coordinates. It provides information about the current air
quality at a specific location.

— Location-Based Measurements (input data: GPS coordinates, radius in km):
This endpoint allows users to obtain the arithmetic mean values of measure-
ments from all monitoring stations within a radius of specified kilometers
around the given GPS coordinates. This gives a generalized overview of air
quality in a particular area.

— City-Based Measurements (input data: city name): This endpoint enables
users to obtain the arithmetic mean values of measurements from all moni-
toring stations in a specific city or populated place. It provides information
about air quality within the boundaries of the specified city or populated
place.

These infrastructure endpoints provide flexibility and convenience in extracting
air pollution data, contributing to the extensive functionality of the air quality
monitoring and management software system. They are presented to users in the
mobile application in an easy and accessible manner.
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The AirLief app retrieves and delivers air pollution information in an accessible
way for over 100 countries from around 15,000 stations. The application itself is
used in 70 countries by over 70,000 users, as shown in Figure [£:3] It consists of a
dashboard that presents the current state of the air in an accessible and easy-to-
understand manner; a map displaying values from stationary stations; the option
to add favorite stations, and personalized tips for protection against air pollution.
Figure illustrates how the mobile application transforms raw data obtained from
the software system into an Air Quality Index (AQI). The index, which directly
correlates with the impact of air pollution on the human body, includes not only PM
concentrations but also other pollutants such as ozone pollution, nitrogen dioxide,
and others.

Figure 4.3: AirLief App is one of the applications developed from the software system,
displaying real-time air pollution data from stationary sensors.
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Figure 4.4: AirLief App - the mobile application that translates raw data into under-
standable Air Quality Index (AQI).
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Chapter 5

Conclusion

The dissertation defines a goal and four tasks for achieving it. Initially, a detailed
analysis was conducted on the data regarding air pollution and acute illnesses from
two hospitals and emergency services in Sofia. The benefits of combining pollution
data from official monitoring stations and laser sensor stations (low-cost IoT devices
deployed by citizens) have been identified.

The dissertation develops and implements a solution for calibrating particulate
matter (PM) data from laser stations using machine learning, which corrects errors
and anomalies by comparing with data from a standardized station. Table 77
shows the improvement in laser station results, where the use of a combination of
artificial neural networks and anomaly detection methods increases the R-squared
value from 0.62 to 0.95 after calibration.

A route selection method based on PM pollution was developed, using a customized
approach. Table[3.5]shows that in a field test with 10 cyclists, the routes generated
by the software resulted in 67% better outcomes compared to other bicycle route-
finding solutions.

All these tasks and solutions were developed into a scalable software system with a
modular structure for collecting and processing data from various stations and IoT
devices. This system facilitates effective integration with diverse hardware devices
for measuring PM, utilizing different communication protocols. Practical results
from the system’s operation are visualized in a user interface, serving as a point
of interaction between users and the system. The system is capable of processing
and calibrating data as well as generating air pollution maps, and it is utilized
in different projects, such as a mobile application accessed by thousands of users
weekly.

The scientific and practical research presented in this dissertation provides the
following contributions:

5.1 Scientific and Applied Contributions

1. A statistical correlation analysis was performed between air pollution and
hospital and emergency admissions, identifying important cause-and-effect
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relationships.

2. An algorithm for calibrating laser sensors was developed using a two-step
method with artificial neural networks and anomaly detection. This inno-
vative method supports more reliable and accurate measurements from laser
sensors and has the potential to be used in a wide range of sensor applications.

3. An algorithm was created to evaluate the influence of humidity, altitude, and
atmospheric pressure on air pollution data from laser sensors, allowing a more
comprehensive and accurate understanding of the factors affecting air quality.
It can also be applied in vertical planning.

4. An algorithm was developed to calculate the optimal cycling route based on
PM concentration. This routing method promotes a healthy lifestyle and
supports sustainable urban mobility.

5.2 Practical Contributions

1. Software for calibrating PM data from laser sensors was developed, using
reference data from official monitoring stations. This software enables air
quality control organizations to use more reliable data for decision-making
and pollution management.

2. A software solution was developed to account for the influence of humidity,
altitude, and atmospheric pressure, improving PM data from laser sensors.
This software can be used by urban authorities and health organizations to
monitor and manage air quality in real-time.

3. A software tool for finding the optimal cycling route based on PM inhalation
was created. This software can be useful for individual cyclists and city
infrastructures that promote cycling.

4. An IoT platform for aggregating and analyzing sensor data on air quality was
developed. This platform supports automation and facilitates data integra-
tion from various sources, enhancing the efficiency and accuracy of air quality
monitoring. In addition to meteorological data, it integrates traffic and GIS
data. The platform visualizes maps, complemented by measurements from
air quality sensors and real-time traffic data.

In light of the research and results presented in this dissertation, we can conclude
that this project provides important scientific and practical contributions, influenc-
ing the development and improvement of air pollution measurement systems and
related technologies.
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43 Ilerwp Kuskos

I'nmaBa 1

BvBenenue

BaMbpesBaHETO Ha Bb3/yXa U I0-KOHKpeTHO (unute npaxosu dacruiy (PI1Y), e Bome-
IaTa €KOJIOTHIHA IIPUINHA 33 3a00JI€BAEMOCT U IIPEXKIEBPEMEHHA CMbPTHOCT, CJIE]] KATO
npe3 1990 r.e 6wio ua nera nosuiusa [48]. Cvbpraure ciydan, npudunenun ot OIIT B
OKOJIHATA, CPeJia, ca HapacHaju npe3 mocienuure 25 rogunu [15], a usnaramero Ha mo-
BUCOKO 3aMbpcsiBaHe Ha aTMOChEPHUs! Bb3yX € CBbP3AHO C MO-BUCOKA CMBbPTHOCT [9J].
A mocieHUAT TOKIIA 38 OIEH

OIIY ce kmacudurupar Bb3 OCHOBA Ha TEXHUS pa3Mep, KATO YACTHIIUTE C pa3Me-
pu no-masiku or 10 mukpomerpa (PIITH10) u 2,5 mukpomerpa (PIIY2,5) npenussuksar
Ha-roJIsiMO GE3IIOKOMCTBO TOPaJM CIIOCOOHOCTTA UM Jla IPOHMKBAT IIhJIOOKO B Gejure
JIpoboBe ¥ Jla NMPUYUHSBAT HEOJIAronpusiTHA mocjeaunu 3a 3apasero. OITY npencras-
JISIBAT CJIOKHA CMEC OT TBbPIU YACTUINA U T€YHU KAIKHU, CYCIEHINPAHN BbB Bb3/IyXa, C
PA3JINYH pa3Mepy U XUMUYIEH ChCTaB. €31 YacTUIM MOraT Jia TPOU3XOKIAT OT MPUPOII-
HU U3TOYHUIM KATO IPaX U MOJIEHU, KAKTO U OT YOBENIKH JIEHHOCTH KATO MPOMUILICHH
emucun, oTpabOTeHN Ta30Be OT IIPEBO3HU CPEJICTBA W U3rapsiHe Ha OmoMaca U TBbP/IH
ropuBa.

Cuopen npoyuBanust uznaragero Ha ®OIIY2.5 u OIIH10 e cBbp3aHO ¢ paHHA CMbP-
THOCT OT HSIKOJIKO 3aDO0JISIBAHMS, KATO CbPJEYHOCHIOBU, PECIIMPATOPHH, PaK Ha OeJust
Jpob 1 mHdEKIUM Ha TOpHATE U joaHuTe juxareann nbruma [2], [28],[32]. B Tosa uuc-
JIO 3aMbPCSIBAHETO Ha aTMOCEPHUS Bb3yX B rOJEMHUTE IPAJIOBE YBEJIMIaBa PUCKA OT
6eJ10/IpOOEH U CHUCTEMEH OKCHUJIATUBEH CTPEC, XUMOKCEMUST, IMYHOJIOTUIHU MOU(DUKATINN,
aTepOCKJIEPO3a M YCKOPEHA IPOTPECHUsi HA CbPIAEYHOCHIOBUTE 3a00JIsIBAHAST U XPOHUY-
HaTa obcTpyKTHBHA Gesonpobra Gosect (XOBB) [43], a enugemuonornasy npoyBaHust
nokassart, de usjaranero Ha PITY ysennuasa pucka or xuaber [74].

TexkecTTa Ha TOCTEIUIUTE 38 3APABETO MOXKE Jla BAPUPA B 3aBHCUMOCT OT KOHIIEH-
TPAIMsATa W MPOIbJIKATETHOCTTA Ha M3JIaraHe, KAKTO U OT 3JIPABOCJIOBHOTO ChCTOSTHUE
Ha WHWBUJA ¥ HEroBaTa YyBCTBUTE/HOCT K'bM 3aMbpcureure. Hskou rpynu ot Hace-
JIEHUETO, KATO JEaTa, Bh3PACTHUTE XOPa U TE3U C Bede ChINECTBYBAIN PECIUPATOPHA
WU ChPJETHOCHI0BU 3a00JIsIBAHUS, Ca OCODEHO YSI3BUMHU K'bM 37paBHUTE eDEeKTH OT 3a-
MbPCSBAHETO Ha Bb3yxa [H8)]

WsciteiBanus mOKa3BaT CUJIHA BPb3Ka MEXKIY 3aMbPCSIBAHETO HA Bb3JyXa M XOCIIH-
Tajau3anuuTe 33 pecnuparopuu 3abosssanus [60], 21, [44]. A koxopren npersiesn Ha 175
crarun 0000IaBa, Ue M3JIAraHeTO Ha MPbBCEH Bb3/IyX YBEJINUIaBa BEPOATHOCTTA OT Pas-
BATVE HA PA3JIMIHN 3a00JISBAHNs KATO PECIUPATOPHU 3ab0ssiBaHus (4CTMa, XPOHUIHA
oberpykTuBHa Genonpobua Gosect (XOBB) u pak Ha Gesust Apo6), CbI0BH 3a00JIsIBAHMS
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(uudapkTu, UHCYITH U XUNEPTOHUs ), ObOpednHu, YepHoapobHu u apyru [I].

1.1 AKTyaJJHOCT 1 MOTUBUPOBKA Ha TeMaTa

HapacTBamara 3arpuKeHOCT [0 OTHOIIEHHWE HA Bb3JEHCTBHETO HA 3aMbPCSIBAHETO HA
Bb3J/IyXa BbPXy OOIIECTBEHOTO 3/paBe HaJara pa3paboTBAHETO Ha IIPOTHO3HU MOJEIH 34
NpeJBUXKIaHe HUBOTO Ha OCTPa 3a00JIeBA€MOCT Bb3 OCHOBA HA JIAHHHUTE 38 Ka4eCTBOTO
Ha Bb3Ayxa [45]. B mocmennus moknas vHa Esponeiickus Coioz (EC) 3a kadecTBOoTO Ha
Bb3/lyXa Ce OlleHsBa, e ycmnuara Ha EC 3a mogobpsiBaHe Ha Kad4eCTBOTO My C& CaMO
"yacTraHO e(peKTUBHI "¥ CIIEIUAJIHO U3T'bKBA ,4e JleficTBuATa 38 HaMaJisiane Ha OIITY2,5
ca megocrarbaan. Ha durypa [1.1] e npegcrasen pesyarar ot npoyusane ¢ 432 rpaja B
EC, xoero aHam3npa MKOHOMUYECKUTE TIOCJIEICTBUASI OT TPUTE OCHOBHU 3aMbPCUTENIA B
esporeiickure rpagose: OITY, azoren auokcus u ozou [18]. Pesysrarure nokassar, ue
®ITY ca ocuoBHata npuunua (82,5 %) 3a HKOHOMHYECKUTE MIETH B CIIEACTBHE Ha, 00JIECTH
U CMBPTHOCT OT MPbCEH Bb3JyX. V3c/IeBaHeTo U3IMOJI3Ba IPOrpaMaTa 3a MOJIETUPAHE
ATRQ+, cb3mamena or C30, KaTo BKJIIOYBA CTOWHOCTH 38 3aMbPCsIBAHE M MKOHOMUYECKU
JIAHHY 32 BCEKU OT T'PaOBETE.

Qurypa 1.1: Ilpunoc HA TpuTe OCHOBHU TI'PAJCKA 3aMbPCUTE]N KbM OOIIHUTE IIETH 3a
3a00J1€eBA€MOCT 1 CMBPTHOCT B 432 eBpONEiCKH rpajia

B cBernmuara Ha Te3m KOHCTATAIMH, HAPACTBA HEOOXOIMMOCTTA OT MOJEJN, KOUTO
JIa MOTaT JIa U3CAeABAT 3a00/IABAEMOCTTA IIPU OCTPU ChCTOAHUSA, OA3MPAHU HA TAHHU 34
Ka4JecTBOTO Ha Bb3/yXa. BbIpeKknu HapacTBAIIATa OCBEJOMEHOCT 33 PHCKOBETE 33 3/IpaBe-
TO, CBbP3aHHU CbC 3aMbPCIBAHETO HA Bb3/1yXa, ChIIECTBYBa HEOOXOIUMOCT OT 33/bJI00YEH
aHaJIN3 Ha KOHKPETHUTE 3aM'bPCUTEN U TAXHOTO Bb3/IfICTBAE BbPXY PA3JIMYHU 3PaBHI
pesyiararu. ChllecTByBaIuTe POy YBAHNUS [TOKA3BAT BPBb3KUA MEXKIYy 3aMbPCSIBAHETO HA
Bb3/IyXa U PECIUPATOPHUTE 3aD0JISBAHUSA, ChbPACIHOCHIOBATE 3200/ IIBAHNS, HEOIATOT-
PUATHHUTE [OCJIEINIIN [P PAXKIAHE U JOPU IIPODJEMUTE C IICUXUIHOTO 3/1paBse. Boupexkn
TOBa BCe OIlle € HeOOXO/IMMO IISIJIOCTHO IIPOyYBaHe Ha Malada M MeXaHH3MHUTE Ha Te3U
BPb3KH, 32 J1a ce MHPOPMUPAT OCHOBAHUTE HA JOKA3ATEJICTBA MHTEPBEHIINN U TTOJTUTUKA
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Ha TbPXKABHO U JIOKAJHO HUBO.

VY nac auara Ha @IIY vecro HagxBbpasaT HOpMuTEe HA EC 3a KauecTBO Ha Bb3yXa.
EK mope3 ampun 2017 r. cnevenu geno cpemty Bbarapus 3apajayn HaJITHOPMEHO 3aMbPCIBa-
He Ha Bb3/lyXa B peauria rpajose. Cbino Taka Bbiarapust e jmjiep 1o 3arybeHn TouHN Ha
2KHUBOT B I00PO 37paBe, 3apajiu MpbCceH Bb3ayX. Purypa cropes MexK1yHAPOIEH TOKIA/T,
TrpazKJlaHUTE Yy HaC CK'bCABAT C 275 TOANHU 2KNBOTa CHU B CJICJACTBHUE Ha BbHb3YIITHO 3aMbpPCA-
Bame, J0KaTo cpeano 3a Esponeiickus ¢bio3 (EC) Tosu nokazares e 0,7 rogunu (https:
//www.eca.europa.eu/Lists/ECADocuments/SR18_23/SR_AIR_QUALITY_BG.pdf). Ka-
9eCTBOTO HA BDH3/IyXa IIPEBUIIABa HOPMUTE OCHOBHO ITOPAIU OUTOBOTO OTOILIEHUE, ABTO-
MobmHUsT Tpaduk u reorpadckuTe PaKTOPU, KOUTO 3abPXKAT 3aMbPCUTETUTE B aT-
Mocdepara. Jlumncara Ha COMUIHU U3CIEBAHUS U CTATUCTUYECKU JTAHHU 3a 3/[PABHUTE
edexTn or 3aMmbpcesBanero ¢ PITY B Codust mogkorasa criocobHOCTTa Ha I'Paja Ja pas-
paboTBa OCHOBAHW Ha JIOKA3aTEJCTBA CTPATEINU 3a HAMAJISBAHE HA, Bb3JEfICTBUETO MY.
Bes Touna u nogpobHa mHMOpMAaIS Ch3ATENTEe HA TOJATUKN U CJIyKUTEJATE B 00-
JIacTTa Ha ODIIECTBEHOTO 3IpaBe Ca M3MPABEHU IIpe] 3HAYUTETHU IPEIU3BUKATEICTBA
[IpY [PUJIATAaHETO HA I[eJIeHACOYEHU WHTEPBEHIIMU U IIOBHUINABAHETO HAa OOIIECTBEHATA
OCBEJIOMEHOCT OTHOCHO CEpHO3HOCTTa Ha mpobsieMa. ETo 3armo e Hajuie crernrsa HeobXo-
JIMMOCT OT BCEOOXBATHU M3CJIEIOBATEJICKH YCUJIMS U TOJ00PEHN MeTOIH 3a CbOMpaHe Ha
JIAHHU, KOUTO J1a TPEOIOJIEST ChINECTBYBAIINTE IPOIIYCKH B 3HAHUATA, U J1a TPOIPABSIT
LTS 34 B3eMaHe Ha WH(POPMHUPAHHU perrenns B bopbaTta cbe 3aMmbpesBanero ¢ OITH u 3a
o/I00psiBaHe Ha KadecTBOTO Ha 3xapaseto B Codust.

1.2 Ilen u 3a71au; Ha JUCEPTAIIMOHHUA TPY/,

Henra Ha JucepTAIIOHHES TPYJ, € U3CJIe/IBaHe BJUSHUETO HA (DUHUTE IIPAXOBU YaCTHUIIN
(®ITY) Bbpxy octpute 3abonsiBanus B Codusi 1 HAMUpaHe HA METOJM 3a TPEBEHIHsI.
3a nocrurameTo Ha Ta3u nes ca GopMyaupaHu ciaeaHnTe 4 3amadn:

e Bpb3ka Mexy bUHATE MPAXOBU YACTHUIIN U 3J[PABHUTE MOKA3ATENN 38 OCTPa 3a-
6osieBaemoct B Codust;

e [TomobpsiBatie Ha JAHHEU OT TPaKJIAHCKNA CTAHIINY 38 N3MEpPBaHe KadeCTBOTO Ha Bb3-
JyXa 9pe3 KaJudOpupaHe ¢ MAITHHHO OOyUIeHne: JIBYCTHIIKOB METOT;

e PazpaborBane Ha copTyepeH MHCTPYMEHT 3a ONTUMHU3UPAHE M OIEHKA HAa BEJIOCH-
IeJHU MapIIPyTH Ype3 XapaKTepus3upaHe Ha U3JIAraHeTO Ha BEJIOCUIIETUCTUTE Ha
3aMbpcIBaHe HA Bb3/IyXa;

e Pazpaborsane na IoT mmardopma 3a arperariust u Mojie/TIpaHe Ha CEH30PHU JTAHHI
3a KQ4ecTBO Ha Bb3JLyXa.

1.3 MeTomoJsorus Ha M3cCJjIeIBaHETO

B macrosmus qucepTarnoHeH TPy € W3MOJ3BaH MYJITHIUCITUILIMHAPEH TOJ/IX0JT, ChIeTa-
BalIll JIUTEPATYPEH 0030D, KOJMIECTBEH aHAJN3 U YChbBbPIIEHCTBAHO CTATUCTUIECKO MO-
Jenupane. VI3BbpIleH e cucTeMaTHYIeH IPerJie ] Ha ChbINMeCTBYBAIIA U3CJICIBAHNS, 32 18, Ce
00ODIIAT ¥ CHHTE3WPAT HACTOSIIUTE JOKA3ATEICTBA 38 BPbH3KATA MEXKIY KAdeCTBOTO HA
Bb3JyXa u 3apaBHUTE pe3ysraru. OCBeH TOBa Ca aHAJU3UPAHU EMUIeMUOJIOITYHU IIPO-
VYIBaHUS U JIAHHU OT areHIMH 32 3/IPaBHO HAOJIIOJIEHUE, 32 J1a Ce OIPEJIEIN KOJTUIECTBEHO
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BPb3KaTa MEXKJY KOHKPETHU 3aMbDPCUTEIM U MOCIEIUINTE 38 37paBero. V3noa3sanu ca
CbBPEMEHHU CTATUCTHIECKN TEXHUKH, KATO PErPECHOHHO MOJIEIUPAHE W TPOCTPAHCTBEH
aHaJIN3, 3a Jia Ce M3CJIeIBAT CJOKHUTE B3aNMOJIEHCTBUS U IPOCTPAHCTBEHUTE MOJIETN HA
3aMbPCSIBAHETO HA Bb3JyXa U 3JIPABHUTE MOCJIEIUIIN.

Meromosorusita, U3M0JI3BAHA B TO3U JIUCEPTAIMOHEH TPYI, BKJIOYBA CHCTEMaTHIEH
MMO/IXOJT 3a M3C/eJBaHe Ha Bb3EHCTBUETO Ha (PUHUTE MPAXOBU YaCTUIU BbPXY OCTPUTE
3abonsBanust B Codusa u pazpaboTBaHe Ha CTPATErHMH 33 CMEKJYABAHE HA, [TOCJIEIUIINATE.
Metomomorusita BKJIIOUBA ChOWpaHe HA JAHHU OT OOJIHUIN W U3MEPBATEJHU CTAHIAM,
aHaJIN3 Ha JAHHUTE C IeJ YyCTAHOBSIBAaHE HA KODEJAINN, KAJIUOpUpaHe Ha I'DaKIAHCKA
Jla3epHH craHIuu, paspaborsane Ha loT mrardopma 3a Busyajumsalusi HA JAHHUTE U
ONTUMU3UPAHE HA BEJIOCUIIETHU AJIEH.

CbOupaHeTo Ha JIAHHM 33 MOCTBIJIEHAITA U XOCIUTAIUIAIAUTE OT JIBE TOJeMH 0OJI-
aurn B Codus, JaHHU OT perucrbpa Ha O0bpsa momorr u u3mepsanusa Ha PIIY kakTo
oT oUIHAITHI U3MEPBATETHN CTAHIINN Ha V3IrbJIHUTETHATA ATEHITHS 110 OKOJTHATA CPEJIA
(MAOC), Taka u oT rpaxkaHcKu jazepan cranun. CbOpaHn ca 1 MeTeOPOJIOTUIHY JaH-
HU, BKJIIOYUTE/HO BJIAXKHOCT, aTMOC(EPHO HaJisiTaHe W TeMIeparypa, JaHHU 3a Tpaduk
U JIPYTH.

[Ipustoxkenn ca TeXHUKM 3a AHAJIN3 HA JAHHUTE, 3a J]a Ce U3CJIE/IBa BPb3KATa MEKJLY
nuBaTta Ha OITY u octpure 3abossaBanns. VI3BbPINEH € CTATUCTUYIECKN aHAJIN3 U CPaB-
Henusi Ha HuBaTa Ha PIIY mox u Hax 3xapaHUTE cTaHgapTu Ha CBeTOBHATA 3jpaBHA
oprarusanus (C30). IIporechbT Ha KaauGpupaHe ce ChCPeJOTOUN BbPXY KaJIuOPUPAHeTO
Ha JAHHUTE OT T'PAXKJIAHCKUTE JIA3ePHU CTAHINK, KATO CA M3IOJI3BAHA MOJEJIU 33 Ma-
IMIAHHO ODYYeHne ¢ KOHTPOJUPAH M OE3KOHTPOJIEH METO. 34 TOYHOTO KAJUOPHUPAHE Ca
n3n0J3Bann pedepeHTHH JaHHu OT u3MepBaresnu cranmuu Ha MOCB, kaTo ca B3eTu B
[IPEJIBHJL BIIMSTHUETO Ha (DAKTOPH KATO BJIAYKHOCT, aTMOCGHEPHO HAJISITAHE U TEMIIEPATYPA.
Paspaboren e Mojies1 3a ONTUMU3UPAHE HA BEJIOCUIIEHUTE TPACETA 38 MUHUMAJIHO BJIVIII-
pane Ha DIIY. Tosa BK/IIOYBaA M3MO/I3BaHE HA MOIUMUIIMPAH AJITOPUTHM 38 HAMUPAHE HA
Hali-KpaTKusl 'bT U TMPOBEXKIaHe HA PEAJHU TOJEBU TECTOBE 32 BAJIUIUPAHE HA METOIO-
norusita. Paspaborena e copTyepHa CUCTEMA, KOITO BU3YAIU3UPA MECTOTOJIOKEHUETO 1
[oKa3aTe/nTe Ha U3MEPBATEHUTE CTAHIINNA BbPXY reorpadcka kapra. IIpusoxken e HOB
IOJIXOJ] 33 arperupaHe, opraHusupane, oopaboTKa, Moje/npate u ooMeH Ha jauau B [0T
cucTeMaTa.

B nporieca na uscieaBane Ha MpobJieMa € U3MOJI3BaH MUPOK cdepa OT JINTEPATYPA.
Cb3a/ieHnTe HOBH METOIM 1 aJropuTMu ca mnyoaukysann B [[?], [76], [77], [78]]. Ipex-
CTaBeHATa METOJIOJIOTUSI TIO3BOJISIBA TSUIOCTEH aHAIN3 Ha Bb3jeicTtBrero Ha PITY BbpXY
ocTpuTe 3a00JIsiBaHUsl, KAJUOPUPaHe HA IParKIAHCKUTE JIA3EPHU CTAHIMN YPE3 MAITUHHO
obyJeHre 1 HEBPOHHYM MPEXKU U OINTUMU3UPAHE Ha BEJIOCHUIIEIHU MAPIIPYTH C OLJIE]] HA
sambpessBanero or OITY. B cborBercTBHE ¢ mMoOcTaBeHHTE 389U Ca pa3paboTeHN aJ-
TOPUTMH ¥ METOJOJIOTHHU PellaBaliy KOHKpeTHuTe mpobsiemu. Hampasena e codryepHo
MIPUJIOYKEHNE Ha BCEKU OT pa3pabOTEHUTE ajrOPUTM ¥ BU3yaH3WpaHe Ha JAHHUTE 9pe3
IoT mmardopma. [Lnardopmara n codTypsbT ca Hanmucanu Ha e3nka Python n uzmons-
Baiiku pamkara Django.
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I'maBa 2

Bpb3ka Mex1y 3aMbpCcaBaHETO C
DIIY m 3apaBHI MHINKATOPU 34
ocTpa 3a00J1eBaeMOCT

Bpb3kure Mexay TpajckoTo BB3AymHO 3aMmbpcasane (B3) m wosemkoro 3mpase ca
MOCJIEZIOBATEIIHO W SICHO YCTAHOBEHM OT peswiia uicienosarenn [67], [60], [41], xato or-
KDOSIBAIIU TPYIHN 3a00sIBAHUS ca ChPAeIHO-ChaoBu [69], HeBpoBackymapan [65], [11]
6enoapoban [68]. Criopes; CKOPOITHO yCbBbLPIIEHCTBAHO MOJEIUPAHE Ce TIPEIIONara, de
nMa 61130 9 MusmoHa cMBbpTHHA citydast rouiao or B3 [55]. Oxomo 25% or npexies-
PEMEHHHTE CMBbPTHH CJIydad, CBbp3ann ¢ B3, ca pecnmparopru mo npesymims [6].

3HauuTeHA JIUTEPATYPA 38 ENUIEMHUOJIOIHIHI IIPOY YBAHHS [IPEJII0JIAara BPb3Ka MerK-
Iy ocTpaTa 3ab0JIeBaeMOCT U H3JIAraHeTo Ha 3aMbpcsBaHe Ha Bb3xyxa or OITT [20].
IToBeyero OT Te3u JAHHM MIABAT OT aAHAJIM3M Ha BpeMenH cepun [24], cpaBHsiBaIuM Bapu-
AIMATE B XOCIHHUTAJIN3AIUATA CbC CPEJHHUTE Bapuanuu Ha npaxosu dactuim [29]. B3 e
OTTOBODHO 3a Bb3NAJICHUsATa Ha JuxaresHuTe mbruma [14] u karo ce mMa HpenBu, de
JluxXaTejHaTa CHCTeMa e oOlla BpaTa 3a BJn3aHe, MUHIMHU3UPAHETO Ha €KCIO3UIUATA Ha
JIIXaTEJIHUTE I'BTUIIA ChIIO0 MUHUMA3UPA ChPAEIHO-ChaoBuTe npobaemu [63]. Ocsen To-
Ba CBINECTBYBAT IPOYYBAHUA, KOUTO MOJIEINPAT 3aMbPCABAHETO Ha MHOXKECTBO I'DAJIOBE,
kaTo EBponeiickoTo 3aMbpesgBane Ha Bb3lyxa U 31paseTo: esporeiicku moaxon (APHEA)
[36] # AMepuKaHCKOTO HAIOHATIHO M3C/IeIBAHE Ha 3a00J€BAEMOCTTa, CMBbPTHOCTTA U 3a-
MbpeaBanero Ha Bb3ayxa (NMMAPS) [61], xkato u xBere nmpemocTaBaT HOC/IEN0BATEIHH
JIOKa3aTeJICTBa 33 BPb3Ka 3/[paBe U 3aMbPCHTENN Ha Bb3/LyXa 33 MHOXKECTBO I'DaJIOBE
ype3 MOKPUBaHe Ha roJisiMa reorpadcka obIacT.

ITocaequiure OT 3aMBbPCABAHETO HA Bb3/yXa MOTAT J& CE€ PA3IJIEXKIAT KATO ITOBUIIA~
BaHe Ha PHCKa OT 3a00JIsiBaHe WJIM HAPAHsBaHe Ha JAJICHO JIUIE WIN KATO JOIbJIHUTEIEH
obm puck 3a GaarochbcrosianeTo Ha Hacesrenuero [23]. Ileara Ha yupasieHneTo Ha Ka-
YeCTBOTO Ha BbB3JyXa € Jla KOHTPOJMPA WU U30sirBa HEOJArONMpUATHUTE Bb3IeHCTBUS
Ha 3aM'bPCSBAHETO Ha Bb3JyXa BbpPXy 00IecTBeHOTO 31pase. Ciie/oBaTeIHO € BayKHO,
ape3 crapmaprure 3a OIIY, ma ce medurmpar TakmBa BHL3AEHCTBUS, KOUTO CE CIUTAT
3a ,,HEeOJATOIPUATHA, U Ja Ce Pa3rpaHUYIAT OT TE€3W Bb3AEHCTBUSA, KOUTO HE C€ CIUTAT
3a HEOJIATONIPUSITHH, KATO 110 TO3W HAYNH YCHJIMSITA 32 3alllUTa Ce KOHIEHTPUPAT BbPXY
3aMbPCUTEJINTE, KOUTO IIPUYNHSIBAT Hali-eKCTPEMHH Bb3/I€HCTBHUS BbPXY 31PAaBETO.
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Tabsmmna 2.1: BambpesiBane Ha Bb3ayxa: npenopbku Ha C30 u 3akonomarescrso Ha EC
(5 pg/m®)

Hopwmu 3a 3ambpcesiBane Ha Bb3IyXa €30 EC
@ITHI10 | ®ITYU2,5 | ®ITHI10 | PITHU2,5

CpeHO/THEBHA 50 25 50 —

CPEeTHOTOIUIITHA 20 10 40 25

2.1 Crangaprtu 3a @PIIY: Ananu3 Ha 3aKOHOJATEJICTBO-
to Ha EC n macoku Ha C30

3akononarenunara pamka Ha EC 3a nuBara na @IIY BbB Bb31yxa ce ocHoBaBa Ha JIupek-
tuBa 3a Kadectso Ha Bobamyxa (2008/50/EO) u ce mombisa or Jupexkrusa 3a Hanmo-
uanan Evucnonnn IIparose (2016,/2284/EC). Tesn perynanun 3a/bJKaBaT IbprKaBUTe-
YWIEHKH Ja u3lrbjHgBar crafgaprure 3a OIIY BbB Bb3/yxa B CbOTBETCTBUE ChC CIIEIIU-
bUIHE TPArOBU CTOWHOCTH, W3BJIEYeHN OT HaydHU OleHKH. ChOTBETCTBHETO ce HabJIIO-
naBa or EBponeiickara KOMUCHs, a HECIA3BAHETO MOXKE J1a JIOBEJE JI0 MPABHU JEeHCTBUS
u rinobu. B cpasuenne, C30 mpemoctaBs oIy yKa3aHUs 3a KAIECTBO Ha Bb3jyxa 6e3
3aKOHO/JIATEJHU 33,ThJIPKEHUsI, OCTABSANKN M3II'bJIHEHUETO HA WHINBUYyAJTHATE JbPKABH.

B cpaBauTennus ananm3 Mexry 3akoHojarenctBoTo Ha EC n Ykazanusara wa C30
ornocuo HuBata Ha PITY BBB BB3IyXa ce U3ABABAT HAKOJIKO Kiiouosu pazyuku (Ta6-
JIATIA, . Hokaro EC u C30 u asere npenopbyBarT JIHEBEH CPEJIEH KOHIIEHTPAIMOHEH
npar 3a ®ITI10 or 50 pug/m?, EC u C30 ce pasimuaBaT 3HAYUTENHO B TOJUITHATE CH
cpeJiHI TIperopbKH, Kato crangaprure na C30 ca apoitno mo-crporu crporn (20 pg/m?3,
cperty 40 pg/m? or EC). 3a ®ITY2,5, EC HaAMAT KOHIEHTPAIMOHEH TIPar 3a CPeJIeH I-
HEBHU HOPMU M MMa 3HAYUTEJHU PA3JIMKN B rouiranTe npernopbku, kKaro C30 nacrosiBa
3a no-crporu Jiumutu. Ocsen ToBa cranpaprure Ha EC ca crienududHu 3a peruoHa, J1o-
kaTo ykasanusTa Ha C30 ca HeOOBbpP3BAIM U YHUBEPCAJIHU, IIPEIOCTABANKNA HACOKH HA
CTPAHU TI0 TEJIUS CBSIT.

3a 1esuTe Ha TA3W JAUCEPTAIMS 1€ U3M0J/I3BaMe HACOKUTE 33 KA9eCTBO Ha Bb3IyXa Ha
C30, Tbil KaTO Te ca MPENOPBHINTETHI B CBETOBEH MAaIad, MMAT OrPDAHUYIEHNE 38 JTHEBHU
nopmu Ha OITY2.5 u ce 6azupar HA IUCTO 3APABHU ACIEKTH, B CDABHEHUE C JUPEKTUBATA
Ha EC, KosT0 € ¢ POKyC K'bM PErHOHAIHU U HAITMOHAJIHU HYXKIU U BKJIIOYBA TOTUTHKO-
UKOHOMUYECKY U COIUAJIHY ACIIEKTH B JIUPEKTUBUTE.

B mocieqans cu jokiaan C30 monara crieruaHo BHUMaHHE HA 3aMbPCSIBAHETO OT
®OITY u cmsita msmaranero na @IIY 2.5 3a Haii-rojiemusi youer; CBbp3aH C Bb3yXa B
cseroser maaH. Okono 80 % oT cMbpTHUTE CiIly9anm B CBETOBEH MAINald, JILIKAIIA Ce Ha
n3arane Ha PITY2.5, moraT ma ObmaT TpPeIOTBPATEHN, AKO CTPAHUTE CIIA3BAT MOJIUATITHA
nparosa croitnoct 3a ®ITH2,5 o1 5 pg/ m3. TlocTHraHeTo HA MEKTHHHNATE [EJIN CHIIO IIe
“Ma 3HAYUTEHU [TOJI3M 3a 3/ipaBeTo. B ciaydas ¢ @PITY2,5 mocTuraneTo Ha MeXKIMHHA €T
4 (10 pg/m?) 6u moseno jo npubsiusurenHo 48% HamaseHue Ha OOMIUs OGPOM CMBLPTHE
cIyvau, JbJIKaIM ce Ha ekcnozurus na PIIY2,5.

2.2 T'eorpadcka 30Ha Ha W3cCJeBaHE

Codus e pasmosiokeHa B KOTJIOBHHA M Ce XapaKTEPHU3UPa € BUCOKO KOJIUIECTBO AHT-
POIIOTeHHN E€MUCUU WM YeCTa I0sBa Ha 3aCTONHU METEOPOJIOTMYHHU YCJIOBUs. ['pabT e
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¢ Hacesierne or 1,2 mmmona aymu [49] n e pasmosnoxken B Coduiickoro KOTIOBUHHO
mosie. PafionsbT € mpu3HaT 3a IpPOOJIEMHO MSICTO, K'bIIETO OCOOEHO IIpe3 3MMAaTa MMa MHO-
rOOpPOMHY TIPEBUIIIEHUsI HA HOPMHUTE B €BPOIEHCKOTO 3aKOHOMATEJICTBO 338 KOHTPOJI HA
3aMbPCIBAHETO HA Bb3/yXa.

Ot rogunn Codus ce 60pu ¢bC 3HAUUTEIHI HUBA HA 3aMbPCABaHE HA Bb3IyXa, KATO
OITY mocTosTHHO HaJBUINABAT IIPelopbYnuTeHuTe rpanui, onpempienn or C30 u EC.
Tesu nosumenu HuBa Ha PITY BBB Bb3IyXa Ha rpaja IPEeICTaB/ISIBAT CEPUO3HA 3alljia-
Xa 3a 37paBeTo U 0JIAroChCTOsIHMETO Ha Herosute kurean. Ha ®urypa [2.2] e mokasana
cpenna kourenTparus na OIIY2,5 B nait-zambpcennTe croaunu B EBpoma mpes 2022 1.
Ha nes ce Bmkma, ye Codus 3aeMa eaHa OT IPU30BUTE MO3UINN B Ta3u Kiaacanus. CbIno
BazkeH e (DAaKThT, Ye JaHHUTE 38 U3MEPBaHe Ha KAYEeCTBOTO Ha Bb3/lyXa Ca HEIO0CTaThIHU
3a Codus. 3a wuBara Ha @IIY 2.5 B crounara ce moJaBaT JaHHM OT €HA €JIUHCTBE-
Ha cranmus - AVC Xumnoapyma, KoeTo e HeJOCTAThIHO 338 KaYeCTBEHU CTATUCTUIECKU
aHAJIM3H 38 TPaJl ¢ pa3MepuTe u Hacejaennero Ha Codus.

32,4
26,6
22,4 22,1
15,2 15,1
171 16,4
| I 15I |
Capaeso  Cronue 3arpeb Benrpag, ATuHa Codua Byrypew, Hwkoswa Bapwaea Twupada

Qurypa 2.1: Cpeana kounenrpanus za @IIY2,5 B Hait-3ambpcennTe croaunu B EBpona
npe3 2022 r. (B MUKpOTrpaMu Ha KyOUYeH MeThbp Bb3JIyX)

Ciie1oBaTeIHO Ta3M Pa3/IMKa MEXKJLy KA4eCTBOTO HA Bb3/IyXa B JITHU U 3UMHU YCJIO-
BUs 111e O'bJie 70ObP MOJIEN 3a TeCTBaHe Ha HAINATA XUIIOTE3a 33 3HAUNTEHA BPbH3Ka MEK-
Iy 3aMbpCsBaHeTO U mocsaeaunure 3a 3apaseto B Codwus. Jlureparypara m3obmicTsa ¢
MOJIEJIH, KOUTO MOT'AT Jia Ce U3IOJI3BAT 3a OLEHKA HA XUIIOTE3aTa 33 3aMbpPCiABaHe /31paBe.
Konukperno 3a Codust He ca mpaBeHu 1mogo0HN mpoyuBaHus. Kopesamus MexK Iy Temire-
parypara u cMbpTHOCTTa 0K0JI0 Codbust ce mpaBu ¢ MOMOIITA Ha JIUHEHHN U HeJUHeHr
momenn [54]. IIpyru uscseiBanns, KOUTO U3CAEIBAT TeHOTOKCUIHOCTTA HA aTMOChEPHUSsT
BB3JyX B 3 eBpoIeiicku rpaja, BriounTeano Codusl, moka3Bar, 4e 3aMbpPCIBAHETO HA
Bb3JyXa 1pe3 3umara e or 6 10 10 bTu Mo-BUCOKO B CPaBHEHHE C JIeTHHsI Bb3yX [25].

Asmopeghepamu na ducepmavuu 2025 (3) 43-96



MOJEJINPAHE HA KAYUECTBOTO HA ATMOC®EPHNA Bb3J1YX BLPXYV ... 50

2.3 MertomoJsoruga Ha MU3CjIeIBAHETO

Jlo KOJIKOTO € M3BECTHO TOBA € I'bPBOTO TOJ00HO M3CJIEBAHE C PEAJHU JAHHU OT odu-
[UAJHA U TParKJIaHCKU U3TOYHUIM Ha WHMOPMAIUsS 38 3aMbPCABAHETO HA Bb3JyXa C
MPAXOBU YACTUIM, U3UYEPIATEHA JAHHU OT JEHHOCTTa Ha INEHTbPA 3a CIEIIHA MeJId-
uHCKa noMort (6bp3a [MOMOIN), JaHHU OT JIBe OT Hail-rojiemure GOJHMIM, CBbP3aHU C
noctbia jio crenraa oMot B Codust -YMBAJICM ITuporos u YMBAJI Tokyma. Pesyu-
TaTUTE MOTAT Jia O'bJAaT CPABHEHU U KOHTPACTUPAHU C APYTU MEXK Ly HAPOIHH POy IBAHUST
C MECTHU JIAHHH.

[enra Ha TOBa M3CJIEABAHE € Ja Ce YCTAHOBU KOsl OCTPa 3a00JIEBAEMOCT U C KOJIKO Ce
yBesimdaBa B jquuTe, Koraro HuBara Ha PIIY He orroBapst Ha HacokuTe Ha C30, KaTO
ce M3I0J/I3Ba aHAJI3 HA BPEMEBHU CEPUM.

Pemrenn ca ciaemmnnTe YeTnpu moa3agatn: CpaBHSIBaHe Ha JAHHUTE 33 KAYECTBOTO Ha
Bb3JyXa CbC 3JPABHATE JAHHU, IOJYYEeHH OT OOJIHMIM M Obp3a IIOMOIL;, CPABHUTEJIEH
aHaJIU3 U HOJYepPTaBaHe Ha KJIFOYOBHUTE MPOOJEMHHU 00JIACTH; TECTBaHE HA XHUIIOTE3aTa,
Je JAHHUTE OT €BTUHHU CEH30PU MOTraT Ja ObJaT HMOJIE3HH IIPU TAKUBA eIUIeMUOJIOIMIHN
M3CJIeIBAHUS; UACHTHMDUIMPaHe Ha ObIAEIy MMePCIeKTUBI 1 0000IIeHNe Ha KJIIOYOBUTE
006J1aCTH, B KOUTO Ca HEOOXOIUMHU JOIbITHUTETHI U3CICIBAHNS 32 TMOI00psiBaHe Ha eeK-
TUBHOCTTA Ha, MOJIEJIA.

JlaHHu 3a 3aMbpCABaHETO HAa Bb3/yXa

IIbpBoO 16 OTKpHEM KOU JIHH, B PAMKUTE Ha HAOJI0IaBaHUsl [IEPUOI, KOHIIEHTPAIIMUTE Ha
OITY magsumasar cpeano guesauTe guMmutn Ha C30. Crem ToBa 1e cpaBHAM 3pABHATE
IAHHU 38 JHATE, B KOUTO KAYeCTBOTO HA Bb3AyXa € B paMKHTe Ha ykazanugara xa C30,
C JIHUTE, KOUTO HE Ca.

JlanHuTe 3a Ka4eCTBOTO HA BBH3JyXa MO, (popMaTa Ha CPEIHOYACOBH KOHIIEHTDAIUN
ma OITY2,5 u OITH10 ca 3a 2018 r. m 2019 1. u IpeicTABIIBAT HE3ABUCUMU CEPUM 32 BCE-
KH €JIEMEHT OT OUINATIHA CeH30DH, IpeJocTaBeHn oT (a) V3IbiaHnTeHaTa AreHIUs 110
okousHa cpega (MAOC) u (6) naseprn crannuu ot Mpexkara luftdaten (rsiobasaa censop-
Ha Mpeka, yIpaBJIsBaHa OT JOOPOBOJIIHU, KOATO Ch3aBa OTBOPEHU JAHHU 38 OKOJHATA
cpeia).

Hannure ce chbupar or 5 obunumanan nabmopareanu wiomanaku (Ipyx6a, Hamex-
na, Xunoapyma, ITasioso u Muazgocr). 3a usmepsane na GIIH10 u OITYU2,5 ce uznomnssa
MeTog 3a Gera areHanus cbriacHo Espomnefickara qupektusa 2008,/50/EC (dupekTusa,
2008). Criope, IpeiuiiHy POy YBaHUS U3IIOI3BAHETO HA JAHHU 38 KAIECTBOTO Ha Bb3Ly-
Xa OT €BTUHHU JIA3€PHU CTAHIMK UMa 34 I1eJI JIa YBEJUYIH IIOTEHIMATHITE IT0JI31 OT TPa/Ii-
[IMOHHUTE MPEXKHU 328 HADJIIOJEHNE C MObIHUTEHA reorpad cKa 1 BpeMeBa PEe30JIIOIHS Ha
m3meprane [10]. OcBen TOBa eBTHHMTE CTAHIMM MOTAT /& HAATPAIAT OMDUIMATHATE W3-
MEPBATEJHU YD U TO-CIEeUAIHO OIPAHINYEHO KOJIMYECTBO JIAHHU M PA3IPOCTPAHEHIE
Ha crannun [79]. CuMsTa ce, Ue eBTHHHUTE CEH30PU Ca MOJIXOJSINN 38 MHOTO CIEIUMUIHA
[€JIM, BKJIIOUUTEJHO Pa3IINpsBaHe Ha PA3rOBOPHUTE ¢ OOIIHOCTHUTE 1 00IIaTa IPask JaHCKA
ocsegomenToct 1o npobiema Ha B3 [47]. B Codust KbM MOMEHTa Ha M3CJIEABAHETO MMa,
HSIKOJIKO TPaXKJIAHCKU MPEXKHU OT JIA3EPHU CTAHINU, KOUTO HAJIPAXKJIAT, C JOMbJTHATEHA
reorpadCcKa 1 BpeMeBa Pa3/IeIMTE/Ha CIIOCOOHOCT Ha M3MepBaHe, OPUIINATHATE CTAHITAN

na MTAOC.
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3apaBHU JaHHUA

[Topamu nobpoBoOHES XapakTep Ha MPEIOCTABIHETO HA JTAHHU MMa PA3JUIHUA BPEMEBU
XapaKTEPUCTUKA U (DOPMATH OT PABTUIHU UITOTHUIIL:

e O06o0menn JaHuu 3a AeitnocTTa Ha LleHThpa 3a cremnrma meguiracKa moMorr Codust
1o Jinarso3u Ha neTbpa - or 01.01.2017 r. ;o 14.03.2019 r;

o NMudopmanusa 3a geitnoctra mo auarsoctuku ot JIKIT Tokyna - 02.01.2018 r. mo0
31.12.2018 r;

o Mudopmarnus 3a aeitnocrra 1o auarsocruka or Y MBAJICM ITuporos - 01.01.2018
r. 10 31.05.2019 r.;

e Mudopmanus 3a JeHHOCTTa Ha XOCIUTAJIU3UPAHUTE TUATHOCTUKH OT lluporos -
01.01.2018 . 1o 31.12.2018 .

Nscnenpanero m3nosssa Mexaynaponnara kinacudukanus za Gonecrure (ICD) n
mo-koukperao ICD-10 3a cermenTupane Ha 3a00/IgBaHAATA U WACHTHMDUITIPAHATA 3200-
seBaemoct. ICD-10 e 10-ta pesusus #a ICD, MeaumnuacKn KiIacu@UKAIMOHEH CIIACHK OT
Ceeropnara 3apasna opranusanus (C30), KOHTO ce M3M0JI3Ba 0 MOMEHTA HA IIPOBEXK-
JlaHe Ha TOBa mpoyuBaHe. Tol ¢bIrbprKa KOJ0Be 3a 3aD0/IABaHUS, IPU3HAI U CUMIITOMH,
HEOOMYIAlHN HAXO/KH, OIIAKBAHUS, COIIMAIHI OOCTOSTEICTBA U BHHIIIHN IPUINHA 33 Ha-
pansiBane wian 3abosssanus [50],[51].

Metoau

B ToBa m3cnemBaHe ce M3MOJI3BAa aHAJM3 HA BPEMEBHU PeOBE C KOPEJAIMOHHU MeTON
3a aHAJIM3 HA KA9eCTBOTO HA BbB3/yXa U JAHHUTE 3a 3apaBero. CTATUCTUICCKUTE METO-
I B U3CJIEIBAHETO IOMAJAT B JIBe KATETOPU3AINN: MTAPAMETPUIHN U HENAPAMETDPUIHU.
ITapamerpuanuTe MEeTOAM, KATO KOpEJAITMOHEH KoedwuimenT Ha I[IlubpcbH, ce mpesamo-
quTaT, KOraTo JaHHUTE Ca HOPMAaJIHO pa3IlIpe/je/IeHU W/ UMa JOCTATBIHO I'OJIAM O6eM
Ha M3MEPBAHUsITA, KOETO II03BOJIsIBA Jia Ce IpUeMe, e JAHHUTE CJIeIBAT HOPMAaJHO pas3-
npesenenue. Te3an MeToan ca MOIXOMISINN 3a OIEHKA Ha JIMTHEHHATA BPb3KAa MEXKIY JBE
HelpeKbcHaTU poMersiusr. [lapamerpuunusar kopesanuoned Tect Ha [Tubpebn (2.1) ce
M3II0JI3Ba 32 CPABHSIBAHE HA /IBATA M3TOYHUKA HA JAHHU 33 KAYECTBOTO HA Bb3AyXa. 1ol
OCHTyDsIBa MsIPKa 3a JIMHEeHHATA BPb3Ka MeKILy JBETe HEPEKbCHATH IIPOMEHJINBY (OOUK-
HOBEHO HapuuaHa caMo KoeduimeHT Ha Kopesanust). Koedumenture Ha Kopesanus 3a
BCsIKA JIBOMKa (X,y) ce OUpelear 3a U3BbPIIBAHE Ha OIEHKATA U CTOHHOCTUTE HA X U
Y COTBETHO C€ 3aMEHSIT C TEXHUTE PAHroBe. Resysrarure OT TecTa ca MPUIOKEHN K'bM
KOe(bUIIMEHT Ha Kopesalusa B guama3ona or —1 mo 1.

n — —
_ dici (@i —2)(yi — )

n L 7)2 n . )2
\/Zi:1(xz ) \/Zi:1(yz )
Henapamerpudnure cpaBHATEJIHN MeToan, Karo Spearman’s rho u U Tect na Mann —

Whitney, ce n3nosizBar, Korato JaHHUTE HE Ca HOPMAaJHO PA3IIPE/Ie/IeHN WU HE € YBEpPEeH,
e MOXKe J[a ce IpueMe, e CJIeIBaT HOPMAaJIHO pasmpeaenenne. Te3n MeToan ca TOIX0IsI-
K 38 OIeHKa Ha PAHTOBaTa BPb3Ka MEXKIY IPOMEHINBU WM 3a CPABHEHNE HA PA3IUKH-
Te MEXKJIy JiBe TPyIH, Oe3 /la ce M3NUCKBa CHernUTHO OIEeHsIBAHE Ha JTUHEHHATA BPbH3KA.
M360pbT B Ta3um JucepTaliusd € CACTHUAT: JECKPUITHBEH aHAJIU3 33 UHJIUBULYAJTHUTE

r

(2.1)
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BapUAIMOHHM DeJIOBE; KOPEeJIaluoHeH aHamn3 (HemapaMerpuder - Spearman’s rho) mex-
Jly JBOMKHU IIPOMEHJIUBY; MeKIyrpylnoBo cpaBHere (Hemapamerpudno Mann—Whitney U
test) MexKy CcpeiHu CTOHHOCTH.

MogerbT, KOITO € pa3paboTeH B Ta3W 3aJada, € 3a B3aNMOBDPbB3Ka Ha MOKA3ATE N
3a Ka4ecTBO HA Bb3IyXa U 37paBe Bb3 OCHOBA HA JAHHU 33 (DUHU MIPAXOBU YACTUIU U
perucTpupanu MOCTbIIeHusT B bosHuIm 1 bbp3a momort. [lo chBeT Ha Jgekapu, mpode-
CHOHAJINICTH 32 aHAJIN3 HA 3/IPABHUTE JIAHHU, B TOBA U3CJIEBAHE U3II0/I3BaMe OTMECTBAHE
cbe 3abaBgne oT 1, 2 u 3 gau. Karo npuynHara 3a TOBa €, Ue cJel eKCIo3uIusTa Ha B3
ce U3UCKBa BpeMe, 32 J1a pasBusT edekTu Bbpxy 3apasero [35]. [To To3u HauuH n3csenpa-
HETO Ha IIPUEMAHETO B OOJIHUIA U 3amucuTe OT Bbp3a MOMOII 1M1e TOKaXKaT He CaMO KOU
caydan 3a00JIBAHUs THPIAT IPOMSAHA MOPAIU U3MEHEHHS HA KAYeCTBOTO HA Bb3IyXa,
HO MOZKEM Jla BUJIMM U Kak Te ce passusar BbB BpeMero. Ha @urypa [3.1] e mmocrpupan
METOIbT EKCIIO3UIHSA-e(PEKT, K'bJIETO J103aTa € eKCIO3UIUITA, YMHOKEHA 10 BPEMETO.

2.4 Pezyaratn

B em#HO ckOpoIHO TpOyYBaHe Ce MpeIoara, ue eBTUHUTE CEH30PU MOTAT & IIPEJIOXKAT
rpyou gerailim 3a yCTAHOBEHOTO KAYECTBO Ha Bb3yXa, HO HE C& POTOBU 3& IPUJIOXKEHNS,
BKJIIOYBAINU Bucoka TouHoct [33]. B Tasu ruiaBa ce npoBepsiBa xuroresara, 4e eBTUHUTE
CEH30pU 3a KavecTBO Ha Bb3jyxa Ha Luftdaten morar ga 6baar 106po J0IIbIHEHHE K'bM
odunmaHIUTE CTAHIUKA 33 KadecTBO Ha Bb3iayxa Ha MMAOC. Ako mzunctum u 06061UM
JTAHHUTE, MOXKEM J1a IMaMe KOPEJAIlysl, KOATO Ie Obe MoJIe3Ha 3a pasryek IaHe Ha Hsl-
kou rpybu meraitnu. Ilpu cpaBHeHHeTO CMe U3YMCTUIN SAHHUTE, KOraTO BJIAXKHOCTTA Ha
pb3ayxa e omma man 70%. Tesn ycmoBus He O3HAYABAT HEIMPEMEHHO, Y€ JAHHHUTE Ca He-
BEPHHU, HO IIPU TAKUBA YCJIOBUS [IPOM3BOIUTEIIAT HE FrapaHTUPa IIPOrHO3UPAHATA TOYHOCT
ot 10%.

Pesynrature or nueBum konmentparmu 3a @IIY10 u OIIY2,5 ca 0bobiern B Tab-
JIATIA . Cpenuara nuesna kounenrtpanus wa OIIY 25 e 11,7 g/m3 ¢ nuanason or
2 10 136 g/m3. Ilpes nepuoga Ha u3caensanero 13,2% or JHEBHUTE KOHIEHTDAIUH HA
OITY10 mau PITY2,5 He ca orroapsiiun Ha HOpMuTe Ha C30 3a KayecTBO Ha Bb3IyXa
(50 g/m3 3a ®IIY10 u 25 g/m3 3a ®IIY2,5). B ganuure or MAOC umaine Juncu 3a
HSAKOJIKO 9aca JI0 HAKOJIKO IHU (IPOoOJIeMH ChC 3aXPaHBaHe, IIOBPEJIU, IIPOMUIAKTUKHA), a
HAKOU OT U3TOYHULATE 38 OOJHUYHU IIPerjiean Osxa ¢ JUICBAIIK JaHHU [IPe3 TOYNBHUTE
nan (cbboTa, Hemesst, oOUIMAHN TIPA3HUIN ), TIOPAJN KOETO Gellle TIpeIIpUeT aHAJIN3 Ha
[IPOILYCKUTE, 3 Jia Ce U3KJ/IFOYN Bb3MOXKHOCTTA 3a OTKJIOHEHUE.

Tabnuna 2.2: TueBuara xourenrpanns Ha PIITHY10 u OITY25, pasnenena Ha paboTau u
HEpabOTHHU JTHU
Hen or ceamuiata N Cpeagno Meaman Mwua Makc IlepcenTniamn

OITY10 Paboruu auu 522 34.17 27.5 5 336 20
OITY10 Hepaboruu 230 37.1 26 6 290 18
®IIY2,5 Paboruu guu 522 11.15 9 2 104 4
OIIY2,5 Hepaboran 230  12.93 8 2 113 3

B mamruTe 32 XOCTIUTAIN3UPAHN TAIIMEHTH C IO-TEXKKO ChCTOsTHIE HAOJIIOIaABAME CJIE I~
uure Kopenanun (Tabuurm u . Koncrarupa ce ysesuuenue (crpsmo ¢oHoBHUTE
HMBA) HA PECHUPATOPHU U 6esropobHU 3aboiidBaHus OT 1-BU 110 3-TH JIeH CJie| IIPEBH-
menue Ha PITY10 cbe 120%, KakTo U chbpiedHa HeJOCTATHIHOCT B CHIUS IEPHOJ OT
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Tabsmmna 2.3: CpaBHeHMe HA HEMAPAMETPUYHN JAHHU OT XOCHUTAJU3UPAHU MAIUEHTH B
nuu ¢ npepunierns Ha Hopmute Ha C30 3a @ITY10

Babou. ICD-10 6e3 oTM. orm. 1 1. oTM. 2 JI. oT™m. 3 .
7 P Z P 7 ) 7 P

Pecmt. cuct. | C30-C39 | -1,504 | 0,133 | -2,211 | 0,027 | -2,870 | 0,004 | -2,862 | 0,004

Copa. ymap | 150 -1,729 1 0,084 | -3,656 | 0,001 | -3,475 | 0,001 | -2,821 | 0,005

Tabsuna 2.4: CpaBHeHre HA HENAPAMETPUYHU JAHHU OT XOCHUTAJU3UPAHU MAIUEHTU B
TEXKKU CbCTOsTHUS B JIHU ¢ npeBuiienusi Ha Hopmure Ha C30 3a OITY2.5

BaboL. ICD-10 6e3 oTM. orMm. 1 jgen | oT™m. 2 1HU | OTM. 3 JHU
7 P Z p 7 P V4 P
Pecmt. cucr. | C30-C39 | -0,361 | 0,718 | -1,270 | 0,204 | -1,265 | 0,206 | -2,119 | 0,034
Ben. em6. 126 -1,601 | 0,109 | -2,302 | 0,021 | -2,894 | 0,004 | -1,852 | 0,064
Copa. ymap | 150 -1,586 | 0,113 | -2,831 | 0,005 | -3,195 | 0,001 | -2,799 | 0,005

Bpeme ¢ 19%. IIpesumenuero na ®IIY2,5 ce cebpssa ¢ 59% yBeindenue Ha udecToTaTa
Ha 6es10/1poOHa eMbo/InsT Ha JHU 2 U 3.

Pesynrarure nokaspaT yBeJudeHue Ha KOHTakTuTe ¢ Bbpsa momom ¢ 11% B mnm ¢
npesumasane Ha ®IIY10 n 13,5% B qum ¢ npesumenune na OI1Y2,5, 3a nmepuoa oT Hali-
masko 3 guu. Cpesno yBenaudenue (cupsamMo (POHOBUTE HUBA) HA HEBPO3UTE HA JIEH 2 CJIE]
npesumasane Ha OITI10 e¢ 1%, npn undapkTu Ha jgen 3 ciaen npesumasane ¢ 8%, mpu
UHCYJITH BeJHAra cjiejl npesumasane ¢ 9%, Npoib/KaBaliy JI0 JIeH 3 CJIe]] IIPEBUIICHHE.
CBbINOTO BazKM U 33 XUIIEPTOHUYHUTE ChCTOSTHUSI, KOUTO HapacTBaT ¢ 5% HermocpecTBeHO
OKOJIO IIPEBUIIIEHNETO U JI0 TPETHUsl JIeH CJiel] CbONTHEeTO.

Ot anaju3upaHuTe NAHHU ce 3a0e/IsI3Ba 3HAUNTETHA KOPEJIAIUTa Ha ChPICIHOCHI0-
BHUTE U MO3BIHOCHIOBUTE 3a00/IIBAHNS, KATO HAIIBJIHO CHBIIAJIa ¢ ObP30TO HApACTBAHE HA
pUCKa TpU HUCKU HUBA Ha dpakiun Ha 3ambpcaBane ¢ PITHU2,5, chBmagaria ¢ moao0Hn
OTKpUTHsI B ApYyTH 11071000 nipoyusanus [75)], [64], [70].

Ho Haii-Bucoka KopeJjians ce 3abejisi3Ba IIPU OCTPUTE MHMEKIIUN HA TOPHUTE JIUXATEJI-
HU I'BTHINA CE yBeJU9IaBaT ChoTBeTHO ¢ 47% u B wactHOCT mHeBMonnuTe ¢ 60%. Xponmd-
HaTa ob6cTpykTuBHa 6esoapobua Gosect (XOBB) cuen nen e ¢ 36% noseue. Ilo ce ornacs
JIO acTMAaTa, 3aIMCATE 33 aJepPrudHa aCcTMa HAPACTBAT IOBeYe B JHU C TOBUIIEHO 3aMbp-
csiBaHe B CDABHEHHE C HeaJeprudHara actMa. AMOyIaTOpHATE TIperyiein B OOJHUIUTE 38
JIEKU CbCTOSIHMS, KOUTO He M3MCKBAT XOCHUTAJIM3AIMS, JIOTUYHO OTKPUBAME IIOBUIIIEHO
NPUCHCTBHE HA PECIUPATOPHU JUardo3u (Tab/una .

2.5 3akJrouyeHue

B pesysrar Ha mpoBeeHUTE aHAJIN3U U TECTOBE Ce JIOKa3a, de OCTpara 3a00JeBaeMOCT
ce yBeJIMdaBa B JIHUTE, KOTATO KOHIIEHTpAIMUTE Ha (DUHHUTE MPAXOBU YACTHUIM CA HA/I
nopmata #Ha C30 3a KadecTBO Ha Bb3/yXa. 10Ba ce yCTAHOBH CPABHABAMKN JaHHU 32
[OCTBIJIEHUs] B OOJIHUIM M CJIydauTe HAa Bbp3a mOMOIN B JHU CbC U 6€3 MPEBUIIEHUITA
una Hopmute 3a OITY B Codust.

PecriuparopruTe 3a60/1s1BaHms TTOKa3BaT MO-BUCOKO U MO-0bP30 PA3BUTHE, KOTATO 3a-
MbPCSIBAHETO HA Bb3J/yXa HAJXBBDPJIN 3PABOCIOBHHATE I'paHunm. pyru 3abossiBaHust,
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Tabsmuna 2.5: CpaBHeHne Ha HeapaMEeTPUYHU JAHHU OT aMOyJIaTOPHU Mperjean B 00J-
nunu ¢ Hopmure Ha C30 3a cpemHogHeBHa KoHeHTpalus Ha OITY10

Babou. ICD-10 6e3 OTM. orM. 1 men OTM. 2 JHUA oTM. 3 JHU

Z P Z P Z P VA P
Juxarenana cucrema C30-C39 | —1.515 | 0.130 | —2.950 | 0.003 | —2.941 | 0.003 | —2.423 | 0.015
Vunu 3abosisiBanust H65,H81 | —0.754 | 0.451 | —0.976 | 0.329 | —1.580 | 0.114 | —2.322 | 0.020
MuokappeH nHdapKT 120-125 —0.244 | 0.807 | —1.393 | 0.164 | —1.876 | 0.061 | —2.104 | 0.035
Cbpredna HeJIOCT. 150 —0.771 | 0.440 | —2.840 | 0.005 | —2.559 | 0.010 | —2.972 | 0.003
T'opan gux. mwerumna J00-J06 —3.218 | 0.001 | —3.507 | 0.000 | —3.910 | 0.000 | —4.605 | 0.000
Baxrepraina naesM. J13-J18 —3.171 | 0.002 | —3.395 | 0.001 | —2.556 | 0.011 | —3.683 | 0.000
Ocrbp 6poHXHUT J20-J21 —3.096 | 0.002 | —2.848 | 0.004 | —1.606 | 0.108 | —1.588 | 0.112

Jlomnu ayux. IWHTAIIA J40-J47 —3.988 | 0.000 | —4.049 | 0.000 | —2.842 | 0.004 | —3.481 | 0.001
Wndeknnn ma koxkara | LO0-LO8 | —2.552 | 0.011 | —1.379 | 0.168 | —0.267 | 0.789 | —0.489 | 0.625

Mukonnaszmena maesMm. | J20.0 —2.330 | 0.020 | —2.327 | 0.020 | —0.430 | 0.667 | —0.431 | 0.667
OcTbp GpoHXHUT J20.9 —2.496 | 0.013 | —1.449 | 0.147 | —0.039 | 0.969 | —1.292 | 0.197
Acrma, asepr. J45.0 —2.426 | 0.015 | —2.808 | 0.005 | —3.577 | 0.000 | —3.643 | 0.000
Anruna 120.8 —1.971 | 0.049 | —0.763 | 0.445 | —0.773 | 0.440 | —0.674 | 0.500

CBbP3aHU ChC 3aMbPCIBAHETO HA Bb3IyXa, KATO CbhbPAEYHO-ChIOBA U MO3BIHO-ChHIOBH,
CBILO CE yBeJInJaBar.

Tosa e cpen mbpBUTE MOJAOOHU TPOyUBaHUSA B Bbhirapus m Moxke Ja Objie moJies3-
HO 3a ClleuajIucTuTe B cdhepara Ha 3/paBeolla3BaHETO, YUEHUTE 110 OKOJIHATA Cpella U
[IOJINTUIINATE.

Metoabr Ha edeKkTa Ha €KCIO3UIMs € CJIOXKEH U MPElU3HUTEe U3MEPBaHUs Ca MHO-
o TPYJHU 3a TIOCTUTAHE JIOPW B eKCHo3uinmoHHa Kamepa. C MOMOIITa HA METOJUTE HA
€NMIEMUOJIOTTYHUTE U3CJIeABAHAS U CTATHCTUKATa HA HaceJIEHHeTO obade CTaBa sICHO,
Yye 3aMbPCSIBAHETO Ha Bb3JlyXa JOIPUHACS 38 OYaKBAHUTE [IPOMEHM B HIKOM IIOKA3aTE N
Ha 3abosissBaHuATa. B 3ak/todenne, mogo0HO Ha JaHHUTE OT IIyOJMKYBaHU [IPOYYBAHUSI
B rpajiose B EBpona, Amepuka u A3usi, MOBUIIEHUTE HUBA Ha 3aMbPCSBAHE HA Bb3JLyXa
ce CBbP3BAT W BOJAT JIO MO-BUCOKW HUBA HA JIMATHOCTUIUpAHU 3abossBanus. C Majaku
M3KJIIOYEHUsI, KPATKOCPOUHUTE e(PeKTU BbPXY 3APABETO Ce U3MEPBAT UPe3 M3IIOJI3BAHE
HA OCPEJIHEHU KOHIIEHTPAIMK Ha 3aMbpPCIBaHE Ha Bb3JyXa B IEJIUs I'PaJl 3a IIOKa3aTeIn
3a ekcro3uis. ToBa MOXKe Jja JIOBejle JI0 MTOTrPeNIHa KJacu(uKalus Ha eKCIIO3UIIUsITa 1
10 TO3M HAUUH 10 oTKJoHeHue [40)].

Anaym3bT Ha JaHHM 3a KAYeCTBOTO HA BbH3JyXa [OKa3a, Y€ U3MOJI3BAHETO HA I10-
OOIMPHYU JAHHU OT MPEXKU C €BTUHH JIA3€PHU CEH30PH, 00oraTsaBa WHMOpMaIuaTa, Ipe-
JI0CTaBsIHa OT BUCOKO-TouHUTe odunmanu cranmuu Ha TAOC. Oceen, ye cranmuuTe Ha
NAOC ca manko Ha 6poii, Te YecTo UMAT M JUICBAIIM JTaHHNA 38 JajeHu rnepuoan. Jo-
['bJIBAHETO HA JAHHUTE OT OMUIMAHA CTAHIUU C JAHHU OT TPAYKJIAHCKATE MPEXKU, BOJIM
JI0 IOMOOPEHN U3MEPBAHUS HA BPH3KUTE MEXKIY 3/[PABETO U 3aMbPCIBAHETO HA BbH3/yXa,
KATO OCUTYDsBa I0-00CTOlHA eKkcro3uius KOHKperHo Ha PITU2.5.

Asmopeghepamu Ha ducepmavuu 2025 (3) 43-96



55 Ilersp Kusros

I'maBa 3

Kaanbpupane Ha rpakJaHCKU
CEeH30pHu Ype3 MAaIINMHHO 00y4deHue

3a 1a pasbepeM Kak MOXKEM Ja [IOJ00pUM TaHHUTE, KOUTO IOJydaBaMe OT CTaHIUUTE C
sazepuun cerzopu 3a CIITY, e TpsaOBa 18 M3MEPUM TAXHATA TPEIKA B DEAJTHH YCJIOBUs. 3a
IIeJITa TIOCTABSIME CTAHIUN C JIA3ePEH CEH30D B HEIOCPEICTBEHA DIM30CT JI0 CTAHIINNTE HA
MOCB 3a uzmepsane Ha PITY. CpapHsiBaMe TeXHUTE JIAaHHU U IIPABUM KaJMOPOBBYEH
MoJlesT Ha 6a3a MallMHHO O0ydYeHue, KOHWTO I0g00psiBa JAHHUTE OT €BTHUHUTE JIA3CePHH
CTAHIIH.

TpagumuonnnTe cranmuy 3a HAOIIOJEHNE HA KA9eCTBOTO HA Bb3/yXa, 00ODYyIBaHU
CbC CJIOXKHUA U CKbIIM WHCTPYMEHTH, Ca OCHOBHUSAT M3TOYHUK HA JAHHMU 32 OIEHKA HA
HUBaTa Ha 3aMbpCsIBaHe Ha Bb3/yxa. Bucokara MM IieHa, OIPAHMYEHOTO UM IIPOCTPAH-
CTBEHO IOKPUTHE ¥ JIOTHCTUYHUTE IIPEIU3BUKATEICTBA 0bave JOBeJIOXa 0 IosiBaTa Ha
€BTUHU CEH30DU 3a Ka4eCTBO HA Bb3/IyXa KaTO aJTEPHATUBHO PeIleHne 3a HabJII0JIeHNe.
Te3u cenzopu mpeyIaraT MOTEHIIAA 33 PA3IINPsiBaHE HA MPEXKUTE 38 HADJIOJICHIE HA Ka-
YeCTBOTO HA BB3yXa, KATO MPEIOCTABAT JAHHU C [I0-BHCOKA PA3/IEIUTEHA CIIOCODHOCT
U TIO3BOJISIBAT I10-JIOKAJIHU OIEHKU. EBTHHUTE Jla3epHU CEeH30pU PabOTAT HA IPUHIUIA
Ha pa3ceiiBaHe Ha CBETJIMHATA, KATO OTKPUBAT M OINPEIEJISIT KOJMIECTBEHO KOHIEHTPA-
nuara wHa PIIY BBLB BB3ayxXa. Te ca MHOTrO MO-peHTAOMJIHE OT TPAIIMOHHUTE CTAHITAN
3a M3MepBaHe, HO UM JIUIICBA HAJEXKTHOCT HA M3MEPBAHUTE JAHHU, TOPAIN TyBCTBUTEJ-
HOCTTa UM K'bM TEMIIEPATYPATAa U OTHOCHUTEJHATA BJIAYKHOCT. 1e3u ciabocTu ca 0coOeHo
OYEBUTHHU, KOTATO CTaBa BbIpoc 3a Bucoku HuBa Ha OIIY B komMOuHaINs ¢ BHCOKA OTHO-
CUTEJTHA BJIAYKHOCT - ToraBa croiHocTuTe n3mepenu 3a PIIY ca meecTecTBEHO 3aBUIIEHN.
KanubpupaHseTro e 0T CbhIeCTBEHO 3HAUEHME 33 OCUTYPSIBAHE HA TOYHOCTTA U MTOCJIEI0BA~
TEJIHOCTTA HA €BTUHUTE JIA3€PHU CEH30DU.

B Ta3u riaBa mpepcraBsive HOB JIByCTEIIEHEH MOJIEIT 38 KaIuOprupaHe HA EBTHHH Jia3ep-
HI CEH30pH 3a HAOJIOIeHNE Ha Bb3/IyXa, KaTo n3Moa3BaMe Texuuku 3a ML ¢ Habmomenne
u 6e3 HabsozeHne. 1IpeyioyKeHUAT OT HAC METO/T 38 KaJuOpupaHe uMa 3a eI Ja mo100-
PU TOYHOCTTA HA OTIEJHHUTE JIA3E€PHU CEH30pPU, KaTO W3IOJI3Ba JAHHU OT OQMUIMAJIHU
cTaHIMM 33 HaOJIIOJIeHNe Ha Ka9eCTBOTO Ha Bb3yXa KaTo pedepentru. [IbpBara crbika
OT HaImms MOJEJ 3a KajaubpupaHe BKJIIOYBa KoHTposmpana ML, mpu kosito oOygyaBame
[IPOTHO3EH MOJIEJT, U3MOJI3BANKN TAHHU, ChbOPAHU KAKTO OT €BTHHHU JIA3€PHU CEH30PH, Ta-
Ka 1 OT pedepEeHTHN CTAHIINU 38 HADJIIO/IEHIE Ha KA9eCTBOTO HA Bb3/yXa. AJIMOPUTHMBT
3a KoHTposimpaH ML HaydaBa Bpb3KaTa MeXKJy IOKA3aHUATA HA CEH30PUTE U CbOTBETHH-
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Te pedepEeHTHU M3MEPBaHUsI, KOETO IIO3BOJIIBA KAJINOPUPAHE HA JTAHHUTE OT CEH30PUTE.
Karo uznoszsBame n3uepnarTessHUTE W TOYHUA JAHHU OT pedEPEHTHUTE CTAHIIIH, MOXKEM
Jia 1IpeoJiojieeM pa3jinKaTa MeXKJy IIOKa3aHUATa Ha eBTUHUTE CEH30PU U UCTUHCKUTE U3-
MepBaHus. BropaTa cTbliKa Ha HAIUs MOJIE/ U3T0JI3Ba HEKOHTpoupann ML TexHuku 3a
[MO-HATATBIITHO YCbBbPIIEHCTBAHE Ha, [IPOIleca Ha KajaubpupaHne. AjropurMure 3a HEKOH-
TPOJIMPAHO O0yUeHre, KATO HAIPUMED I'PyNUpaHe U OTKPUBaHe Ha aHOMAJIUU, TIOMAaraT Ja
ce UAEHTU(MUIUPAT U KOPUTUPAT OTKJIOHEHUSTA U HEChOTBETCTBUSATA B JAHHUTE OT CEH-
3opute. Karo orkpuBame u oTcTpaHsgBaMe HEPETHOCTUTE, MOXKEM J1a MOBHUIIUM ODIIATA
TOYHOCT M HaJIEK/IHOCT Ha €BTUHUTE JIa3ePHU CEH30DU.

3.1 Habmonenne Ha Ka9eCTBOTO Ha Bb3ayXa

Tosa n3caeaBane U3MOI3BA [TET CTAHIIUHA 38 KOHTPOJI HA KAYECTBOTO HA Bb3/IyXa C TPAJIU-
IIMOHHY METOIH 38 U3MEpBaHe KaTo PbKOBOACTBO. 3a u3uunciassame Ha OITY10 ca uzmomas-
BaHM aBTOMATHYIHHUTE cTaHnuy 3a n3Mepsane va MOCB, konto u3mnos3sar rpaBuMeTpud-
oI MeTou 3a chbupane na npobu ot OIIY Bbpxy dunTbp u npereryisgae Ha GUITHPA,
3a Ja ce onpejenn macara Ha chbopanure OIIY. Tesn meTonu ca momobHN Ha METOA Ha
OeTa-aHa/M3a, HO He PA3YNTAT HA OTKPUBAHE HA pajualus. | pABUMETPUIHUATE METOIN
ca MHOT'O TOYHH, HO U3UCKBAT CIEIUAININPAHO 000PYIBAHE M O0YUIEH MEPCOHAT 38 ChOU-
paHe u anajgu3upane Ha npobure. l3mepBaTeIHITE CTAHINMY U3IOA3BAHI B IIPOYIBAHETO
ce HamupaT B Codust, cboTBeTHO B paitonute Miamoct, dpy:x6a, Hagexna, Xumoapyma
u Kpacuo ceno. Camo enma ot te3u cranmuu n3mepsa OIIY 2,5 u mopaau Tosa ®ITY 2,5
He Ce M3I0JI3Ba 33 CIIPABKA B TOBA U3CJIE/IBAHE.

Censzopbr 3a @IIY, usnossBan B TOBa U3CjeABaHE, € JA3EPHUSLT CEH30D 328 YACTHUIN
NovaFitness SDS011. To3u Tum ceH30pu M3MOJI3BAT IPUHIIAIA HA JIA3€PHA TUMPAKIIHS.
JlazepbT OCBeTsABa yJIOBEHUTE WOHHU, KOraTO YJIABS PA3NPHCHATH CBETJIUHHU BBJHU IO
ONpesiesIeH bI'bJI, JTOKATO Bb3AYXbT IPEMUHABa Ipe3 (POTOUYBCTBUTEIHATA OOJIACT HA
cersopa. Cb3/1aBa ce KOHTHHYYM Ha pa3Mepa Ha YacTUIUTe 4Ype3 KjacuuipupaHe Ha
Te3W WMILYJICHU CATHAJIM B PA3JUYHU WHTEPBAJU HA pa3Mepa Ha JacTUIUTE, 3a Ja Ce
U3MEPU MAcoBaTa KOHIEHTpalus Ha dactunare [38].

B ToBa nscsenBane e usnos3sana Ge3xudHaTa cen3opHa Mpexka (WSN) ma Luftdaten.
T4 e rpaxkaancka mpexa u ce cberon oT 300 crarmumonapHu cenzopa, mokpusarm Codusi.
Bceku cen3op e wHCTaINpaH B IJIACTMACOBa TPbOA, KOATO MOXKE J[a C€ MOHTHPA Ha CTEHU,
0aJIKOHU, CT'bJIOOBE 38 YJIMYHO OCBETJIEHHE U JIPYIU KOHCTPYKImu. PaspaboreHu ca ompe-
JleJIEHW HACOKH, 3a IOJIydaBaHe Ha, Hal-700pOTO IpeCcTaBsiHe HA eMUCHUTE Ha MPAXOBU
9aCTHUIN B I'PaJIa ¢ Bb3MOXKHO Hali-MaJiko cerzopu. WSN m3nosssa pukcupanu ceH3opu,
KOWTO Ca MOHTHDAHH B Mpexka oT 1 km, 3a ma ce rapanTupa, 4e MO-TOJIsIMaTa JacT OT
[EHTHPA HA I'PAJIa € IOKPUTA C HOIXOISAINA ILIHTHOCT.

3.2 Mogaen 3a kaaubpupaHe Ha JaHHU

Tosu paszmes onucBa JBYCTEIEHHUS MOJIE] Ha KaJuOpUpaHe 33 €BTUHU JIA3€PEHU CEH-
30pH, KOWTO M3I0JI3BA KOMOWHAIMSI OT KOHTPOJIMPAHU M HEKOHTPOJUPAHU TEXHUKH 33
mammuaHO 00ydenue (supervised and unsupervised ML). To3u mMozesn usnosssa gansu oT
U3MEpPBaHUs OT €BTUHU CEH30PU U CTAHJIAPTHU CTAHINN 33 HADJIIOJIEHIE HA Bb3/yXa KaTo
pedepeHTeH HHCTPYMEHT.

Jpyru uscienoBaTesn JOKA3BaT, 9€ MOJEINTE ¢ KOPEKIUs Ha CEH30PHU JIAHHU IPe3
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MAaIlTHHO OOyJIeHue JaBaT H00pU Pe3y/ITaT, KOraTo ca 00yUYeHu CIpsSMO PedepeHTeH WH-
crpyment [16].

3.2.1 BwbBeJeHne B KOHTPOJMPAHOTO MAaIIIMHHO O0ydYeHue

Konrposupanoro mamunaso obydenue e Buj uskycrsen unrejekt (), upu koiito ce
U3IOJI3BAT AJTOPUTMU 3a O0ydeHHe OT MapKHUpaH HabOp OT JAHHU U 3a U3TOTBSHE HA
IIPOTHO3W WJIU PEIeHus Bb3 OCHOBA Ha TOBa obydenue. Ilesita Ha KOHTPOJIUPAHOTO 00Y-
JeHUe e JIa Ce HaMepHU BPb3KaTa MeXKJy BXOIHHUTE XapaKTePUCTUKM Ha HADOP OT JaHHU
U ChOTBETHUATE UM PE3YJITATH U JIa Ce M3IMOJI3Ba Ta3W BPb3Ka, 3a Ja Ce IMPABSIT IIPOrHO3U
3a HOBU, HEITO3HATH JIAHHU.

Asrropur™MuTe 32 KOHTPOJUPAHO OOyYeHHe ce 00ydaBaT BbpPXy MapKUpaH HabOp OT
JIAaHHU, KOMTO ChIbpKa KAKTO BXOJHUTE XAPAKTEPUCTUKU, TAKA U ChOTBETHUTE U3XOJIH.
AsrroputMuTe M3MOI3BAT TE3W JIAHHU 3a 00ydeHne, 3a Ja HAyJIaT BPb3KaTa MEXKJIY BXOJ-
HUTEe IPU3HAI U U3XOJIUTE U CJIe]T TOBA M3I0JI3BAT Ta3u BP'b3Ka, 38 JIa MPABST IIPOIHO3H
3a HOBU JaHHU. TOYHOCTTA HA IIPOTHO3KUTE 3aBUCU OT KAYECTBOTO HA JAHHUTE 33 00y YeHue
U OT U300pa Ha AJITOPUTHM.

3.2.2 MeToaoJsorusa Ha U3cjieIBaHETO

MeromoaorusaTa, M3MOJI3BaHa 3a KaJubpupane Ha KoHienTpamnuaTa Ha ®ITY10 B Codus,
BKJ/IIOYBa HAKOJIKO CTHIIKHN:

1. Iouncreane Ha mannure: JJaHHUTE OT rpaskJIAHCKUTE CTAHIINU CE€ MPEYUCTBAT JO-
I'bJIHATEJIHO, Upe3 OrpaHmvaBane Ha HuBarTa Ha Koumenrparus xna OIIY10 Bb3
OCHOBa Ha OMUIIHATHUTE TOYacOoBH n3MepBaHus. CTAHIUUTE C MO-MAJKO OT MPeJi-
BAPUTEJHO 33/1a/IeHa parosa croiHocT (90 JHHU) CBIIO Cce OTCTpaHsIBAT OT Habopa
OT JIAHHU;

2. Kopexkuus Ha oTk/IOHEHUATA: V3C/I€1BAHETO 3a1I09Ba ¢ KOPUTHUPAHE Ha JAHHUTE OT
M3MEPBAHUATa Ha I'pakiaHu, nojgydenu or luftdaten. Tesu usmepBanust ce cpas-
HsBaT ¢ OQUIMAJHATE U3MEPBATE/IHU CTAHIMKM Ha V3I'bJHUTEIHATA AreHIsl 110
okouHa cpeia (MAOC), 3a 14 ce OTCTPAHST BCHIKU MHCTPYMEHTAIHN OTKJIOHEHUST;

3. Ilogroroska ma namauTe: V3umcasBaT ce pa3CcTOAHUSTA MEXKY JBOUKHTE CTaH-
LUH U Ce Ch3JaBaT I'PYIX OT CTAHIMU B PAMKUTE Ha OIIPEJEJIEHO Pa3CTOsSHUE. 3
BCSKA JIBOMKA C€ M3YHMC/ISIBAT U3MEPBAHMS HA PA3IUUNATA W CTAHIIUUTE C BUCOKH
U3MepBaHUs HA PA3IUUINATA Ce OTCTPAHSIBAT OT HADOpa OT JIAHHM;

4. Awamus Ha dakropuTe u Xapakrepucrtukure: V3BLpINBa ce MpoydBaTeeH aHa-
JIN3 Ha JAaHHATE, KaTo ce usnoJssar opuimaannre nanau na MMAOC. Mscnensa ce
3HAYEHNETO Ha METEOPOJOrMYHUTE IIPOMEHJINBU U UHXKEHEPHUTE XapaKTEePUCTUKHI,
KOUTO BJIMSSIT HA HUBATa HA 3aMbPCABAHE HA Bb3IyXa;

5. Momen 3a xajaubpupane: V3rpajieH e JBYCTBIIKOB MOJEJ C MAIIUHHO OOydYeHUe,
BKJIIOYBAII, JOIMIbIHATETHA (PAKTOPH OT METEOPOJIOTHYHN ITapaMeTPH U TOmorpad-
CKU JTAHHU. XapaKTePUCTUKUTE, N3MOI3BAHN 3a KaJuOprupame, BKIIOIBAT TeMIIepa-
Typa, BIAXKHOCT, HaJsrane, KoHmeHTpannsa va PM10 or mpeaumnns aeH, CKOPOCT
Ha BATHbpa U pa3andHu GPUKTUBHY IpOMeH/uBH. [ToBede nHpopMalns 3a AByCTbII-
KOBHSI METOJ] C MAIIMHHO 00ydJeHwue e O'bJle M3JI02KEHA B Ta3W IJIaBa,;
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6. Onenka n Basmaupane: TO9HOCTTA HA IPOTHO3HUTE MOJIEJN CE OIEHSBA C IIOMOIITA
Ha KBaJpaTudHa rpemika. Mogeanre ca cpaBHEHH MOMEXKy CH, KAKTO U C II'bp-
BOHAYAJHUTE JAHHU TP KaJuOpupaHe U MOKA3BAT 3HAYUTEJHO IOJ00pEeHHe Ha
TOYHOCTTA.

3.2.3 danHu u mojeJj

MozenbT n31013Ba 5 CTAHJAAPTHA CTAHIUK 33 HAOJIIOJCHNE HA BDH3/yXa, PA3IOJIOKEHH
B Codust u 5 eBTUHU JIa36PHU CEH30DA ChC CIENUMUKAIMNATE, TOKA3AHU B IIPEUIITHIS
paszjen. MaskusT pasMep Ha €BTHHUTE JIA36PHU CTAHIMU II03BOJIsIBA BH3MOXKMHOCT JIa
ObJaT HOCTaBEeH! TOYHO 10 odunuasauTe cragmuu na MTAOC.

BxozHure npoMeHsmBy ca orHocuTe Ha BiaaxkHocT (RH), armocdepro Hassirane (AP),
remieparypa (temp). Croitnocrra, 3a Koaro Kagubpupame gannure, ¢ OIII10. Tesu
BXOJIHE JIAHHU IIOJIydaBaMe, KAKTO OT CTAHJIaPTHA HHCTPYMEHTH, TaKa M OT €BTHHHU CEH-
3opu. Tbit KaTO BpeMeBaTa Pa3/Ie/UTEIHA CIIOCOOHOCT HA CEH30pa Ce PAa3/IndaBa OT Ta3u
Ha OOUKHOBEHWsI MHCTPYMEHT, 3a M3UNCJIsSBaHe W ONEHKA € M3IOJI3BaHa CpeJHaTa CTOf-
HOCT 3a Jac.

Cries; KaTo TemIiepaTypaTa, Bb3JyNIHOTO HAJSITAHEe U BJIAXKHOCTTA BIIUSIST BbHPXY
CTOHHOCTHTE Ha MHOTO CEH30DH 3a KavdeCTBO Ha Bb3J/lyXa, N3MEpPBaHMSATA Ha TE3W IIPO-
MEHJIMBH Y€CTO Ce 3aIlICBAT HA MSCTO W M3IOJI3BAT B KOPUTHMPAIIHS MOJEN, KAKTO €
HATIPaBeHO U OT JApyrHu u3ciaenosarern [31], [80].

3.2.4 Kparko onmucanue Ha nerre u3dnoysBanu ML TexHukmn

Tyk onmcBaMe Ha KPATKO [ETTE KOHTPOJUPAHN TEXHUKH 33 MAITMHHO O0YYeHUE, U3I0JI3-
BaHU B I'bpBaTa CThIIKa HA MOJie/a 3a Kajauobpupane. Te3u TeXHUKY ca: TMHENHA pErpecust
(LR), mbpeo Ha pemenusita (DT), xbpBo Ha pemenusra ¢ rpaguented miacbk (GBDT),
ciyuaitna ropa (RF) u uskycrsena nesponna mpexa (ANN).

Jluneiinara perpecus € MpoCT U MHUPOKO U3MOJI3BAH AJTOPUTHM 38 KOHTPOJIUPAHO
obydenue, KOATO MOJEIUpa BPH3KATA MEXKJY 3aBUCUMA [IPOMEHJIUBA U €HA WU [OBe-
Y€ HE3aBUCUMH MPOMEHJUBHU. JIBbPBOTO HA pEIIEHMATA € MOZET, KOHTO M3IOI3BA JIbp-
BOBHJIHA CTPYKTypPa HA PElIeHusITa W TEXHUTE MOTEHIUMAIHU MOCIEIUIN, BKIIOTATETHO
nocieaunure or ciaydaitan cubutust [59]. GBDT e ureparnBeH aqropuTbM 3a JIbpBeTa
Ha PeIIeHUATa, ChbCTaBeH OT MHOXKECTBO [I'bPBETa Ha pelleHusITa, IPH KOWTO pelleHnsTa
Ha BCHYKH JIbDBETa Ce CyMUpaT, 3a Ja ce Ioiaydn kpaiiaust orrosop [39]. RF e xu6-
PHUIHO JbPBO 3a MPOrHO3MpaHe, IPU KOETO BCAKO J'bPBO C€ OCHOBABa Ha CTOMHOCTHTE Ha
cydaifHa MpOMeHInBa, M30paHa HE3ABUCUMO U C €IHO M CbINO PA3NPEIe/eHne 38 BCHY-
Ku jbpeera B ropata [8]. VI3KycTBeHNTe HEBPOHHU MPEXKHU €& MATEMATHIECKH MOJIE,
KOWTO CHMyJIMpa MOBEJICHUETO HA HEBPOHUTE M CE MPOMEHs ABTOMATUYIHO Ipe3 00pPATHO
pasupocTpaHeHue Ha rpemkure [22].

3.2.5 Tumn Ha HEeBpOHHATA MpeXKa M TPEHWPaHe HA MoJeJja

3a 1esmTe Ha KaJuOPUPAHETO Ha JIAHHNUTE OT JIA3ePHU CEH30PH 3a KATeCTBO Ha BDb3JIY-
Xa K'bM JAHHUTE OT O(UIMAIHUTE CTAHIINN, € U3I0/I3BaHA N3KYCTBEHA HEBPOHHA MPEXKa
tun muorocsoen neprentpor (MLP). Tosu mozmen e uzbpan, Thbil KATO € IIOIXOJISIII 34
PErpecuoHHN 3aJa4u, IIPU KOUTO Ce MPEeJCKA3BAT HENpPEeKbCHATH cToiHOCcTH. BXommure
JAHHU 33 MOJIeJIa BKJIIOYBAT BJIAYKHOCT, aTMOCHEPHO HAJIATAHE U TEMIIEPaTypa, KaKTO U
‘cypoBu’ croitHocTn Ha ¢unuTe paxosu Yactunu (OIIY), u3mMepeHn 0T HUCKOOKKETHH
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cenzopu. Llesra Ha MpeKaTa e J1a mpefickazpa Kopurupanu croitnoctu na CIIY, konto na
CbOTBETCTBAT HA M3MEPBAHUATA OT OMUIUAIHUATE CTAHIINYE 38 MOHUTOPUHT HA Bb3IYyXa,
U3MOI3BAHN KATO €TAJIOH. 3a Ta3W IeJI, U3XOMHUAT CJI0H HAa MOJIEJIa ChIbPXKA eIUH HEeB-
POH ¢ JIMHEHHa aKTUBAIMOHHA, (DYHKIINS, KOSITO € IOJIXOJIAINIA 338 PErPeCHOHHU 33IaMN,
Tbil KATO PE3yJITAThT € HEIIPEK'bCHATA CTOMHOCT. ApPXUTEKTypaTa Ha MOJEJIa BKJIFOUBA
TPU CJIOS — JIBA CKPUTHU cJiost ¢ 110 64 u 32 HEeBpOHA, KOUTO M3MOJI3BAT aKTUBAIIMOHHA-
ta dyukusg ReLU, u usxozen cioit ¢ equH HEBPOH 3a IPEICKA3BAHE HA KOPUTMPAHUTE
croitnoctn na OITY.

MogenbT e 06y1ueH BbpXy HAOOP OT JaHHU, OOXBAIIAIL IEPUOJ OT TPU MECEIa, KaTo
BXOJ[HUTE JIAHHU MPEJICTABJISIBAT [TOYACOBU CPEJHU CTOWHOCTH Ha M3MepBaHusita. [Ipeau
00y4YeHNeTO BCHYKU BXOJHU XapPAKTEPUCTUKY Ce HOPMAJU3UPAT, 34 JIa Ce YCKOPH [POIe-
C'bT Ha KOHBEPUeHIWs W Jia Ce OCUTYypH CTabHIHOCT Ha obydenuero. Karo dynxnus Ha
3ary6a e U3M0JI3BaH CpeJiHa KBaparndHa rppemnika (MSE), KosiTo e cTanmapTHa Ipu per-
PECUOHHU 3aJ]avH, T'hil KATO TEXKKO HAKA3Ba IOJIEMHU OTKJIOHEHUST MEXKJLY IPEICKA3aHUTE
U peaJlHuTe CTOMHOCTH. 3a OIEeHKA HA MPOU3BOIUTEHOCTTA HA MOJEJIa Ca W3I0JI3BAHH
MeTpuKuTe R?, KOSTO M3MepBa KOJIKO J06pe MOIeTbT 00ACHABa BADHAIMATE B JAHHUTE,
u cpernaa abeomorHa rpemka (MAE), kosito maBa mHbOpManus 3a cpemHaTa PasinKa
MeXKJIy npejicKazannTte u peajuaute croiinoctu Ha OIIY. ObyueHneTO € N3BBHPINEHO C 10-
Morrra Ha Adam onmTuMu3aToOp, KONTO € MIMPOKO M3IOJM3BAH MOPAJN CBOUTE AATHBHU
crocobHOCTH. 3a fa ce m30Derne IMpPeHATOBAPBAHE HA MOJEJA, € IPUJIOYKEHa TeXHUKA 34
PAHHO CIUpaHe, KATO IPOIEChT € KOHTPOJIUPAaH Upe3 HaOJIo/eHne Ha BaJjIiIalliOHHATA
3aryba, 3a J1a ce MpeJoTBPATH ITPEKOMEPHOTO OOyYeHWe W BJIONIABaHE Ha PE3YJITATHTE
BbPXy HOBU JIAHHU.

3.2.6 Jwuzaiin Ha mMozmesa

Ha @urypa [3.1] ce memoncTpmpa MOAEIMpPAHETO HA JBYCTBIKOBUS METOJ 3a KAIMOpH-
paHe Ha JIAHHU OT CTAHIMM 3a HaOJIOJEeHNEe Ha Bb3yxa. B mMbpBHS eTam Ha MOJeIa ce
U3M0JI3BAT 5 KOHTPOJMPAHN TEXHUKH 38 MAIIMUHHO o0yderne (supervised ML) u ce ore-
HABAT TexHUTE pesysaraTu. Hafi-epeKTUBHUAT OT Te3n 1meT MeJOT/a ce M3IM0JI3Ba OTHOBO
BbB BTOPATa CT'bIKA, KOATO BKJIOYBA OTKpuBaHe Ha anomaiuu (anomaly detection) 3a
U3YUCTBAHE HA OTKJIOHEHWATa. Ha BCsKa CTBIKA ONEHsSBaMe JAJd TOBa TMOJ00psiBa pe-
3yJITATATE HA MOJIEJIa U C KOJIKO.

OTkpuBaHeTO Ha aHOMAJIMH M TAXHOTO IIpeMaxBaHe € BTOpaTa CTbIIKa B MOJeIa U
TS MOJKE Jia IIOJ00pH JaHHWUTEe, HO TOBa He e curypro. ToBa e MeTOZ 3a OTKpHBaHe Ha
HeoOnUaiiHn 06eKTH WK CHONTUS B HAGOPU OT JAHHW, KOUTO Ca M3BbH o0nvaiinoTo [62].
JleTekTOPHT Ha AaHOMAJIHUM € HM3IOJI3BaH 33 IIpeMaxBaHe Ha OTKJIOHEHHS CaMoO OT 00y-
YUTEJIHUS HAOOP OT JAaHHH. 1'bil KATO TOBA € HEKOHTPOJIMPAHO OOydeHUe, € HallpaBeHa
oIeHKa CbC cbinara nacrpoiika na ANN, npenu u cieq mouncrsane Ha nabopa OT JaHHH,
3a J1a ce OIpelesn Jajli HEeKOHTPOJIHPAHOTO OOydeHHe € IOAXOMNAIIO 3a TO3H Habop OT
JIAHHN.

IIporecyT Ha 0OydeHME Ha MOJEIA € pa3/esieH Ha JBa eTama: O0yJIeHUe M TEeCTBAHE.
HeobpaboTennTe gannm ca pasaesleHn Ha JBa HaOOpa OT JAHHW HA CAy9IaeH MPUHIIAI, C
80% sza obyuenne u 20% 3a TectBane. MomerbT WHPBO € OOYYEH ¢ MOMOIITA HA JAHHUTE
3a 00yUeHwme, a CJel] TOBA U3XObT My € OIEHEH OT TeCTOBHS HAaOOP OT JIAHHU.
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Qurypa 3.1: /IBycTbKOB MOe/N Ha KaJIuOpupaHe Ype3 M3KyCTBEHA HEBPOHHA MpEXKa U
HAMUpaHe Ha AHOMAJIUH.

3.3 Ilpunoxkenume Ha Moaeja BbpXY 0e3KMYHA CEH30P-
Ha MpexKa

Cies kammbpUpaHeTo Ha b ceH30pa, Pa3IOJIOKEHN TOYHO JI0 CTAHIAPTHUTE MHCTPYMEHTH,
HIUE TIpUjIaraMe ChbIus MOJIE]T K'bM JIPpYTu ceH3opu oT mpexkara Luftdaten. B amammsa ca
nobaBeHN TaHHU OT u3MepBaHus or 13 Apyru censopa, kouto ca B biuzoct 710 500 meTpa
J0 perynaropunte craunuu. [legra Ha Ta3m KOpeKIns e Jia ce TPOTHO3UPA, ,,peaHaTa’
koHreHTpanus Ha PIIY10 Ha MsicTo, KaTO ce mpech3aajie KoHIeHTpalusaTa Ha PIITY10
BBH3MOXKHO Ha-TOYHO.

3a mesmTe Ha TOBA W3CAEABaHE HUE B3eMaMe JIAHHU OT €BTHHU CEH30PHU, KOUTO Ca
WHCTAJUPAHN U C€ eKCILIoaTupar oT rpaxmanure. [lopagn ToBa mMa JHUIICBAIN JAHHU.
IponenTsbT Ha JUIICBAIATE JaHHU CpeJl eBTUHNUTe censopu e 9,4% B pesyarar Ha II0Bpe-
JIeHH CEH30PHU He Ca IOJIy4YeHH JAHHM, KaTO IPUYMHHUTE 32 TOBa BKJIIOYBAT: IIOBPEJA B
paforara Ha KyTuaTa (HAID. COUpPAHE Ha 3aXPAHBAHETO); NPOOJIEMH, CBbD3aHU C Bpe-
Mero (HgMa BaJMIHA BPEMEBa IPOMEHJIMBA); U HEBb3MOXKHOCT 3a IPeJaBaHe HA JIAHHHU.
CpemHuaT IponeHT ILIHOTA Ha JaHHHUTE 3a ceHzopuTe e 89,2%, ¢ memmana ot 96,7 %.

Ob6cbaennTe o-rope et kKouTposupann ML TexHUKY ca U3M0I3BAHN B IIbPBATA CThII-
ka or anajuza: LR, DT, GBDT, RF momenn u ANN. Ciez Koero e u3cjaeaBaHu TSIXHATA
edekTuBHOCT. 3a OIEHKA HA MOJIEJUTE Ce WM3I0JI3BAa KOPEJAIMOHHUST KOEMUIMEHT 33
KBaIPATHYHA T'pemka K2 KaTo MHIUKATOP 32 epeKTUBHOCT IPH M3060pa U ONEHKATa HA
nammre Mojesu. [lo orHomeHne Ha MoI00pPa Ha MPOMEHJIMBH, HUE W30paxmMe Camo Ipo-
MEHJINBU B €Talla Ha BaJUIUpaHe, KOUTO Ce U3I0JI3BAT 3a 0100psiBaHe HA KOHCTATAIIUUTE.

Besxuunara cenzopHa MpexKa ce ChCTOU OT CEH30PU, MOHTUPAHU HA PA3JINIHUA BUCO-
quHU. 34 OIEHKA Ha U3MEPBAHETO HA HAJISITAHETO OT €BTUHUTE CEH30PU U WJIECHTU(DUIIN-
paHe Ha BCIKAKBU OTKJIOHEHHs HU3IIOJI3BaMe ODapomeTpudHaTa (popMyJia U KOeUIUEeHTa
3a Kopesanus Ha [IubpebH. Karo BXOIHN JaHHU ca M3II0JI3BAHU KAKTO CTOHHOCTHUTE OT
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Tabauna 3.1: Pesynratu or cynepsuzupanu ML monesnn

TUII MOJEJI | MAE | MSR | R?

LR: 11,19 | 288,12 | 0,77
DT: 8,89 170,03 | 0,86
GBDT: 8,68 145,22 | 0,89
RF: 7,96 125,57 | 0,90
ANN: 6,27 83,90 | 0,94

Tabauna 3.2: Baxnocrra Ha mapamerpure Bb3 ocHoBa Ha RF.

Cbabp2kaHue ITapamerbp
RH: 46,62%
Temnepatypa: 30,71%
Armocdepno mamsrane: | 22,67%

esrunu OIIY cenzopu, Taka u pedepeHTHH MHCTPpyMeHTH. BrcodumHaTra Ha MOHTaX 3a
BCEKHW €BTHH CEH30p € M3BeCTHa W JobaBeHa KbM Habopa or mamau. CiemoBaTeHo MO-
2KEM CDINO TAKa Ja WAEHTHMUIIPAME TOYHO PA3JINKATA BbB BUCOUYNHATA MEXKJIY BCEKH
CEH30p U Jla aHAJMU3UpaMe NU3MEPBAHUATA 38 aTMOC(EPHO HaJISATAHE.

3.4 Pe3yaratnm u oleHKa

B Tabaumna ca IOKa3aHW pe3y/IraTure orT merre KoHrposjupanu ML texnuku. 3a
no-100pa OleHKa Ha E€BTUHUTE CEH30pU 3aelHO ¢ Koedunmenta Ha gerepmunanusa (R-
KBaipaTH4HO) ca uzuncaenn MAE u MSE.

Cpemmara CTOWHOCT Ha KBaJparTwdHa rpernka Mmexay censopure 3a OIIY u cram-
JIapTHATE UHCTPYMeHTH Oe3 Kasmbpupane e 0,62. MomensbT ¢ juHeiHa perpecus moKas3a
Hall-JIONIMs Pe3y/ITaT cJie]] KaJIubpupane cbe cpeaHa croitnoct R2 or 0,77.

Haii-nobpara xkopesarus 3a @ITY10 e nosrydera oT Mojesa ¢ U3KYCTBEHU HEBPOHHU
mpexxu. Cpeanara croiinoct na R2 e 0,94 (®ITY10), KoeTo ¢hBIaIa ¢ KOHCTATAIUATE OT
upeauninu upoyusanus [57], [56].

3a IbJArOCPOIHO CpaBHEHNE €BTHHUSIT CEH30D U OOMKHOBEHUST WHCTPYMEHT Ca ITI0CTa~
BEHU Ha €J[HO U ChINO MICTO, KOETO € ODII IO/IX0JT, 32 OIEHKA Ha, CEH30PHUTE B IPEIUIITHH
upoyusanus [26], [31], [34].

3.4.1 Ormenka Ha pe3yJTaTUTE 32 OTHOCUTETHATA BJIA>KHOCT

B rabauna ce Bmkaa, ge RH, mociemsama or temmeparypara ce cuuTaT 3a HAil-
BakHUTE (DAKTOPHU, OKA3BAIIU BJIUSHIE BbPXY €(PEeKTUBHOCTTA HA CEH30Da 3a YACTHUIIA.
B npeaumnu npoyuBanus e oKa3aHo, 1e Bucokata RH e karamuzaTop 3a npean3BuKBaHe
HA XUI'POCKOIINYEH PACTEXK HA YACTHUIUTE U IPOMSIHA Ha OIITHYHUTE CBOWCTBA, KOETO BOJIU
JIO CBIIECTBEHN CMyIIeHHst 3a yasepHuTe cenzopu 3a OITY [42]. Tosa ce morBbpKIABA
u B momeaure Hu 3a RF m ANN 3a croiinocrure na ®ITY10, kbaero RH ce okasa c
HaH-TOJIAMO 3HAYCHUE.

3a cbxajieHne, HOPMAJHUTE ypeau He MoraT Ja ObiaT CpaBHEHU 3a ChOTHOIIEHUETO
®ITY2,5/PITY10, Tbit KaTo, KAKTO Gellie CIOMEHATO MO-TOPe, OT [EeTTE CTAaHIAPTHH ypeia
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Tabsmmna 3.3: CpaBHeHMEe Ha €THOCTHIIKOB U JABYCTBIIKOB MOJIEJ.

TUII MOJOEJI MAE MSE R?
€IHOCTBIIKOB 6.27 83.90 0.94
JIBYCT'BIIKOB ¢ OTKpHBaHe Ha aHoMasmu: | 5.62 (15.16%) | 65.37 (114.69%) | 0.95

Qurypa 3.2: Momen Ha M3KyCTBEHN HEBPOHHU MPEXKW C OTKPHUBAHE HA AHOMAJIUU

camo enun u3mepsa OIIY2)5.

3.4.2 PezyaraTtu oT Mojesia 3a KaJuOpUpaHe

B Tabmuma [3.2] ca mnpecTaBeHN CTATUCTUYECKUTE PE3YJITATH OT TECTBAHETO HA BCEKU
MOJIEJT, K'bJIETO Ca OlpejiesieHn cpeaara abcomorHa rpemka (MAE), cpennara KBapa-
tuana rpemka (MSE) u R2.

PesynraTure oT ocraHasuTe mer oTJAeSHA MOjeaa mokassar, 4e ANN mozesbT ce e
npecTaBuI Hait-mobpe. MomensT RF mokasza mMamko mo-jgomm pesyirara. R? za OIITU10
ce yseqmau ot 0,62 0 0,9 u 0,94 cwvorBerno 3a RF u ANN. Mogeasr ANN ce npes-
CTaBU Ha-100pe OT H-Te Mojiesia, MaJIKO Mo-m00pe oT mozena RF, mopagun koero Gerre
u36paH j1a O'bJle U3M0JI3BAH 3a BTOpaTa CT'bIIKa - C OTKpUBaHe Ha anoMmaJmn. CriejjoBarei-
HO WM3II0JI3BAHETO HA HEKOHTPOJIMPAHO O0ydYeHMe B TOBA IIPOYYBAHE CE€ CUUTA 3a IOJIE3HO
7 I0J100psIBa pe3ysaTara OT KaJuOdpUpaHeTo.

B zaksouenue, okongarenuat mojes ua ANN (ANN ¢ orkpuBane Ha aHOMAJIAHN ) UMa
Hal-7100bp pe3yITarT OT KaJuOpUpaHeTo, ¢ Hali-MaJKa TPElKa U Haii-100pa KopeIarns,
KOETO IIOKa3Ba, 4e MPEJJIOKEHUAT JIBYCTEIIEHEH MOJIEJI € II0-TOY€H OT €IMHUYHUS MOJIET
[IpU KaJubprUpaHeTo Ha MOJIeJIa Ha €BTUHU CEH30PH.
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3.5 3akJjroueHue u ObAeNniu U3cJjieIBaHMUs

Edexrusnocrra Ha cenzopute 3a OIIY Gerre n3mepena Upe3 cpaBHSIBAHE Ha CTAHIAPTHN
HHCTPYMEHTH € TOMOIITa Ha Oe3KUIHATa CeH30pHA MpeXKka. 3a KaJuOpupaHe Ha CTAIU-
OHAPHUTE CEeH30pH Oerrre pa3pabOTeH MPOTIEC B JIBE CTHIKN U OsXa OIEHEHU Pe3yJITATUTE
OT MOJIEJIA.

PesynraTuTe OT IBYCT'HIKOBUS MOJIE €A OKypasKapalny. R2 Ha (pUKCHpaHHUTE CeH30pU
3a ®ITY10 ce yBesmau ot 0,62 10 0,95. Mogeanr ANN umarie Haii-cuiHo Bb3eicTBIE OT
meTTe HE3aBUCHMU MOJiena, caeasan o moaena RF, mokaro momenst LR e needpexkTuser.

JleTekTOpuTe HA AHOMAJIHH MOTAT /1a ObJAT HEKOHTPOJINPAHA AJITEPHATHBA HA KJIACH-
duraTopure 1pu HebaJaAHCUPaHa CbBKYIIHOCT OT JIAHHU. B pesysitar Ha TX ce OTKpUBA
HEKeJIAHO TIOBEJIEHUEe Ha CEeH30pa W Ce OTCTpaHsBa OT Habopa or jganHu. OTKpUBAHETO
HA aHOMAJIUH MOJ00pY KpaHUTE Pe3yJITATH B TOBA M3CJIE/IBAHE.

OrHOCHTETHATA BIAYKHOCT C€ OKa3a Hal-BaKHUAT (HaKTOD 3a pe3yITaTuTe OT Kajub-
pupanero. ToBa Oerte HelO 0YaKBAaHO, Thil KATO BHCOKATA BJIAXKHOCT € YCJIOBHETO, IIPU
KOETO €BTUHUTE CEeH30DU IIOKa3BAT Hal-MHOI'O cj1aboCTH B Ka4ecTBOTO Ha JaHHuTe. ToBa
ce OKa3a TakKa U B TOBa U3CJIEeBaHe, KATO MMAaIlle [MO-BUCOK (haKTOp Ha Bb3JeiCcTBHE OT
TeMIieparypara u aTMOC(EpPHOTO HaJsITaHe.

CroitHOCTHTE HA aTMOCHEPHOTO HAJISATAHE HA CTAHIAPTHUTE CTAHIIMNA W CEH30PU Dsixa
OIIEHEHN Ype3 M3MOJI3BaHe Ha M3UNCIeHusa ¢ bapomerpmunarta dpopmyna. Kopemsamusara
Oerire CHUJIHA, KOETO O3HAYABA, Y€ €eBTUHHUTE CEH30PH MOTAT Ja Ce PA3IJIeK AT KaTo J00bP
U3TOYHUK 33 MOJE/IMPaHe Ha 3aMbPCSIBAHETO Ha Bb3/yXa IIPU BEPTUKAJHO ILIAHUPAHE B
[TO-HATATBITHU W3CJI€IBAHUSI.

Toszu Tun kamubpupane, U3MOA3BANKY KOHTPOIMPAaHa 1 HeKOHTposimpaHa ML, nemon-
cTpupa Bb3MOXKHOCTTA 3a MOJ0OpsiBaHe Ha pe3yararure OT eBruHUTEe ceHzopu. Ocren
TOBa TO MOXKE Jia Ce M3MOJI3Ba U 3a OlleHKa Ha OTK/oHeHusTa. Morar na ce mposenar
JIOI'bJIHUTEJTHU U3CJIEJIBAHUsI, 3a Jia ce pa3bepe JaJii Te3W OTKJIOHEHWsS Ca IOBPeJeHU
CEH30pH, HEIPABUJIHO WHCTAJIMPAHU TaKUBa, WA Te paboTIT J00pe, HO ChIECTBYBAT XU-
[IEPJIOKAJTHY ITPOMEHU B YCJIOBUSATA Ha, aTMOChepara u Ka4eCTBOTO Ha Bb3IyXa.
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I'maBa 4

Pa3paborka Ha codpryepen moaes
3a n300p Ha BeJIOCUIIEIHO TPace C
orjieJ1 3aMmbpcaBaneTo ot OIIY

[To-rosisimara wacT OT cuenuaj u3upaHuTe u 000COOEHN BEJIOCHUIIETHH ajied B I'PAJIOBETe
ca B OJIM30CT JI0 MbTHYU apTEPUN ¢ MHTEH3UBEH TPAUK, KOETO MOXKE Jia JIOBEeJe JI0 3HATU-
TeJIEH PUCK 3a 3/PaBETO Ha BEJIOCHIIEIUCTUTE IMOPAJM BUCOKUsI TIPUEM Ha 3aMbPCUTEJIH,
CBBP3aH ¢ Ho-BUCOKNTe HuBa Ha BenTmaanus [81], [27] u sBucokuTe HuBa Ha duUsMIecKa
aktusHOCT [7], [63]. V3cenoBaresuTe ca ce ChCpeOTOUNIN BbPXY OIIEHKATA HA JefCTBY-
TEJIHUTE HUBA HA €KCIIO3UIUSI Ha BEJIOCHUIIEUCTUTE 110 IIPE/IBAPUTEIHO H30PAHU MapIIpy-
TU € IOMOIITA Ha NePCOHAJTHM 11poboB3eMadn [17] uin BbpXy U3BEXKIAHETO HA JIMIHATA
€KCITO3UIHS OT U3MEPBAHUSTA HA 3aMbPCIBAHETO HA YJIMIHO HUBO C TIOMOIITA HA MOOUJI-
HI JTaDOPATOPUU WM CTAIMOHAPHU CTAHIIMHU 3a HAOJIOeHNe Ha aTMOChEpHUS BH3IYX
[52]. MHOro npoyuBaHust ChIINO Taka Ce OIUTBAT JIa CBbPXKAT ONpeieieHn (DU3NOIOTHIHN
PEaKIK C M3JIaraHeTO Ha BEJOCUIEJIUCTATE Ha 3aMbpPCSBAHE HA Bb3JyXa M OTKPHUBAT
JIOKA3aTeJICTBA, Y€ KPATKOCPOYHOTO W3JIAraHe MOXKE Jia JIOBEJE JIO BPETHU [TOCJIE U
3a 3apasero [71]. Eqno uscienpane mopu ycraHoBsBa, de Bejocurequcrure abcopobupar
mo-roJsisima gacT ot puaute dactuim OIIY2)5 u yepHust BbIIepo/1, OTKOJIKOTO BOJAAYUTE
Ha MOTOpU3HpaHu BHAoBe Tpaxcuopt [30].

4.1 dPopmyaupaHe Ha 33/a9aTa

Tyxk e pasriegan BbIPOCHT 38 HEIOCTUI'BT HA KOJTUIECTBEHO OIPEIEIIsiHE HA €KCITO3UITHSI-
Ta Ha rpajckuTe BemocuneaucT Ha OIIY B paitonn ¢ 10110 KadecTBO Ha Bbh3ayxa. B rpas
Codusi, u3BeCTeH ¢ BUCOKUTE CH HUBA HA 3aMbpCsBaHe HA Bb3JyXa, JIUICBA IISJIOCTEH
METO/T 3a OIEHKA U KOJHMYECTBEHO OIPEJeJIsiHe HA HUBOTO HA EKCIIO3UIUS HA BEJIOCHU-
nejuctaTe. 1031 MPOIYCK B 3HAHUSTA Bb3MPENSITCTBA Pa3pabOTBAHETO Ha e(PEKTUBHU
CTpaTeruu 3a MUHAMU3WPAHE HA €KCIO3UIIUSITA W OCUTYPSBAHE HA IO-3PABOCJIOBHU Be-
JIOCHUTIETHI MapPIIPYTH.

3a j1a ce cupaBuM ¢ TO3U TPOBJIEM, ITpejiaraMe pa3paboTBaHe U OleHKa Ha cOPTyepeH
MO/IEJI, KOMTO U3MOI3Ba MOIUMUITIPAH METO/T 38 OIpeJIeisiHe Ha MapIIpyTa, KOWTO oTpa-
3siBa 09akBaHOTO BauinBaHe Ha PITY oT BestocuneucTa, OCUTy psiBaiiKu 110-0J1aronpusiTeH
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3a 3/IpaBeTO MApIIPYT. Upe3 BKIIIOYBAHETO HA JAHHU 38 KAYeCTBOTO HA Bb3/IyXa, KOHICH-
TPAIUNATE HA 3aMbPCUTEINTE U MOJEJNTE HA JIBUKEHUE B CODTYEPHUS MOJIET MOXKEM &
OIpeIe/TUM KOJUYIECTBEHO m3yaranero Ha Benocurneauctute nHa OIIY n ma mpemioxum
[PEIIOPbKYU 38 MapPIIPYTH ¢ MUHUMAJIHO U3JjaraHe. 1031 HOBATOPCKU ITOJIXOJ] UMa 33 eI
J1a 3aI'bJIHY CbINECTBYBAIATA IIPA3HUHA B KOJUIECTBEHOTO OIIPe e isiHe Ha eKCIIO3UIIASTa,
¥ J1a TIPEJOCTaBU MPAKTUIECKA WHCTPYMEHT 3a IPaJCKUTEe BEJOCUIIEIUCTA B 3aMbPCEHN
rpazgose kato Codust.

CodryepbT peanmsnpa cucremMaTa 3a B3eMaHe Ha PEINeHHsT, KOSITO € U3JI0XKEeHa B Ta3n
riaBa. Toit e pasrbpHaT B objladna WHPPACTPYKTYpPa, a 3a pa3paboTBaHETO My ca W3-
nossBann Python, Django n GraphQL (3a 6azara ganan). Toii koMGuHUpa gis JTaHHU C
JaHHU 33 TpaduKa U Ka4eCTBOTO HA BbB3MyXa, 33 Ja MPUJIOKUA MOIUMUIMPAHUS aJIro-
purbMm k — SPwLO 3a mHamMupane Ha HAN-TIOIXOISIIUS BEJIOCUIIEIEH MAPIIPYT U Jia TO
n300pa3u Ha Kaprata Openstreet.

Bxoamure mapamerpu ca: m3mepsanusa Ha PIIY or dpukcupanu ceH30pn; n3MEPBAHIST
na @ITY or mMobuIHM ceH30pU; JaHHU 3a TpaduKa; TeMIepaTypa U BJIAKHOCT OT CTa-
[MOHAPHU CEH30DU; HAYa/IHA U KPailHa TOYKa Ha I'bTYBAHETO; JEHUBEJIAINS Ha TEPEHA;
CbP/IEIEH PUTHM.

4.2 IIpoeKT Ha M3cjeaBaHETO

B ToBa npoyuBane ce pasriexia Ch3JaBaHeTo Ha codTyepeH MHCTPYMEHT, KOMTO nMma 3a
1ed1 j1a u3bepe ONTHMAJIEH MapIIpyT 3a KOJIOe3/IeHe, KOMTO OCUIypsiBa Hail-MaJKaTa j103a
paumBane Ha OITY 3a BeslocunesucT, KOATO ce ONUTBa Ja CTUTHE OT TOYKa A JI0 TOYKa
B.

Nuxananuonnara jgo3a (ID) Ha 3aMmbpcuTesnTe Ha Bb3YyXa € MPOMEHJINBA BEJNYd-
Ha, KOSTO 3aBHCH OT KOHIEHTPAIUUTE Ha 3aMbPCHTENIATe, BPEMETO U CTENEHTa HA BEH-
tunarust (VR) [min|. MzuncisBaMe nHXaJamoHHATA /1038, KATO BKIIIOUYBAME B MOJEJIA
excriosurusaTa Ha PIIY 3a Bcekm BesocumeancT ¢ OMOMAPKEPH, KATO CHPIEIHA TECTO-
Ta, ¥ BPEMETO, HeOOXOANMO 3a U3MUHABAHE HA BCeKH MapiipyT. Clie[BaluaT I0Apasies
Ie IPEIOCTABY TI0-33IbjI00UeHa MHMOPMAIINS HATMHUTE HA U3YHNC/IsIBAHE, N3MO0I3BAHA B
MOJIeJIA.

3a na m3uncanm VR Ha Besocuneaucra (B 1/min), usnonssame ypaBHEHHETO HA MO-
nena [19], koeto ce ocHoBaBa Ha dectoTara Ha cbpaednus purbM (HR) [min| (ypasuenue

1).

VR =0,00070724 x HR*17008537 (4.1)

3a za olpeneuM KOJIMYeCTBaTa IPAX0BU YaCTUIU, KOUTO Bb3/IeHCTBAT Ha BEJIOCUIIE-
JIUCTHUTE, U3TI0I3BaMe YPaBHEHNE [19], 3a ma nzumcanm mo3ara Ha BaumBaHe Ha OITY
3a BCEKU y4YaCTbK:

DITY;,,, = P one X VR X time (4.2)

kbjero OI1Y,,, (ug) e MacaTa HA 3aMBPCUTENIATE, KOUTO MONAJIAT B JTUXATEJHUTE [I'bTH-
12 Ha BEJIOCUTIEUCTUTE TI0 BpeMe Ha rbTyBaneTo (B asere mocokn); O Yo, (ug/m3)
€ cpeJIHaTa eKCIIO3UINs Ha 3aMbPCUTEINTE.

DopMmysuTe 3a U3UUC/AIBAHE HA WHXAJAMOHHATA J103a (ypaBHEHUS u BOJISAT
JI0 CeHATa XUMOTe3a: aKO MCKaMe Ja Ch3AaJIeM WHCTPYMEHT, KOUTO HAMAJISTBA MHXAJIA~
nuronnaTa jo3a Ha PIIY, Toit TpsOBa 1a u3bepe Tpace, KoeTo e 6bp30 u KpaTko. Kosko-
TO TIO-MAaJIKO € BPeMeTO, TOJIKOBa, mo-Mayiko € ®ITY,,,; usucksa mo-masko ycuaus. HR
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ce yBeJiMuaBa [0 BpeMe Ha M3KaYBaHe U BHCOKA CKOpOCT. T'bpcere MapHipyTu ¢ HUCKA
nenuBenarus. [IpemunaBa ce npe3 mo-masnku koumenTparun Ha OIIY; nbrumara ¢ wH-
TEH3UBHO JIBUKeHME TpsiOBa Jia ce mporryckar. llpeamoanTar ce MaJKU YJIUIA U aJIed B
[IapKOBe.

Cucremara 3a B3eMaHe Ha PEIIEeHUs ce KAJIMOpHUpa, KaTo ce n3noJ3sar Janau 3a HR,
IR, ckopoct Ha KoJsioe3/eHe, u3MepBanus Ha OIIY or MOOUIHN U CTAITMOHAPHU CEH30pU
u jauau 3a Tpaduka. CodryepbT 00euHIBA JaHHUTE 32 TPadUKa U KAYeCTBOTO HA Bb3-
JIyXa, B3€TU OT HIKOJIKO U3TOYHUKA, ChC CHEIMMOUIHN JAHHN 33 BEJIOCUIETHUS MAPIIPYT,
KATO TOYHOTO MECTOIOJIOKEHIEe, BpEMeTpaeHe Ha KapaHe U JeHUBEJIAIIUSITA.

3a /1a ce M3UMC/IM HAR-MAJKOTO BIUIIBAHE HA MPBHCEH Bb3IyX, OT TO3U cOPTyep ce
M3UCKBA PN BCHYKO JIa U3YUCIN Hail-KpaTkus nbT B jmHeiiHO Bpeme [4], [72]. Ocen
TOBa TOHM TPsAOBa Jla MPEJCTaBs BADUAHTH, KOUTO Ca MO-IbJITH OT Hai-KPATKUs II'bT, HO
UMAT Pa3JINIHU YKEJAHU XapaKTePUCTUKHU, KATO HAIIPUMED MTO-MAJIbK TpaduK Ha TPEBO3-
HU CPeJICTBa M MaJjKa jeHuBejanus. [IpobeMbT 3a k-KpaTKuTe IIbTHINA € IPOCT METO/T
3a U3YMCJsIBAHE HA aJTepHATUBHUA Mapmpytn [46].

Ero 3armo B ToBa mpoyuBaHe permxme jga U3IM0JI3BaMe aJITePHATHBEH MapIIPYT, U 0-
crienmasiao k-Shortest Paths with Limited Overlap (k-SPwLO), xoiiTo e npescrasen mo-
pano B [12]. IIpunoxkenuero k-SPwLO 1bpcu mbruina, KouTo ca: Bb3MOKHO HAl-KPATKY;
JIOCTATHIHO PA3IUIHA €JIUH OT JPYT.

Broupekn ye meToabT ce mpeacTaBsa mo-mobpe oT 6a30BOTO pelreHne, KOeTo n30posi-
Ba IILTHUINATA 10 PeJla Ha HapacTBamnaTa UM JbikuHa, OnePass ne e mosiesen jopu 3a
cpenan no pasmep mwbTHH Mpexku [I3]. 3a tasu nen msmosssame MultiPass - mo-rouen
MeTOJl, KOINTO 4upe3 jobaBsiHe HA BTOPU KPUTEPUU 33 MOAPs3BaHE, PA3IIUpPsIBa U 1000~
psBa OnePass. MultiPass ooxoxaa mpeskata k-1 mbTH, HO OIeHSIBA U pa3IINpsIBa, CAMO
Hait-obermaBamuTe THTAMA, 33 pasiauka or OnePass, koitTo 00x0xK/1a MbTHATA MPEXKa
BEJIH'BXK W PA3IMIAPABA CAMO OHE3U II'bTHINA, KOUTO OTTOBAPST Ha KPUTEPUS 38 CXOJCTBO.
[Monpst3aBaHeTo ce M3BBLPINBA 32 BCEKH II'bT, KOHTO He MOXKe Jia JIOBEJIe JI0 PeIleHue.

Heka P e ¢bBKymHOCT OT MapmipyTu B mbTHATa MpexKa (G, KOUTO CBbP3BAT Bb3JIATE
sut. IIbr p/'(s — t) ce mapnua "anreprarusa"s P, Korato p’ € JOCTATHIHO PA3INIEH OT
Bcekn IbT p € P. ®opMasHo, KoepUIMeHTHT Ha IPUIOKPUBaHe MexKay p’ U p ompeseis
JIOKOJIKO T€ Ca, IMO00HM!:

Z (na,ny)Ep' NpWay ’ (43)
l(p)

KbaeTo p’ N p mokasea rpymnara pebpa, KOUTo ca obmu 3a p’ u p. Kato ce mma npe-
BHJI TIParbT Ha CXOACTEO f, MapmpyTsbT p’ € ajaTepHATHBEH Ha MHOXKECTBOTO P, ako
Sim(p’,p) < 6.

IIpu mamen m3xomeH Bb3eJ S U IeJaeBH Bb3es ¢ 3agBkara k-SPwLO mpemocraBs ko-
JIEKIIAsl OT k MapIipyTa OT § /0 t, IOApeIeHN B HAPACTBAIN PeJ 110 IbJRKIHA, TaKa Je:
Hal-KpaTKuaT MapmpyT p'(s — ¢) BUHAIM € BKJIIOUEH; BCUUKHU Kk MapIIpyTa ca JBOHHO
HECXOJIHU TI0 OTHOIIIEHNE Ha IIpara Ha CXOJCTBO 0;

Sim(p',p) =

BCUYKH Kk MapIIpyTa ca Bb3MOXKHO Hali-KpPATKU.

Kpaitausr pesyarar or dynkmusara k-SPwLO-modified e eguauden mbr. Tozu mbr
MIPE/ICTABJISIBA HAW-KPATKHUS BT OT HAYAJIHUS BPHX 0 KpailHUsS BPbX, KATO CE€ B3eMaT
[IpEJIBHUJL ONPEJIEJIEHN OIPAHIYEHNsI, KATO N30srBaHe HA TOJIEMHU OyJieBapin U JIOKAIUU C
Bucoku HuBa Ha @ITY2,5 miu rojisim Tpaduk. AJropurbMbT IIPEeMUHABA [IPE3 ChCEIUTE
Ha BCEKH BPbX, KaTO Pa3IJIexK/ia TeXHUTE IMOIXOISINM XapaKTePUCTUKU, Oa3upaHu Ha
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3aJ1aJIeHUTe KPUTEPUH, U u3bupa mbTsd ¢ Haifi-HUCKA TeHa. AKO ajlrOpUTHMBT ycIee JIa
JIOCTUTHE JI0 KpaiiHus BPpbX, BPbIla TO3U €IMHUYEH II'bT.

4.2.1 WN3mepBaHud OoT PUKCUPAHU CEH30PU

CodryepbT U3M0/I3Ba HHCTPYMEHT 3a arperupaHe, KOWTO M3BJINYA JTAHHU 33 KA4eCTBO-
TO HA Bb3J/yXa KAKTO OT CTAHJAPTHU WHCTPYMEHTH 33 MOHHTOPHHI HA OKOJHATA CPEJIa
na MMAOC, taka u oT eBTUHHU CeH30pHHU Mpexku Karo Luftdaten, Smog, Openaqi u mHO-
ro apyru. Toit mojydyaBa, 3alucBa, MOYNCTBA U KAJUOpPUpa JAaHHUTE 33 Ka4eCTBOTO HA
Bb3/IyXa OT (PUKCUPAHU €BTUHU CEH30DH.

3a Ja ce HaMAaJISAT TOPECIIOMEHATUTE HEJOCTATbIM Ha (DUKCHPAHUTE €BTUHU CEH30PH,
HUe KajubpupaMe TOoJIydYeHUTe OT TAX JaHHU. 10Ba ce IpaBH, KATO Ce M3CJIeIBaT KAKTO
JIAHHHUTE OT CTAHIINUTE 33 HAOJIIO/IEHIE Ha OKOJIHATA CPeJia, TAKa U OT MpeXKaTa OT eBTUHHI
cersopu Luftdaten. 3a ma kamubpupame mTaHHUTE OT €BTUHUTE CEH30DPU U J1a ITOBUIITUM
TIXHATA HAJEXKIHOCT, U3M0JI3BAMe JIBYCTBIKOBUS MeTOH 3a Kajubpupane [76], Koiito
U3I0JI3Ba M3KYCTBEHN HEBPOHHHM MPEXKU U OTKPUBAHE HA AHOMAJIHH.

4.2.2 WN3mepBane Ha ekcno3urusaTa Ha PIIY mocpeacrBoMm Mo-
OUJIHU CeH30pu

EBTunuTe peHocHMu CeH30pU 3a M3MepBaHe Ha 3aMbpCABaHe ca yCTPOHCTBa 3a HAOIIO-
JieHne Ha OKOJIHATA Cpejia, KOUTO XOpaTa MOTAT Jia HOCAT WU HOCAT, TOKATO U3BBPIIBAT
exkeIHeBHUTE cH JieiHOCTH. T'bil KaTO T€ OTKPUBAT HUBATA HA 3aMbPCSBAHE TUPEKTHO U B
peaJiHO BpeMe, Te MOTaT Ja IMO3BOJIAT Ha JIOCTABYUIMTE Ha 3PABHU YCJIYTH U U3CJIEI0Ba~
TeuTe 8 HADJIONABAT E€KCIIO3UINATA HA WHINBUIYAJIHO HUBO U J1a JAJAT Bb3MOXKHOCT
Ha TpaXKJIaHWTE Jia yIPaBJSBAT JUIHATA CU €KCIO3UINSA Ha 3aMbPCHTEIN OTBbLIl TOBA,
KOETO PEryJaTOPHUTE CTAHIIUM 33 HAOJIIONEHNe MOTAT JIa HATIPABAT [73)].

Cenzopbr 3a yactunu B Airbeam?2 - PMS 7003 e ceamo nokosienue ot cepusita PMSx003,
paspaborena or Plantower. PMS7003 e nudpos u yHUBEpCajeH ceH30p 3a KOHIEHTPAIHs
Ha YACTUIM, KONTO ce M3I10JI3Ba 3a M3MEPBaHe Ha KOJUIECTBOTO CYCIIEH/IMPAHU TaCTHUIINA
BbB Bb3/IyXa U U3BEXKJaHE Ha pe3yararure upe3 nudpos uuarepdeiic. Toit moxke j1a ce
U3I0JI3Ba, C PA3JIMYHM WHCTPYMEHTH, 32 13 [IPEIOCTaBsl TOYHU JIAHHU 38 KOHIEHTPAIHSI-
Ta B peasno speMe. OcurypsiBa conmaia epeKTUBHOCT Ha 6GpoerHe Ha gactunm ot 98% n
MOXKe J1a paboTH Ipu TeMmieparypen auamna3oH mexay -10 u 60 C..

4.2.3 OPIIY uzmepBaHuda U KajambOpupaHe Ha Mojiejia 3a B3eMaHe
Ha pelieHust

Kakro Beue Gere 06cbaeHo, codTyepbT € TpOrpaMupaH Ja ThPCH MapIIPYT, 38 KOUTO:
Hafl-kparkugar MapipyT p’(s — t) BUHAIM € BKJIIOYEH; MapIIPyTa ca JBONHO HECXOIHU
[I0 OTHOIIIEHNE Ha IIpara Ha CXOACTBO §; MapIIpyTa ca Bb3MOXKHO Hali-KPaTKH.

WzuauciinretTHUAT MOJIEN C€ OCHOBABA, HA CIIOMEHATHUTE TI0-PAHO (DOPMYJIN 38 HAMUPAHE
Ha CKOPOCTTA Ha BEHTHJIAIUS U UHXAJALNs, KOUTO Ca U3IOJI3BaHHU 33 pa3paboTBaHe Ha
TerjaaTa 3a ajJropuTbMa 3a ThbPCEHE.

ANropuTbM BT € JOIbJIHUATETHO YChBbLPIIEHCTBAH YPe3 OIEHKA Ha MapIIPyTUTE, KOM-
OmHUpaIa JaHHU 3a TpaduKa 3aeIHO C JAHHA 33 KA4eCTBOTO HA Bb3IyXa OT MOOMJIHHI
u cranmoHapHu cenzopu. O0OOIMABAHETO IIOMAara 3a IO-IIPENHU3HO IPOTHO3UPAHE 38 W3-
YuC/IsiBaHe Ha Haii-100pust MapmpyT. CTalmoHapHUTE CEH30pPU, KOUTO Ca Pa3IOJIOXKEHU
B 6JIM30CT 10 BEJIOCUIIEIHUTE MAPIIPYTH, U3TOTBAT 0a30BaTa JIUHUS HA KOHIEHTPAIMUTE
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na @ITY B paiiona - PMpgseiine. B CbHIMOTO BpeMe JaHHUTE 3a Tpaduka JaBaT WHOOP-
Malns, KOITO ToMara Jia ce onenn kKonmeHTparusTa na OIIY ot mpeBo3ruTe cpeactsa
u tpaHcnopta - PMy,.qpic. Odaksanara excuosunud na OIIY PM,,, 1o Bejgocumennusa
MapIIpyT ce HaMUpa Ype3 KOMOMHUpaHe Ha JBeTe [IPOMEHJIMBU.

PMexp = PMbaseline + PMtrafic (44)

Konkoro mo-6/im30 MuHaBa BEJOCHUIETHUST MAPIIPYT [0 IVIABEH IIbT, TOJKOBA II0-
TOJISIMO € BJIMSIHUETO Ha 3aMbPCIBAHETO OT Tpaduka BbpXy OOIMNTE KOHIEHTPAIINA Ha
®ITY. Caenosarenno npomensusaTa P M, e ce yBesndasa. Bpemero, B KoeTo ce 1pej-
IprieMa IIbTYBAHETO, CHINO BJUsAEe BbPXY Ta3W IMPOMEHINBA - TPEMUHABAHETO 10 BPEMeE
Ha 3aJ[PbCTBAHUS W B OJM30CT JI0 CUJIHO HATOBAPEHU YJIMIM W OyJieBapiu yBeIndaBa
koureaTpanunTe Ha OITY, kKakTO € 0TOEAI3aHO MO-HATATHK B TyIaBara. JleiicTrBureHnTe
xkoureaTpannn Ha PIIY ce omensasar ¢ momomrra Ha m3mepBannsg Ha OITY ot Mobu-
o cen3opu. MoOMIHUTE CEH30pW OCUTYPSBAT MHOIO TOYHU HU3MEPBAHWS, Thil KATO Ca
IPUKPEINeHN KbM CaMUsl BeJTOCUIe T, mpegaBaT naMmepBanuaTa na OITY na Bcsaka MuHyTa
ype3 MoOuUJIeH TejiepOH U OTPa3siBaT YJITPAJOKAJHO 3aMbPCsiBaHE, KaTO HAIPUMEDP A
ce HaMUpAaIll HEeIOCPEJICTBEHO 33 aBTOOYC W OrpoMeH KaMuoH. [lo-KbCHO B mojieBuTE
M3CJIeIBAHUS € TTOKAa3aHO KaK Ce M3BBLPIIBA Ta3W OIEHKA.

OcobeHocTuTe 3a OLIEHKA Ha BEJOCHUIIEIHATE MAPIIPYTU €& CHUJIHO 3aBUCUMU OT MeEC-
TOTOJIOKEHUETO M OCOBGEHOCTUTE HA KOHKPeTHOTO MsCTO [5]. ETo 3amo Hue n3pbpimmxme
MHOI'O IIOJIpDOOHO IIOJIEBO IIPOYyYBaHE, KATO U3CJIEe/BAXMe JIBa BEJIOCHUIIEHH MapIIpyTa,
OIMCAHY B CJICABAIIUS Pa3JIel.

4.2.4 TIloneBu TecToBe WM IMPOyYBAHU MAPHIPYTU

B tasm gact ce pasriiexka OIeHKaTa Ha COPTYEPHUSIT MOJE] C PEAJHO TEPEeHHO IIPO-
yuBane B Codus u pasriexjaHe Ha JiBa BeJOCHUIIEIHN Mapiipyrta. JIBara mpoyusanm
MapIIpyTa 3ar0YBaT OT HarmoHajHus ctaauoH "Bacwmi JleBcku'"u 3apbpinBar B IlerTe
Kkbotera. Te3u maBe MmecTa ce Hamupar B ieHTbpa Ha Codust m uMaT aKTUBEH BEJIOCUTIEIEH
MOTOK.

JlBara mpoy4uBaHm MapuipyTa ca u3bpaHd, Thi KATO OTTOBApAT HA CJIETHUTE KpU-
TEPUU: UMAT €JHAKBU HAJaJHA W KpailHa TOYKA; €JIMHUAT € MPEJJIOKEH OT codTyepa,
a JIpyrusT cjesiBa 000CO0EHN BEJIOCUIIEIHU aJIel; MapIIPyTUTE TPAOBa Ja Ce U3IMOI3BAT
aKTUBHO OT BEJIOCUIIEVCTH; U IBATa MAPIIPyTa MAHABAT B OJIM30CT JI0 CTAIIMOHAPHU CEH-
30pu oT MpeskaTa Luftdaten; m mBaTa mapiipyTa TpssOBa ma ca 6€30IACHU 38 PEIOBHUTE
BEJIOCUTIETUCTH.

Ha cnenpamure m3o0paskeHusi ce BHXKJAT JBATa IIbTs, U3IMOJ3BAHU 3a OIEHKATA:
VuacTtbk A (cbnr, KOWTO € ONTUMU3UPAHUAT BEJIOCUIIEJEH MApPIIPYT, IPEJJIOXKEH OT
coTyepHHUsI NHCTPYMEHT, U IPEMUHABA [0 HANH-KPATKHUS IIbT MPE3 MAJIKUA [EHTPAJIHU
YUY U TApKOBE; JOKATO yJ9acThbK b (dmr M3II0/I3Ba PA3BUTATA BEJIOCHUIIEC/IHA, WH-
dpacrpykrypa (KOATO BKIIIOUBA [IPEIUMHO KOJIOE3JeHe B GJU30CT JIO I'bTHU APTEPUH C
MHTEH3UBHO JIBUYKEHUE), IO-IbJIbI € KATO PA3CTOSHUE U € IPEJJIOKEH 0T HABUTAI[MOHHISI
codTyep, Thit KaTO cyieiBa 060COOEHN BEJIOCUIIEHN AJIEH.

[ToneBute TecroBe ca nposejenn ¢ 10 ygacraunm B uscieaBanero. Mobusinoro 060-
py/ZiBane 6e CBbpP3aHO K'bM IIPEJHATA YacT Ha BCEKU BEJIOCHIIE], KOETO MO3BOJIABAIIE HA
JIMHUWTE 33 B3eMaHe Ha MPOoOU J1a yJIaBAT 3aMbPCATENTE, 6€3 /1a ObIAT Bb3IPEnsaTCTBA-
HU; TO CBINO Taka Oellre yKPEerneHo OTI0JY, 3a Jla ce HAMAJIST BUODAIUUTE.

Us6paxme 10 qymu (Ha Bb3pacT 27-41 r.) upe3 KOHTAKT ¢ MECTHATA BEJIOCUIIETHA MPe-
ka (8 Mmbxke u 2 xxenn). IIpean jga ce BKIIOYAT B IIPOYYBAHETO, yIACTHUIUTE [OIIbIHAXA
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Qurypa 4.1: Orceura A - npejjiozkeHa OT HalMs coPpTyep, KOUTO ThpCU Hail-mMaJKara
MHXAJAIMOHHA 1033,

[IPEeIBAPUTEIHO CKPUHUHTOBO Tpoy4yBaHe. Kpurepuure 3a u3k/odBane oT rpymnara Osxa
pecrnupaTopHu (BKJIIOYUTEIHO aCTMA), ChbPACIHOCHIOBYI WK IPYIH XPOHUYHY 3a00JI1Ba~
HUs, KAKTO ¥ TIOTIOHOIyIIeHe (HACTOSINO WM CKOPOLIHO). BKiroyenu Gsixa caMo JIHIA,
KOUTO II'bTyBaT exkenHeBHO ¢ Bejocunies B Codusi. Tesu dpakropu Osixa U3MOJI3BaHU, 38
Jla ce HaMaJli PUCKbT OT yBpeXKjaHe IOpaju Hermo3HaBaHe Ha yaunure B Codust, Jui-
ca Ha ONWUT B KAPAHETO U HEOJIATONPUSITHU OCTPU HOCTeIuIH 3a 31apasero. OcBeH TOBa
yUIacTHUIUTE Osixa IMOMOJIEHHU J1a Ce Bb3IbPXKAT OT AJKOXOJ U KOMEHH B PO bJIKEHIE
Ha 48 Jaca Ipeay TeCcTOBETe.

Kpbrosure nmbryBanus 0sixa I3BLPINEHN B paOOTHHU JHU CyTPUH B aCOBETE HA WHTEH-
suBHO jeukenre (HT) (8:00-9:30 4.) u B uacosere Ha ciabo asmkenne (LT) (10:30-12:00
4.) u B Hepaboruu guu (NWD): nouusnu u npasauaau ngau. PesyaraTure or TpuTe ciie-
Hapus Ca OIEHEHU IMOOT/IEJHO B CJeJBaInus paszesi. TecTroBeTe HA TEPEeH ca IPOBEIECHU
mpe3 ampuj U Mail, KOraTo BPEMETO € YMEPEHO U 3aMbPCABAHETO HA Bb3AyXa OT OUTO-
BOTO OTOIIEHHE HE OKa3Ba BJHUAHUE BbpXy jgaHauTe. CiieI0BATETHO YBEJUICHUSITA HA
koureHTpanuute Ha PIIY ce abmxar rraBHo Ha TpaHcrnopra. Jlecetumara ydacTHUIIN
U3BLPIIIXa KPBIOBU IbTYBaHUS 10 JiBaTa ydacTbKa o Bpeme va HT, LT u NWD.

4.3 Pesynaratu n obcbKIaHe

4.3.1 Koanenrpanuu Ha PIIY1 u PIIY2,5 or MoOMIHU M3MeEpP-
BaHUA

B Ta6n1/maca MOKA3aHN MUHUMAJIHUTE, MAKCUMAJIHATE U CpeHUTe (MEJIUAHHN) CTOH-
Hoctu Ha Kounentparuute Ha PIIY1 u OIIY2,5 3a gBaTa M3cjaeaBaHN yIacTbKa B pa-
6oruu guu no Bpeme Ha unrensused Tpaduk (HT). Konnenrpanunre na yiarpadbunure
vacTuiy ¢ auamersbp nog 1 mukpon (PITH1) ca usMepenn B quanazona Mexay 8 u 24 pg
/m3 (cpexnuo 11 pg /m3) 3a yuacrbk A u mexay 8 u 41 pg /m3 (cpeano 14 pg /m3) 3a
yuacTbk B. Konnenrpamuure na dbunun gacrumu noz 2.5 mukpona (OIIYU2,5) ca mexmy
12 u 29 pg /m3 (cpeano 15 pg /m3) 3a yuacrbk A u mexxay 12 u 45 pg /m3 (cpeano 19
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@urypa 4.2: Orceura b - nmpesyiarana oT moBe4eTo HABUTAIMOHHN COMTyepH, KOUTO CJIe]I-
Ba 000COOEHA BEJIOCUIIEIHA, AJTesT

pg /m3) 3a ygacTbk B.

Tabauna 4.1: Konrenrpanmun rna OITY1 u @ITY2,5 ot MmobuiHu m3mepBanus B paboTHH
nau 110 BpeMe Ha unrensused Tpaduxk (HT)

®ITY1 dITY2,5
min max mean min max mean
VYyacrbk A 8 24 11 12 29 15
Yuacrbk b 8 41 14 12 45 19

B Ta6m/1ua ca npejcrapenn KoHmenTpanuure Ha OITY1 u @ITY2,5 3a yuacTbK A u
B B paboruu suu 110 Bpeme Ha ciiab tpaduk (LT). smepanusita or yaacTbK A mokassaT
ITO-HUCKU HUBa Ha KOHIeHTpalmsa kKakTo 3a OITY1, taka n 3a PIIY2,5. Konnenrparunure
na yarpaduau dactuinu ¢ guamersbp mox 1 mukpon (OITU1) ca usmepenu mexiy 6 u
19 pg /m3 (cpeano 10 ug /m3) 3a yuacrbk A u Mexay 5 u 34 pg /m3 (cpexmo 12 ug
/m3) 3a ygacrbk B. Konuenrpaiure na dunu gacrumu nox 2,5 mukpona (OIIY2)5)
ca mexay 10 u 24 pg /m3 (cpenno 13 pug /m3) 3a yuacrbk A u Mexay 9 u 38 pug /m3
(cpemmo 15 pg /m3) 3a yuacrbk B.

Tabauna 4.2: Konrnenrpanun na OIIY1 u OITY2,5 or Mmobuann m3mepBanus B paboTHH
nun cbe cnab rpaduk (LT)

@ITY1 DIIY2,5
min max mean min max mean
Yaacbk A 6 19 10 10 24 13
Yuacok b 5 34 12 9 38 15

Ta6m/1ua WJIIOCTpUPpa MUHUMAJITHUTE, MaKCUMaJIHUTE 1 MEJUaHHUTE CTOMHOCTHU Ha
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kounenTpanunTe Ha GIIY1 u OIIY2,5 3a 1BaTa M3CIEIBAHA YIaCTBHKA IIPE3 MOYUBHUTE
¥ MpasHuIHuTe THU. V3MepBaHusTa 3a yIacThK A MOKa3BAT MOYTH CHINATE HUCKU HUBA
ua konnenTparusg 3a OIIY1 u OIIY2,5. Konnenrparunre na PIIY1 ca mexny 3 u 7 ug
/m3 (cpemro 4 pg /m3) 3a ygacrbk A u Mexay 3 u 8 ug /m3 (cpexno 4 pg /m3) 3a
yuacrbk B. Konnenrparnunre va ®IT92,5 ca mexay 4 u 11 ug /m3 (cpenso 7 pg /m3)
3a yuyacTbk A u mexay 5 u 11 pg /m3 (cpemmo 7 pug /m3) 3a ygacrbk B.

Tabmmra 4.3: Kounenrparun ga @IIY1 u OITHY2,5 o MoOMIHE M3MepBaHUs Ipe3 Hepa-
OOTHHU JHI

®IT41 dIIY2,5
min max mean min max mean
VYyuacbk A 3 7 4 4 11 7
Yuacok b 3 8 4 5 11 7

Buoipekn dakra, Ue Crernuajn3upaHusaT BEJOCUIIEJEH MapIIPYT € IIPe3 HO-TOJIsIMa
YacT OT BPEMETO OTKPHUT, IOJIEMHUST OpOil aBTOMOOMJIM, aBTOOYCH M KAMHOHU B TO3U
KOPHJIOpP € OCHOBHATA MPUYMHA 33 IOBUIIEHUTE KOHIEHTPAIIMKA HA 3aMbpPCSIBaHe, KATO
o-rojieMusT Tpaduk yBeandasa kounnenrparunte va OIIY. B pesynrar na ToBa m3mep-
BanusiTa Ha PITY2,5 ca mouTn egHAKBY NIPE3 MOYUBHUTE JHE, HO ¢ touTn 20% Mo-BUCOKHA
KOHIEHTPAIIH MKy JIBATa MapIIpyTa npe3 paboTHUTE JTHHU.

4.3.2 KoJsmdecTBO HA BEHTUJIAIAATA

3a j1a m3MepuM CKopocTTa Ha BeHTHiIanus (VR) npu auiiane, HanpaBuxme u3MepBaHUs
Ha cbpaeunns purbM (HR), kucmopogsoro nacumane (SpO2) u nuxaresnarta decTora
(RR) na Bcekn yuactauk B npoekTa. Cpeaaara CTOMHOCT HA BCEKU APAMETbD UMa HUCKA
IPOMEHJIMBOCT U KpaifHure pesyararu 3a VR ca mpencrasenu B Tabmmua [£4] He ce
HaOJIIOABAT PA3JIMKKA B Te3W TpU (DAKTOPa B 3aBUCHUMOCT OT TOBA JAJU MapHIIPYTHT €
M3MUHAT B paboTeH mim HepaboTeH JIeH, Thil KATO Te He Ce BJIMSIAT MPSAKO OT Tpaduka
WU PA3JIMIHUTE HUBA HA M3JIaraHe HAa KPATKOCPOYHO 3aMbPCSIBAHE HA Bb3LyXa.

Tabuma 4.4: Ocpeauenn MoKa3aTeJ I OT
MIOJIEBU U3MEPBAHUSA

Yuacrpk A | Yuacrbek B
VR (L/min) 10,14 11,06
HR (ymapu/min) | 82,30 85,66
Henusenanus (m) | 3 15
Ckopocr (km/h) 14,3 14,7

Bwbupeku egnakBuTe HaYaJ HU U KPailHU TOYKH, PA3CTOSHUATA CA PA3JIMIHE U y4IaC-
TbK A e 1mo-Kbe - 3,8 KM B cpapHerue ¢ 4,4 KM OT y4acTbk b u e mo-6bp3 - 15:52 Mun
B cpaBHerue ¢ 18:04 mun or yyacTbk B. Bpemero, HeoOxoumMo 3a m3MuUHABaHE HA JBATa
y9IacTbKa, € TI0-CKOPO MTOCTOSHHO Ipe3 paboTHuTe u HepaboTaute man. Crernuajan3npani-
AT BEJIOCUIIEIEH MapIIPYT € UMaJI IO-JbJIIN U IPaBU KOPUJIOPH C IO-MaJKO KPbCTOBUIIA
u npecedkn. ToBa e JI0BEJIO JI0 TIO-BUCOKH MAaKCUMAJHU U cpegau ckopoctu. OcBeH ToBa
y4acTbK B nma mo-rosisima JleHuBesianys - 15 M B cpaBHeHue ¢ 3 M B yuacTbKk A. Benukn
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TE3U JAHHU BOJST JIO MOBUIIEHA CKOPOCT HA BEJIOCUIIEIUCTUTE B y4acTbk B - 11,06 /Mun
B cpasenue ¢ 10,14 ji/Mun 3a ygacrbk A.

B rabaumna ca MOKA3aH! PE3yJITATUTE OT WHXAJIAIMOHHATA /1038 Ha, BEJIOCUIIE IC-
tute 3a OIIY1 u OIIY2,5. Te ca u3uncaeHn BbH3 OCHOBA Ha CPEJIHATA CTOWHOCT HA €K-
crosurusita Ha OITY mo Bpeme Ha 0OMKOJIKATA, M3MEPEHA OT MOOWJIHM CEH30PH, 3a€THO
C BpeMeTOo, HeoOXOAMMO 3a HEHHOTO M3BLPINBaHE, U CKOPOCTTA HA BEHTHJIAINSA 38 BCEKU
BEJIOCUTIETHCT.

Tabmuna 4.5: loza 3a paumBane va OITY1 u @ITY2,5 o Bpeme Ha OOUKOJIKHATE

Ilepuosn SaMmbpcuTesn Yyacrbk A Yuactbk B
(omTuMusupan) (Besocume iy asien)
Wnrensusen Tpaduk OIIY 1inp 29.74 46.45 (156%)
OITY2.5;,n 40.56 63.04 (155%)
Ciab Tpaduk OITY 1;nn 27,04 39,82 (147%)
OITY2.5;,,p 35.15 49.77 (142%)
Hepa6orau auu OITY 1;,5 10.82 13.27 (123%)
OITY2.5;,1 18.93 23.23 (123%)

VYyactbk b nokassa nosumiena maxajanuonta j1o3a Ha PIIY, 1bit KaTo 3aBbpIBa-
HETO Ha MapIIpyTa OTHEMa IIOBeYe BpeMe, M3UCKBA I[OBEYE YCUJIMS U BEJOCUIIEIUCTHT
€ M3JIOXKEH Ha To-Bucokn KoHIeHTpanmn Ha PIIY mopajm maropesmre ra3zoBe Ha IIpe-
BosHuTe cpenacTBa. Jlopu m mpe3 moumBHHUTE JHU, KoraTro Koumenrparmure Ha PIIY ca
CXO/IHU TIO JIBATa MapINPYyTa - y9aCThbK b IIOKa3Ba 110-BUCOKN MHXAJAINMOHHY JI0O3U [TOPA/U
HO-TIPOJIbJIKATETHOTO BPEMe U MO-BHCOKATA CKOPOCT HA BEHTUJIAIMS (3apajiu 110-BUCOKA,
JIEHUBEJIAINS, [I0-BUCOKA CPEJIHa CKOPOCT).

Uamepsanusara 3a SpO2 u RR ne mokasear ocobenn KpaTkocpodnu edeKTH BbPXY
3/1paBeTo. ToBa ce o4akBaille, Thil KATO YIACTHHUIIUTE B IPOYUBAHETO, OT CHOOPaYKEHUs
3a, 0€30IMaCHOCT, Ca MOI0PAHU HEMyIladu 0e3 XpOHUIHE 3a00/IsIBaHUs U PEIOBHU BEJIOCHU-
neucty. Karo ToBa He 0O3HaYaBa 33 IbJIXKUTEHO, Ye XOpaTa ¢ XPOHUIHU 3a00JIsIBAHUS U
YyBCTBUTEJHOCT K'bM 3aMbPCSBAHETO HA Bb3J[yXa MOXKE JIa HE TOJIYIAT HIKOU CUMIITOMUI
WK JIDA3HEHUs, KAKTO ce Habionasa B Hakou npoyusanus [56], [15].

4.3.3 Bugyaimnzanus Ha BeJOCUNEIHU MaPIIPYTU Ype3 BKJIIIOYBA-
He Ha JIAHHU OT CTAallMOHAPHU CEH30pU

[IIe uznossBame Mpexkara oT GpUKCUpaHu eBTuHU ceHzopu Ha Luftdaten, 3a na memomnc-
TpupaMe TEXHOJOTHUATA 33 HaIuTe (pukcupann censopu B Hamwmsa copryep. Ha dur
MOraT Jia Ce BUJSAT KOHIIEHTPpaIuuTe 3a yuyacTbK B 1o Bpeme Ha LT, kbjeTo Ha ydacTbKa
ce IpujiaraT W3MepBaHUsl OT CTAIMOHAPHU CeH30pu B Osm3ocT 10 200 M miu 1mo-6,1m30
JI0 MapiipyTa. JepHO OlBeTeHATa JIMHUS O3HAYABA, Y€ B TA3W YACT OT MAPIIPYTa HIMA
dukcupan ceHzop, KOUTo ga € mo-0au30 ot 200 M, JOKATO 3eJIeHUTE U KbJITATE [IBETHU
JINHUU TIPEJICTaBAT KOHIIEHTPAINUTE, U3MEPEHN OT (DUKCUPAHUTE CEH30pHU B 6JIM30CT. 3a
croitnoctuTe Ha KounentparusTa Ha OITY2,5 mexmay 0 u 12 - ce usmosa3sa 3ejeH IBAT,
JIOKATO K'bJITUAT IBAT o3Ha4aBa croitnoctu na PIIY2,5 mexay 12 u 35. Tesu nBeToBu
KaTEropuu €a B'bXHOBEHU OT MHIEKCA 3a KavueCcTBO Ha Bb3jyxa Ha EPA u ca cbiure 3a
BU3yaJM3upane Ha Mapiipyrure Ha Aircasting, uamepenu ¢ nmpenocuMu cenzopu. biaro-
JlapeHne Ha I'bCTaTa Mpexka oT eBTuHU cen3opu B Codwust, 3a yaacTbk A ce m3mosssar 5
duKCcHpaHu ceH30pa, a 33 y4acTbK b - 6 ceHsopa, Tbit KATO Te OTroBapAT HA KPUTEPUUTE
3a, TIOJI00P.
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@urypa 4.3: MapuipyT 3a KOJ0€3/eHe ¢ eKCIO3UIUs OT (PUKCUPAHU CEH30PU

CodryepbT nMa MOCTOSIHEH JIOCTbII 10 KoHIeHTpanuutre Ha PIIY or dpurcupanute
CEeH30pH, a JaHHWTE 3a TpaduKa MOraT JUHAMUYHO J1a MIPOMEHST BXOJHUTE CTOWHOCTU
3a MexaHM3Ma 3a B3eMaHe Ha perteHud. VHCTPyMeHTHT pasmnosara U ¢ QyHKIUATA &
n300pa3sBa €/InH U C'HIIl MAPHUIPYT B PA3INYHU BPEMEBU PAMKHU U ChOTBETHO J1a ITOKA3Ba
Pa3/IMYHU KOHIIEHTPAIUM Ha 3aMbpCABaHe Ha Bb3/IyXa.

4.3.4 Ilpenu3upane HA MO/iejia U OIlEHKA HA JJAHHUTE OT MOOUJIHA
W CTAIlMOHAPHU CEH30pUu

Cpennute croitnocTu 3a KoHnenTpanuure Ha GPITY2.5 or crarmonapauTe CEH30PH, KOUTO
ca pasnoJiokeHu B 6au30CT 110 u3cseaBanuTe Mappytu (pascrogaue 200 M), ca cpas-
nenu ¢ u3mepsanusaTa aa OIIY2,5 or mobuaHuTe Cen3opu, KAKTO € IMOKa3aHo B Tadauma
[4.6] mo-oury. YeranossisaMe, Ue ChINECTBYBa CHIHA KOPEJIAIST MEKLY CPEHATE CTOHHOC-
™ Ha PM2.5 ;50 1 MUHEMAIHATE CTOHHOCTH 38 P M2.5,,0pile, KOETO OTHACTH JOKA3BA
[IPE/ITOIOKEHNETO, de KOHIIEHTPAIUITa OT OJU3KUTe (DUKCUPAHU CEH30PH MOXKE Ja Ce
M3I0JI3Ba KATO M3XO/Ha 38 M3UUCIsIBane Ha obmara omnenka ma OITY.

Hauaure oT (PUKCHPAHUTE CEH30PU Ca OJU3KU [0 MUHUMAJHUTE KOHIIEHTPAIIUU II0
MapripyTa. OGHKHOBEHO Ta3u YacT OT MapIIpyTa € ¢ He3HaduTejeH TpaduK u HeifHaTa
CTOMHOCT TecTO € Ou3Ka 10 PMpgseiine, KOATO ce n3MepBa OT (PUKCHPAHUTE CEH30PU.
B cbmoro Bpeme makcumasauTe Kornenrpanun Ha OIIY no Besocumenns MappyT ce
HaOJII0aBaT, KOraTo ce IpPeMUHABa [TOKPail M0-3HAYNTETHE 3aMbPCUTEIN KATO KAMUOHU,
MIPEBO3HU CPEJICTBA ChC CTAPU JIU3ECJOBU JIBUTATEU, MOTOIE/IM WU KOJOHHU OT aBTOMO-
6mn, yakamuy Ha cBerodapure. KakTo ce ogaksailie, pa3jnKaTa MeXKy MUHUMAJHUATE
u MakcuMasanTe Koumenrpamnun Ha PIIY e mo-zmaamrenna mo speme uHa HT.

4.4 3akJro4yeHue

B Ta3u riaBa e mpejicTaBeHa pa3paboTkaTa Ha coPTyepeH NHCTPYMEHT, KOWTO ONTUMU3H-
Ppa BEeJIOCUIIEIHATE MAPIIPYTU Bb3 OCHOBA Ha AJI'OPUTMU, KOUTO [IPEIBIK AT HAl-MaJIKO
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Tabnuna 4.6: Konnenrparmn na @IIY2,5 o cranmonapuu ceH30pH, PA3IIOIOXKEHN B OJIM-
30CT JI0 MAapIIPyTa, ¥ MOOUTHA U3MEpPBaHUS

27 5fia:ed 2> 5mobile
Ilepuon, MapripyTt mean min max mean
WD-HT Yuactbk A 10 12 29 15
Yuacok b 10 12 45 19
WD-LT Vuacrbk A 8 10 24 13
Yuacrbk b 8 9 38 15
NWD YuacTbk A 4 4 11 7
Yuacruk B 4 5 11 7

BPE/IHU 3aM'bPCUTEJIN HA Bb3yXa. AJrOpUTbMbT U3IT0I3Ba MOIUMDUIIMPAHA PeasIn3allust
Ha METOJIa 33 HAMUPaHE Ha aJITEPHATUBHU MAPIIPYTH - K-KpaTKWUTE II'bTHINA C OrPAHU-
qeHo mpunokpusane. Toit ce OCHOBaBa Ha €KCIIEPUMEHTAJHU JIAHHU U yPABHEHUSI, KOUTO
U3YUCAIBAT O0IIATA 1038 BIAUIIAHA 3aMbPCUTEJIN OT BEJIOCUIIEUCTA. 32/ IHO C TOBA U3~
CJIeIBAHETO € OIEHEHO YPe3 JIBA BEJIOCUIIEHY MAapIIpyTa: Y49acTbK A - MpejIoxkKeH OT
HOBOpa3paboTeHust coPpTyep, KOUTO IpeMuHaBa Ipe3 Majaku yyunyu B Codusi, 1 y9acTbK
B - mpemyiozkeH or HaBUTAIMOHHU IIPUJIOXKEHUs, KONTO IpeMuHaBa 110 000cobeHa BeJIo-
curie/iHa aJjiesi. B TOJIeBUsT TECT JIeCET BEJIOCHUIIEIUCTH MPABAT KPbIOBU IILTYBaHUS IIO
JIBara Mapipyrta npe3 3 mepuoga: (1) ¢ unrensusen tpaduk, (2) cbe ciab rpaduxk B
paboruu quu u (3) B HepaboTHU AHU. Bb3 0CcHOBa Ha CHOpAHHUTE B IPOYYBAHETO JAHHU
OT MOOHWJIEH CEH30p Ca M3YUCJIEHU €KCIIO3UIINSITA Ha BEJIOCHUIIEUCTHTE U IOTEHINATHATA
MHXAJIAIMOHHA, 1032 Ha 3aMbpceaBane ¢ OITH1 u PITY2,5 o gBaTa MappyTa.

Konnenrparnuunre Ha €KCIO3UITHS IO CIIENAAN3UPAHUTE BEJIOCUIIETHU AJIEH CE OKA3a-
Xa [MO-BUCOKHU OT HUBATA HA €KCIIO3UINS TI0 ONTUMAJHOTO Tpace, 0COOEHO B pabOTHU JTHU.
Jlopu B ciiyganTe, KOTaTO CPEJHUTE KOHIEHTPAIH ca OUJIN MOYTH €THAKBU, WHXAJIAIIN-
OHHATA 038 38 BEJIOCHIIEIUCTA BUHATU € OHJIa MO-BHCOKA 110 MAPIIPYTa C BEJIOCHUIIETHA
aJjiesi, T'bil KATO TOM € IO-I'bJIbI KATO BPEME M Pa3CTOSIHUE, C [T0-BUCOKA JEHUBEJIAINAS U
U3UCKBA MIO-UHTEH3UBHO KoJioe3eHe. [Ipu n3bopa Ha ONTUMU3UPAHUsT BEJIOCUIIEIEH Map-
mpyT fo3ata Ha BaumBane Ha PITY2.5 ce mamansasa ¢ 23%, B HepaboThHu muau 10 55%
1o BpeMe Ha nHTeH3nBeH Tpaduk B paboruu muu. [lo Bpeme Ha paboTHUTE THU PE3YITaA~
THUTE TOKA3BAT JIOMMbJIHUTEJHO [TOBUIABAHE HA PUCKA 33 3/[PABETO HA BEJIOCUIIEUCTUTE,
U3IOI3BAIIY M3CJIeIBAHUTE BEJIOAJIEH, TIOPA/IN MOSIBIBAHETO HA 3aMbPCUTEH JUPEKTHO
cBbp3aHu ¢ Tpaduka. B m3ciieBaHnTe BEJIOCUIIEIHN AJIEW U3JIATAHETO HA BEJIOCHIIEIVC-
ture Ha PIIY e Om0 TICHO CBBP3aHO C ABTOMOOMIHNS TPaMUK, Thil KATO MIPOYIBAHETO
HE € MIPOBEJICHO IIPe3 OTOILINTEIHUS CE30H.

Pesysrarure oT TOBa IpOyUBaHe HAAIPAXKIAT IIPEIUIIHA KOHCTaTanuu [3|, Kouro 1mo-
Ka3BaT, Ue IPENpPOeKTUPAHETO Ha YIIUIN 33 MYJITUMOJIaIeH TpaduK ¢ HICKA CKOPOCT 6e3
Gapuepu e Io-yCTONYUB M IParMaTUYeH OJXO0M OT M3rParkIaHeTO HA BEJIOCUIIEHA WH-
dpacTpyKTypa BbpXY IIbTHU apTepuu ¢ nHTeH3nBeH Tpaduk. ChIlecTByBa 3HAYNTETHA
pPa3/IMKa MEXK]Iy W3CJIEBAHUATa CbC caad TpaduK U ¢ WHTeH3nBeH Tpaduk. Besoase-
ure 6e3 dbuznuecku Gapuepum MeXKy BEJIOCHUIIEIHUS MAPIIPYT U TS MMAT I10-BHCOKA
eKCIIO3UIINS - 3aKJIIOUEeHNe, KOETO Ce YCTAHOBsABa B Apyro mpoyusane [37|. Hamure xon-
cTaTalluu JIONPUHACSIT 33 10-100poTo pasbupane Ha mpobsemure Ha Codusi, CBbp3aHU
C'bC 3aMbPCABAHETO OT MPBCEH Bb3JyX U B YaCTHOCT OT aBTOMOOWJIEH TpaduK.
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I'maBa 5

CodTyepHa cucreMa 3a
BU3yaJn3anngd Ha Bb3/IYIITHOTO
3aMbpPCSIBaHE

3a j1a MOXKeM J1a M3M0JI3BaMe BCUYKH OIMMCAHU JIO0 TO3W MOMEHT W3CJIEIBAHUS U JIa Ipe-
JaJieM II0 JOCT'bIIeH Ha4dUH I/IH(bOpl\laLH/IH KaK 3aMbpCABaHETO Ha Bb3/lyXa BJ/IUAC BBHPXY
3/IpaBeTO, € HEOOXOIMMO JIa Cb3/1a/eM KOMILJIEKCHA COTYyEepHA, CUCTEMA, KOSITO TIO3BOJISIBA
cbbupanero, obpaboTKaTa U MOJAETUPAHETO Ha JTAHHU.

ApxurekTypara Ha codTyepa € MOJAyJapHa U Ts ONpeIess HauMHa, [0 KOHTO pas-
JIMYHUTE KOMIIOHEHTH B3aUMOJIEHCTBAT, Kak ce 06paboTBaT JAHHUTE U KaK Ce BU3yaJIi3u-
par pegyararure. Ha dhurypa e TIpeJICTaBeHa KaK M3TJIEXK A Ts. APXUTEKTypara Ha
codTyepa ce CbCTOU OT CJIEJHUTE KOMIIOHEHTH: MOy 3a cBbp3Bane ¢ API; [lenrpasien
pero3uTopuyM B obJiaka; MOJLYJI 3a 00paboTKa Ha JAHHU; MOJLYJI 38 IPOTHO3UPAHE; MOLYJI
3a u3MepBaHe Ha 3ambpcsBare or PIIY 1o 3a1a/1eHO Tpace; BU3yaJn3alis U Pa3lpoCT-
paHeHUe Ha JIAHHMU.

@urypa 5.1: CodpryepHa apXuTekTypa

OCI/IprHBaHeTO Ha TOYHOCTTa 1 HaJAEKJIHOCTTA Ha HalllaTa CUCTeMa 3a B3€eMaHe Ha pPe-
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[IEHUS € OT IIbPBOCTEIIEHHO 3HAYCHNE 32 yCIIeXa Ha HAIIETO U3CAeIBAHE. 3a 1A TOCTUTHEM
TOBa, HAIUAT COPTYyEp pA3dnTa HA PEJIUIa BXOJHN napaMerpu. Te3n mapaMeTpu BKIIIOY-
Batr: m3MmepBanusg Ha OIIY ot cramumonapuu 1azepuu censopu; namepBanus na OIIY ot
odunuaHI CTAHIIUU 3a U3MepBaHe; u3MepBaHus Ha npaxopu dactuny OIITY or mpeno-
CUMU CEH30DU; JJAaHHU 33 TeMIIepaTypaTa U BJIAyKHOCTTa OT CTAIMOHAPHU CEH30DU; JTAHHU
3a TpadukKa.

Bceeku or Te3n BxoaHM mapamMerpu JOIPUHACH 38 HO-ISJIOCTHO pa3dupaHe Ha Kadec-
TBOTO Ha Bb3jyxa. KoMOWHAIUSITA HA JJAHHW OT CHCTEMHU, KOUTO CA PA3/IeJeHN U He CH
KOMYHHUKHDAT 10 MEXKJIy CH B eJHa 0DIla, I03BOJISIBA HA HAIATA CHCTEMA JIa [IPABU UH-
dopMuUpaHU MPOrHO3U U OIEHKHU Ha 3a’bPCSIBAHETO U ChOTBETHO Ja B3WMa, TO-HAJIEXKTHU
pereHus.

WsxomuuTe maHHM BKJOYBAT: JaHHU 33 KAYECTBOTO HA Bb3yXa CIPSIMO JIOKAIUS,
reorpadCKu paJinyc WK IPaJl B PEATHO BPeMe; PA3IOJIOKEHNEe HA CTAHIIUUTE C TEXHUTE
CTOWHOCTH BbPXY reorpadCKu KapTH; IPOTHO3a 38 KAYEeCTBO HA Bb3/yXa; KAJIUOpUpaHH
JIAHHU OT OIpEJIeJIeHH CTAaHIUU; W300p Ha Hail-IIOJXOMISIN I'bT CIPSIMO 3aMbpPCSIBaHE OT
OITY u aBroMObUIEH TpaduUK.

5.1 Moayn Cbbupane Ha JaHHA

JlarHWTE OT OUIMATHI U IPAXKIAHCKE MPEXKHU ChC CTAHITNH 33 U3MEPBaHe HA KAIEeCTBOTO
HA Bb3JyXa e JI0cTbuBaT nocpeacreoM 3agku KbM API-ta (Luftdaten, agicn, airthings,
openaq u ap.). Karo cucremara npaBu Te3u 3asBKY UPe3 pa3judnu nepuoau. Te3u qanau
ce ToJIy9YaBaT B pasjimdeH (hOpMAT U BpEMeBa paMKa, 32 KOETO € HYKHA JOI'bJIHUTETHA
00paboTKa OT CUCTEMATA.

e 3ambpcuTenu BLB Bb3ayxa: [lomydasame nndopMalus 3a pasinaiy 3aMbPCATEN
BbB Bb3/IyXa, BKIounTeano dactury (PI1H2.5 u OIIY10), azoren auokeny (NO2),
ceper juokcuy (SO2) u sbriepomen okcug, (CO). Beeku 3ambpeurest JonpuHacs
3a OOIIMs MHIEKC Ha KauecTBOTO Ha Bb3JyXa.

e Jlannu 3a Tpaduk no mwbprumara: adopmanus 3a Tpaduka 10 IbTANIATA B PeaJ-
HO BpeMe HE ToMara ja pa3bepeM KakK eMHCHHUTE OT aBTOMOOWJINTE Ce BJIUSISIT Ha
KaJeCTBOTO Ha Bb3/yxa. 1031 U3TOUHUK HA JAHHW HU IIOMara 1a UIeHTHUImpaMe
TOYKUTE CbC 33IPHCTBAHUS U BPEMEBOTO M3MEHEHNE HA €MICHUTE.

e Temmeparypa: 3HAHHETO 32 TEeMIIEpaTypaTa € OT ChINECTBEHO 3HAYEHHUE, Thil KATo
BJIMsiE Ha Pa3NPOCTPAHEHMETO M KOHIIEHTPAIUATa Ha 3aMbPCUTEIN BbB Bb3/IYXAa.
Yecro 110 BpeMe Ha 3UMHUS OTOIINTEJIEH CE30H ce HaOJII0[aBaT II0-BUCOKH HUBA HA
3aMbpcsBaHe, KAKTO U TEMIIEPATYPHU UHBEPCUHU.

e Braxknoct: HuBaTa Ha BIA’KHOCT BINAAT Ha Ka9eCTBOTO HA Bb3JyXa, Thi KaTO
OKa3BaT BJIASHUE BbPXY KOHIIEHTPAIUATA W PA3IPOCTPAHEHUETO HA YACTHUIIUTE U
3aMbPCUTEIUTE BbB Bb3/IyXa. BucoKaTa BIaXKHOCT MOXKE Ja MOT00PU KadeCTBOTO
Ha Bb3JyXa, JOKATO HUCKATA BIAYKHOCT MOXKE JIa 3aCHJIBA MIPOOIEMUTE OOBbLP3AHN
CbC 3allpalaBaHe. BJia)KHOCTTa € ChINO BaykeH (aKTOp IIPU CpaBHsiBaHe U 0Opa-
6OTKa Ha JTaHHU 3a 3aMbpPCsBaHe UIIBAINU OT PA3JMIHA U3MEpBaTeIHU ypeau. Jla-
3epHUTE U3MEPBAIM CTAHIIUYM TTOKA3BAT MO-BUCOKU HUBA HA I'PEIIKa, KOraTo MMa
BUCOKA BJIAYKHOCT.

e Hamnsirane Ha Bb3ayxa: JanauTe 3a HaIAraHeTO HA BB3/yXa IOMaraT IPHU IIPOTHO-
3UPAHETO HA METEOPOJIOTUYHU YCJIOBUS, KOUTO MOTaT Jla BIUAAT Ha KA4eCTBOTO HA
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Bb3Iyxa. ToBa e BaxkeH GakTOp IIpU MOJEJIUPAHETO HA IPOTHO3U 3a 3aMbpPCSIBAHE
Ha Bb3/yXa.

5.2 Moayn CbxpaHeHne HA JaHHHU B 00JIaKa

Cucremara 3a HaOJIO/IEHAE HA KAYECTBOTO HA BB3/yXa U BIUSHAETO MY BHPXY 3/IPABETO
Ha XOopaTa ce OCHOBaBA Ha MHTETPUPAH MTOIXO0/, KONTO BKJIIOYBA ChOMpaHe n 00paboTKa Ha
pasHooOpa3Hu janHu. Hue chbupame JaHHE 38 3aMbPCUTEN BbB Bb3/IyXa, JBUKEHUETO
10 II'bTUINATA, TEMIIEPATYPATA, BJIAXKHOCTTA U HAJIATAHETO OT PAa3/IMYHU U3TOYHUIN U I'U
[EHTpaIu3UpPaMe U ChXpaHsiBaMe B 001aKoBaTa MHOPACTPYKTYpa. 103U MOIXOT OCUTY Psi-
Ba CKAJIMPYEMOCT U I'bBKABOCT, ITO3BOJIIBANKI HU A CJIEIUM HAPACTBAIINATE M3MCKBAHUS
K'bM CHCTEMATA.

YUpes chbupaHeTo HA JAHHU 33 3aMbPCUTENM BbB Bb3/IyXa, IBUKEHUETO IO IbTUIIA~
Ta, TEMIIEPATypaTa, BJIAXKHOCTTA U HAJIATAHETO, HUE MOXKEM J1a IPeIoCTaBuM OOCTOITHA
[IpEe/ICTaBa 338 KAYECTBOTO HA Bb3/yxa. 1031 MOAX0/T HE CaMO 3aCHJIBA HAIETO pa3dupane
3a Ka4eCTBOTO HA Bb3JlyXa, HO M HU TO3BOJISIBA Ja B3eMeM WHMOPMUPAHU DEIIeHUs U
Jla TIpeJIIpHeMeM CBOEBDEMEHHU MEPKH 3a 3allliTa Ha ODIMEeCTBEHOTO 3/paBe M OKOJIHA-
Ta cpena. Jlanaute 3a Tpaduka ca UHTEIPUPAHM, T'bil KATO Te NpeJjiaraT uH(OpMAaIust
3a eMUCHUUTE OT MPEBO3HUTE CPEJICTBA M TIXHOTO Bb3JIEHCTBHE BHPXY KAYECTBOTO HA
Bb3ayxa. Upe3 KomMOUHUpaHe Ha JaHHUTE 3a TpadUKa ¢ U3MEPBAHUITA HA KAYeCTBOTO
Ha BB3/IyXa MOXKEM JIa OMpeIenM ODJACTUTE ¢ BHCOKO 3aMbPCSBAHE, TbJIKAINO Ce HA
3a/IP'bCTBAHNS, U 18 Pa3pabOTUM CTPATErHH 38 HAMAJISIBAHE HA 3aMbPCIBAHETO.

JlaHHuTe ce aKTyaJM3upaT B PEAJHO BPEMe, KOETO HU I03BOJISIBA Ja IPEIOCTaBIME
akTyajHa HH(MOPMAIMS 3a KAYeCTBOTO HA Bb3yXa Ha mnorpedburesurTe. VHTerparusra
HAa JaHHU OT PAa3/IMYHU M3TOYHUIN MPABU AHAJN3A M U3BJIMIAHETO HA MHMOPMAINs M0-
JecHu U edEeKTUBHU, MPEJIOCTABANKHN obeaumena maaTdopma 3a obpaboTKa Ha JTAHHU.
[Torpeburesnu ¢ pa3jIMyHU IPpaBa UMAT JIECEH JIOCT'bII J0 WHMOPMAIUITA OT BCSIKO MSCTO
C MHTEPHET BPb3KAa.

5.3 Moayn Aranns, MporHo3mpane U n3MepBaHe Ha Bb3-
AYIITHO 3aMbpCsIBaHe

Mopayssr 38 Ob6paborka Ha JJaHHN € ChPIETO HA CHCTEMATa U U3II'bJIHSIBA HIKOJIKO KJTFO-
qoBu dyukimu. Purypa MPEJIOCTABS N3YEPIIATENIEH ADXUTEKTYPEH MPErJIe]] Ha CUCTe-
MaTa 3a U3MepBaHe Ha Kav4eCTBOTO Ha Bb3yXa. s BU3yaJiHO OOPHUCYBa CJIOXKHUS TTOTOK
Ha JIaHHU MeXKJIy MOJyJINTe 3a 00pabOTKa Ha JIaHHU, IIPOrHO3UpAHe U U3MEPBaHe Ha 3a-
MbpcsBaneTo. Jluarpamara siCHO IEMOHCTPUPA KaK JJaHHUTE ce 00paboTBaT, H3I0JI3BaT 38
IIPOTHO3WPAHE U ce M3MepPBAT B peassHo Bpeme. OCBEH TOBa TS MOIIEPTABA WHTETPAIUSTA
una reorpadcku KoHTekCcT upe3 manau or ['MIC, KoeTo yiecHsiBa XOJIUCTHIHOTO Pa3dbu-
pane Ha (DYHKIIMOHAJHOCTHTE Ha cucremara. Ha mbpBO MsICTO, TO3M MOJIYJI TIPETIOCTABS
OCHOBHA IIPEJIIIO/ITOTOBKA HA JAHHUTE, BKIOYUTETHO [TOYNCTBaHe U CTPYKTypupaHe. To-
Ba O3HAYaABAa, 4e JAHHWUTE, MOJIy9YeHn OoT pasumdau usrounuim u API-ta, ce momrarar Ha
aHajm3 u 06paboTKa, 3a J1a ce rapaHTUpa TAXHATA TOYHOCT U IistocT. IIpu nouucreaneTo
Ce M3BBPINBA OTCTPAHsIBAHE HA HEBAJIMIHU WM MOBPEJICHU JTAHHU, & CTPYKTYPUPAHETO
UM B TOAXOIAI OPMAT OCUTYPSIBA MO-JIECHA HABUTAIMS W aHAJIN3 Ha WHQOPMAIUITA.
Baxkuo e ma ce mogdgeprae, de MOJIYJIBT BKJIIOYBA JBYCTHIIKOB METOJ 33 KaJuOpUpaHe ¢
MaIllMHO 0OyUYeHne, KOWTO yBeIndaBa TOYHOCTTA Ha JIAHHUTE W ' HOJATIOTBs 33 aHAJIU3.
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Qurypa 5.2: ApxurekTypHa amarpamMa, IMOKa3Balla MOTOKA HA JAHHU MEXKJIy MOJILYJINTE
3a 00paboOTKa Ha JaHHN

5.4 W3moJ/i3BaHU TEXHOJIOIUU

Python ce u3non3Ba KaTo OCHOBEH IIPOrpaMeH €3UK 3a pa3paboTKa HA CHCTEMATA, OCHUTY-
psiBaiiku I'bBKABOCT U MOIIHOCT B 0OpaboTkara Ha jaHHu. Heropara JiecHa 4€TUMOCT U
boraTusaT HAOOpP OT OMOJIMOTEKU I'0O IPABSAT MOAXOMISIN 1360p 3a 00paboTKa W aHaIu3 Ha
JAHHU.

Wsnonssanero Ha Python m 6ubsmorekure 3a Mojeupane HOCH HSIKOJIKO 3HAYUUTE]I-
HU TPEINMCTBa 3a Hamara codpryepHa cucreMa. Python mpemocraBs ymobra cpena 3a
pa3paboOTKa 1 TeCTBaHE HA MOJENH, KATO TO3BOJIABA ObP30 IPOTOTHNNPAHE U e(DEKTUBHO
MoOJIeJTUpaHe Ha JTJaHHWTE.

Python npemocrass obimpHa 1 rbBKaBa cxeMa OT OMOJMOTEKH, KOUTO Ca BaXKHU UH-
CTpYMEHTH 3a 00paboTKa Ha JaHHu. Te3u Oubimorexku, karo NumPy, pandas u SciPy,
[IPEJIOCTaBSIT MOIIHN WHCTPYMEHTH 32 aHaJIU3, MAaHUIIyJIMpaHe 1 06paboTKa HA YUCJIOBU
naaau. NumPy, mampumep, mpesoctaBst Bb3MOXKHOCT 32 €(EKTHUBHU OIEpaIui C MHO-
POMEDHU MAaCHUBHM U MaTPHUIM, KOETO € OT PElIaBaIlo 3HadeHue npu paborara ¢ JaHHHU,
MMOJIy9eHn OT (DU3UYECKH M3MEPBAHWsA, KbJETO CTPYKTypaTa Ha JAHHATE € CJIOXKHA U
M3UCKBA OBP30 U e(PEKTUBHO OOXOXKIAHE.

IToctpoen Bbpxy Python, Django mpemocTaBst KOMIIEKCHE WHCTPYMEHTH 3a Obp3a 1
ya00Ha pa3paboTka Ha yeb Ga3upaHu MpUIOKeHUs. BaykeH aclekT Ha TO3U WHCTPYMEH-
TapuyM e BrpajieHaTa oOpaboTKa Ha JaHHU U Bb3MOXKHOCTTA 33 ChXpPaHeHUe U 00paboTKa
Ha wHbOpMalus B 6a3u maHHU. Django npeocraBsi MOIIHA W yCTOWYMBA PAMKa 33 pa3-
paboTka Ha yed MPUJIOKEHUS, TOIXOISINA 3a MeJuTe Ha codTyepa.

CrpueraBarero Ha Django ¢ mHCTpyMeHTH 3a 00paboTKa Ha JaHHu, Kato NumPy u
pandas, Moxke ma ObJe M3KJIIOYATETHO IOJE3HO IPHU Pa3paboTKa Ha yebd IMPUJIOKEHUs,
KOUTO U3UCKBAT MAHUILYJIMPAHE ¥ AHAJIN3 HA JaHHU. VIHTerpanusTa Ha Te3u HHCTPYMEHTH
moMara 3a Cb3JaBAHETO Ha MOIHU yeb 6a3upaHu TPUJIOKEHMS, KOUTO pabOTIAT C JaHHN
OT Pa3/IMYHU U3TOYHUIM U OCUTYPsiBAT IEHHU aHAJUTHIHU Bb3MOXKHOCTH.

OcBen ToBa, Django mpejocTaBs Bb3MOXKHOCTU 38 M3rpaxkjaHe Ha myosmaau API,
KOETO € U3KJIFOYUTE/THO [I0JIE3HO 3a C'hb3/IaBAHETO Ha yeb IIPUJIOZKEHHSI, KOUTO IIPEIOCTABSIT
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JIOCTBII JIO JAHHU 4pe3 craHjaprusupanu warepdeiicu. ToBa yiiecHsiBa CHOMEISTHETO U
WHTErparyaTa Ha JAHHU MEXKy PA3IMIHUA CUCTEMU U TPUIOXKEHMUSI.

GraphQL mpejicTaBiisiBa MOIIEH ¥ I'bBKAB 3asiBUTEJIEH €3UK 32 paboTa C JJaHHU, KOHTO
ce M3M0JI3Ba 32 B3aMMOJEHCTBUE C PA3JUIHUTE BUJIOBE M3TOUHUIM HA JAHHU, BKJIOYU-
TesiHO 6a3u JaHHu, yeb ycayru u apyru. Upe3 n3moI3BaHeTo Ha TO3U HOIX0M KbM paboTa
C JIAHHU OCHUTyDsiBaMe IoJIsIMa I'bBKABOCT U KOHTPOJI BbPXY 3asIBKUTE 38 JJAHHU, TI03BOJIsI-
BalKy TOYHOTO U3BJIMYaHE Ha CaMO Te3U JJaHHU, KOUTO Ca HeO6XO,JII/Il\H/I 3a KOHKpeTHaTa
3aja4a UJIU IPUJIOXKEHNE.

GraphQL me camo ompoctsiBa paborara ¢ JaHHU, HO U ToAIoMara eheKTUBHOTO B3a-
UMO/JIEICTBIE MEXK Iy KJIMEHTCKATA M ChpPBbPHATA YaCT HA MPUJIOKEHUETO, KATO MPeJI0C-
TaBsl ONITUMU3UPAHN 3asIBKU U OTroBopu. To3m abcTpakTeH U IM'bBKaB IMOJAXO0M K'bM paboTa
C JIaHHU CHYETAH C HHCTPYMEHTH 3a 00paboTKa Ha JanHu, Karo NumPy u pandas, moxe
J1a ObJe OT ChINECTBEHO 3HAYEHUE MPHU CH3JABAHETO HA MPUJIOXKEHUS, KOUTO M3UCKBAT
CJIOXKHU ¥ JIMHAMUYHU 3asIBKUA K'bM JIAHHM.

Nznonssanero na GraphQL #m momorsa j1a cbhb31aBaMe IPUIOKEHHsSI, KOUTO HE CaMO
[PEJIOCTABAT MOTPEOUTEJICKO YIAOBJIECTBOPEHUE, HO U YJIECHABAT U3BJIAUYAHETO U AHAJN3A
HA JIAHHU, KOETO € OT ChINECTBEHO 3HAYEHNE B JIHEITHUS CBAT HA WH(MOPMAIUS U JIAHHU.

REST (Representational State Transfer) e apxuTekTypen crui 3a cb3gaBane Ha yeb
yeayru u API, koiiTo npejocraBsi curyper u eeKTUBEH HAYMH 33 KOMYHUKAIHS MEXK-
ny pazmmaan cucremu u npmwioxkeans. REST API npemocraBsar jiek u IpocT HAYWH 32
nocTbin 10 pecypen upes obudaitnu HTTP 3asnsku, karo GET (3a uziuvane na nanunm),
POST (3a cw3nasane Ha HOBU nanun), PUT (3a akryanusanus Ha ganuau) u DELETE
(3a M3TpUBaHE Ha JAHHM).

REST API ocurypsiBa jleceH HAUMH 3a JIOCTBI ¥ yIPABJIECHIE HA JAHHU IPe3 CTaHap-
TU3UPpaH U UHTYUTUBHU 3asdBKH, KOETO I'O IIpaBU ITOAXOIAIL 3a UHTETPallud B Pa3/INIHA
npuioxkeHus u mwiargopmu. To3u CTpyKTypupaH U Mpo3paded HAUUH Ha paboTa C JaHHU
OCHUTYPSIBA I'bBKABOCT M CKAJUPYEMOCT Ha TPUJIOKEHUSTA.

O06ra9HUAT PENO3UTOPUYM CJIY?KU KATO MEHTPATHO XPAHUJININE 38 JTAHHUTE, UIBAIIN
OT pa3jIMYHU M3TOYHUIM. ToBa BK/IIOUYBA MH(MOpMAIUs 3a KOHIEHTPAIUU Ha 3aMbpPCH-
TeJI, METEOPOJIOTUYHN JAHHU, TpadUuK U MHOTO APYru (pakKTOPH, BJIMSIENd BbPXY Ka-
9ecTBOTO Ha Bb3ayxa. Objaunata HHGPACTPYKTYPa OCUTYPSABA CUTYPHO CbXPAHEHUE W
yIpaBJieHHe Ha OrPOMHHU O0eMU JIAHHHU.

Msnonszsanero Ha obsiadna WHPPACTPYKTypa € KIYIOBO 3a 00paboTKaTa Ha TOJIEMU
obeMH OT JIAHHU W TIPEJOCTABIHETO HA YCJIYTU, KOUTO U3UCKBAT IbBKABOCT U CKAJIHU-
pyemoct. M3znomssanu ca obuaunure mwiardopmu na Amazon Web Services (AWS) u
Microsoft Azure, KouTo IPeIOCTABAT PECYPCU U YCJIYI'U 3a CbXpaHeHHe, 06paboTka u
aHaJU3 Ha JIaHHU B TJiobasieH mamad. A B kombunarust ¢ Python, Django, GraphQL u
REST API c¢bBmecTHO ¢ obsadunaTa uHMPACTPYKTYpa MPeJoCTaBsIMe UHCTPYMEHTH 34
aHaJIN3 Ha KAYECTBOTO HA Bb3JIyXa U BIAUSHUETO My BbPXY 3IPaBETO.

5.5 IIpumep 3a m3nos3BaHe Ha codTyepHaTa MHppPAac-
TPYKTypa

B ocHoBara Ha (GYyHKIMOHAJIHOCTTA HA HAINUsSL COPTYEP CTOU CHOCOOHOCTTA MYy [1a WH-
terpupa mauau or ['VIC, n3aMepBaHns Ha KAadeCTBOTO HA Bb3/yXa OT CTAIMOHAPHU W3-
MepBaTE/HU CTAHINY W JAHHUN 3a Tpaduka. Ta3um mHTErpaims ce IOCTUTra Ipe3 YCbBbP-
IMEeHCTBaHU TEeXHUKU 3a CJAMBaHE Ha JaHHH, KOUTO HU IIO3BOJIABAT Ja IIOJIYIUM IAJIOCTHA
npeacTaBa 3a Ka9€CTBOTO Ha Bb3/yXa B PA3JIMYHU IIPOCTPAHCTBEHU U BpEMEBU Mama61/1.
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Hannaute or ['YIC ocurypsiBar chiiecTBeH reorpadCKu KOHTEKCT, KOWTO HU ITO3BOJISABA J1a
OTIPEJIETMM TOYHO U3MEPBAHUATA Ha KAIECTBOTO HA Bb3/lyXa. Upe3 Hac/arBaHe Ha JIaHHHA
3a Ka4eCcTBOTO Ha Bb3xyxa u Tpaduka Bbpxy I'IC cioeBe MoxkeM Jia ujeHTHMUIIPAME
[IPOCTPAHCTBEHU MOJIEJIN, TOPEITN TOYKU M KOPEJAINH, KOUTO WHade OUXa OCTAHAJIM He-
3abesisi3anHu. Ta3u vHTErpalus € OT PeNIaBallo 3HAUYEHHe 33 HAIIUTE U3CJEIBAHUS, Tbil
KaTO HU IT03BOJISBA /@ OIEHUM Bb3JIEHICTBUETO HA MOJEIUTE Ha JBUKEeHUE U reorpadc-
KUTE XapaKTEPUCTUKU BbPXY HUBATA HA KAYECTBOTO HA Bb3IyXAa.

CodryepbT mMa OCOOHOCTTA J[a BU3yaJIu3upa HHMOPMAIHS 38 KAIECTBOTO Ha Bb3/Ly-
Xa BbpXyY MOy IsipHE I1ardopmu 3a Kaprorpadupane, kato Google Maps u OpenStreetMap.
Tazu dyuxmus TpamcopMupa HEOOPAOOTEHUTE JAHHN BbHB (HPOPMAT, KOUTO MOXKE Ja ce
TBHJIKYBa BHU3yaJlHO, KaTO YJIECHSIBA PA3MPOCTPAHEHHETO Ha BakKHa HHMOpMamms cpes
mupoka ayauropus. Moxkem j1a aHa/JM3upaMe BapualliuTe HA KAa4eCTBOTO HA Bb3IyXa
BbB BPEMETO, KATO UJACHTUMUIMPAME TEHICHIIUU U AHOMAJIUN, KOUTO Jia MOCIYZKAT KaTOo
OCHOBA 3a HAIINTE W3CJCJIOBATEJICKH pe3yiarard. To3u BpeMeBH aHAJIU3 JlaBa IIPEJICTa-
Ba 3a TOBa KaK Ce IIPOMEHsI KAYeCTBOTO HA BBL3J[yXa Ipe3 PA3JUIHUTE IacoBe Ha JICH,
CE€30HU MJIN IIPpU OIIpe/ieJIeH MeTEeOPOJIOTUYIHU yCJIOBULA.

Wurerpupanero Ha Te3n pa3HooOpa3HU M3TOYHUIM HA JAHHU B CHIVIACYBAHA DAMKA
HU JIaBa Bb3MOXKHOCT J[a HAIPABUM 3HAYUMHU 3aKJIFOUEHHs 33 KAIEeCTBOTO Ha Bb3IyXa U
B3aMMOJIEHCTBAETO MY C OKOJIHATA CPE/JIa, KATO JOIPUHACH 33 JIbJIOOUNHATA 1 BCEOOXBAT-
HOCTTA HA HAIUTE U3CJIEIBAHMNS.

AirLief e MmobuiHO TIPHIOXKEHME 38 KAYECTBO HA BbH3JIyXa, pazpaboTeHo 3a miaardop-
mure Ha 10S u Aunpous. To e 6e3mraTHO MPUTOKEHNE ¢ OTBOPEH JOCTHII, KATO TIOKA3BA
Ha [OTPEOUTEIIsT KOJIKO € 3aMbPCEH Bb3/yXa OKOJIO Hero Ha 06a3a HeroBaTa T'eOJIOKAIWS.
AirLief B3uma mganauTEe OT codryepHaTa cucrema, n3noassaiiku API-to, cb3mganeno 3a
KOMYHUKAIWS HA JAHHU U3BbH CUCTEMATA.

JlaHHU 3a CbCTOSTHUETO Ha Bb3JlyXa U aTMOCGEDHHU JIAHHU Ce PA3IpPOCTPAHSIBAT OT
codryepHaTa cuCTEMa KbM MOOUIHOTO IIPUJIOYKEHNE UPe3 Chb3/Ia IeHN 3a IesiTa HHPPACT-
DPYKTYDPHU KpaliHu TOYKH (€HIIOWHTH). 3a JIECHO [OJIaBaHe HA JAHHU K'bM HAIIATa CUCTe-
Ma Biau3a undopmanus 3a jJokanus (GPS koopaunaTu), reorpadcku paIuyc Wim rpaj u
M3JIM3aT JAHHHU 338 KA9eCTBOTO HA Bb3/[yXa B PEAJHO BPEME CIIPSIMO HAIpABEHATA 3asIBKA.
3a npusoxkennero AirLief ca Hanpasern 3 nHbpacTpyKTypHU KpaiiHU TOUKK (€HIIONH-
™)

e VlsmepBanus ¢ Hail-6auskara rouka (Bxomuu ganum: GPS koopaunarn): Tosu eng-
[IOMHT II03BOJIsIBa, IIOTPEOUTEIUTE Ja [OJIydaT PE3YJITAaTH OT Haii-OJiM3KaTa u3Mep-
BaTEeJIHA CTAHIMS, Pa3IoJIOXKeHa 0 MSICTOTO ¢be 3amagenute GPS koopannarm.
Tosa ocurypsia uHMOpMAIUs 38 TEKYIIOTO KAYECTBO HA Bb3/yXa B KOHKPETHATA
JIOKAIIHS.

e llsmepBanus 110 mecronosioxkenue (Bxonuu ganuu: GPS koopaunaru, pajuyc B KM):
To3n enamoOftHT 1O3BOJISIBA HA MOTPEOUTENNTE J1a IMOJIYYAT CPEIHOAPUTMETUIHU
CTOMHOCTH Ha M3MEpPBAHUSA OT BCUYKU U3MEPBATEJHU CTAHIINU B PAJINYC OT OIIPeJie-
JieHn KujioMeTpu okoJio 3aagernre GPS koopauaaru. ToBa jaBa 06001IeHa TIpe -
CTaBa 3a KadeCTBOTO Ha Bb3/lyXa B OIPE/iesIeH PailoH.

e llsmepBanug 1o rpaj; (BXOAHU JaHHH: MMe Ha Ipaja): To3u eHAmoifHT no3BoJIABa
Ha TOTPEOUTEINTE /1A TOJYIAT CPEIHOAPUTMETHIHNA CTONHOCTH HA U3MEPBAHUSATA
OT BCHYKHU U3MEPBATEIHU CTAHIIMKM B OIPEe/IeH I'paJ W HAaceJIeHo MsicTo. Tosa
IpeIocTaBs MHQPOPMAINUA 32 Ka4eCTBOTO HA Bb3/yXa B PAMKUTE HA KOHKDETHHS
rpa/Ji U HaCEeJIEHO MSCTO.
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Te3u nadpacTpyKTYypHE KPAHU TOYKA TPEIOCTABAT I'bBKABOCT M yIOOCTBO TIPU W3-
BJIMYAHE HA JAHHU 33 3aMbPCABAHETO HA BH3/yXa U JOMPUHACAT KbM 0bIupHaTa OyHK-
[IMOHAJIHOCT Ha cOpTyepHATa CUCTEMA 3a CJIeJIEHE U yIPABJIEHIE HA KAIeCTBOTO HA Bb3-
Jyxa. B MOOMTHOTO IIPUJIOZKEHME Ca MOKA3aHM Ha HMOTPEOUTE/INTE I10 JIECEH U JIOCT'bIIEH
HAYMH.

AirLief app mosyvaBa JaHHEH ¥ mpenpenaBa MO JOCTHIEH HAYUH UHMOPMAIMS 32
BB3JYITHOTO 3aMbpcsiBane 3a Hags 100 mbpykaBu ot okojo 15000 crammum. A camoTo
nputoxkenue ce m3noas3sa B 70 mpbpxkaBu or Hag 70000 morpebutens, @urypa 5.3l To
ce CbCTOU OT JAIIOOp/, KOMTO IIOKa3Ba Ha IIOTPEOHUTEsIS II0 JIOCT'bIIEH U JIECEH 3a pas-
OupaHe HAYUH MOMEHTHOTO CbCTOSIHUE Ha Bb3JyXa; KapTa, KOSTO IMOKa3Ba CTOWHOCTUTE
OT CTAIIMOHAPHUTE CTAHIINW; BBb3MOXKHOCT 38 JI0ABSHE Ha JIIOOMMHU CTAHIIMA W CbBETH
3a NEPCOHAJIHO NPeIasBaHe OT Bb3JyHIHO 3ambpessane. Ha Purypa [5.4] e nsobpaszeno
KaK CaMOTO MOOWJIHO IPUJIOKEHUE IIPEBPBINA CYPOBUATE JAHHU IOJIyIeHU OT codTyep-
Hata cucrema B VHmeke 3a Kadecrsoro Ha Bb3gyxa (MKB). MHmeke, KOHTO AUPEKTHO
KOpeJINpa € Bb3JIeCTBUETO Ha Bb3YIITHOTO 3aMbPCsBaHE BbPXY YOBEIIKHUS OPTaHU3bM,
KaToO B HEro Bjam3ar ocBeH maMmapBaHusTa Ha OIIY u apyru, KaTo 030HOBO 3aMbPCSIBAHE,
a30T€H JIUOKCUJ U JPYTH.

Q@urypa 5.3: AirLief App - egHo oT npusoxkeHusTa Ha pa3paboreHaTa coPTyepHa CUCTe-
Ma, KOETO II0Ka3Ba aKTYaJIHO Bb3JYIIHO 3aMbPCsABAHE OT CTAIMOHADHU CEH30DH

Ha ¢urypa[5.4] ce Bux/1a KaK IPUIOKEHHETO.

Asmopegepamu Ha ducepmavuu 2025 (3) 43-96



MOJEJINPAHE HA KAYUECTBOTO HA ATMOC®EPHNA Bb3JIYX BLPXYV ... 84

Qurypa 5.4: AirLief App - MOOMJIHOTO IIPUJIOYKEHKE, KOETO IIPEBPbINA CYPOBUTE JAHHU B
pasbupaem Nnzeke 3a Kadecrsoro na Bbanyxa (MKB)

Asmopeghepamu Ha ducepmavuu 2025 (3) 43-96



85 Ilerwp Kuskos

I'maBa 6

SaKJII0UYeHUe

B muceprarmonnus Tpyn e medunupana e u 4 3a1a9u 3a HEHHOTO MOCTUTAHE.

JlucepTaimOHHUAT TPY/T U3CIEIBA BPB3KATA MEXK/TY Bb3YIITHOTO 3aMbPCIBAHE U OCT-
pure 3aboJisiBanusi, 6a3upaiiku ce Ha JaHHU OT jBe GosHuim u 6bp3a nmomorr B Codust.
Pazpaboreno e pemnrenue 3a Kanubpupane Ha gaHan ot estunu loT cranmum 3a usmep-
Bane Ha PIIY upe3 mamumHHO 00yUeHME, KOETO TIOIOOPSIBA TOYHOCTTA HA U3MEPBAHUSITA.
B recToBeTe ¢ W3KYyCTBEHH HEBPOHHHU Mpexku R? ce momobpsasa snauutenno (ot 0.62 mHa
0.95). Uzpaboren e 1 MeTOJ 3a OITUMU3AIMS HA BEJIOCUIIEHUA MAPIIPYTH CIIOPEJ HUBATA
HA 3aMbPCABaHE, KATO TECTOBETE TOKa3BaT 67% mo-706pu pe3ysITaTh CIpsiMO ajTepHa-
TUBHU peleHus. Bcuyku 3a/1a4u ca HHTErPUPAHU B MamadupyeMa copryepHa cICTeMa 3a
00paboTKa U BU3yaJIM3allys Ha JaHHU, U3I0JI3BaHA U OT MOOUJIHO IIPUJIOXKEHNE C XUJISIIIU
TOTPEOUTEIH.

Hay4gHo-npuio>kKHU OIPUHOCHU

1. HanpaBeH € CTaTUCTUYICCKU aHaJIN3 3a KopeJslallusd Me2K/1y BbH3IYITHOTO 3aMbpPCABaHE
U IIOCTBIIJICHUATA B 60.HHI/H_LI/I u 633p3a IIOMOIIL, C KOUTO Ca OIIpeJaeJICHU BaKHU IIPUINHHO-
CJIEACTBECHU BPDH3KU.

2. Paspaboren e ajaropurbM 3a KaJuOpUpaHe HA JIA3epHU CEH30PU UPE3 JIBYCTHIIKOB
METOJI C MTOMOINTa Ha M3KYyCTBEHU HEBPOHHU MpPEXKW W IETEKINs Ha aHoMajanu. To3n
MHOBATUBEH METOJ TOIIbPrKa MO-HAJMEXKIHN U TOTHU U3MEPBAHUS OT JIA3ePHUTE CEH30pU
7 UMa TOTEHINAJ Ja ObJie U3MOI3BaH B IUPOK CHEKTHP OT CEH30PHU MTPUIOKEHUSI.

3. Pazpaboren e asropurbM, KONTO OIEHSBA BIMSHUETO HA BJIAXKHOCTTA, BUCOYMHATA
1 aTMOCHEPHOTO HAJISITAHE BbPXY KAYeCTBOTO HA JIAHHUTE 3& BBH3JYIITHO 3aMbPCIBAHE OT
JIa3epHU CeH30pH. TOBa MO3BOJISIBA MO-II'bJIHO M TOYHO pa3bupane Ha (DaKTOpHUTe, BJIHS-
eIl BbPXY 3aM'bPCSIBAHETO Ha BbB3IyXa U MOXKe Jia Oble MPUIOKUM U BbB BEPTUKAJIHO
IUTAHITPAHE.

4. PazpaboTeH e aJropuTbM 3a M3YHCJIEHHE HA HAN-TIOIXOJSIN II'bT 38 IPEMUHABAHE
Ha BEJIOCUIIEJUCT, OCHOBaBaliku ce Ha KounenrpanusaTa na OIIY. Tosu meronm na maprmi-
Py THU3AIHS TO/IIIOMAara 3J{paBOCJOBHIS HAYUH HA YKUBOT U HACHPUIABA YCTOWINBUST HAUMH
Ha TPUJBIZKBAHE B I'PaJlOBETE.
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ITpunoxxHu puHOCHU

1. Paspaboten e codryep 3a xamubpupane Ha gamaure 3a OIIY or smazepun cemzopw,
B3UMaiiku pernepHu JgaHHu OoT oduimajnuTe naMepparennun cranmuun #a MOCB. Tosu
codTyep M0O3BOJISIBA HA OPraHU3alMNATE 38 KOHTPOJI HA KAIeCTBOTO Ha Bb3JyXa Ja U3I0JI-
3BaT MO-HAJEXK/IHN JAHHU 33 B3€MaHe HA PEINeHUs U YIPABICHUE Ha 3aMbPCIBAHETO.

2. Pazpaboren e codryep, KOUTO OTYNTA BJIUAHAETO HA BJIAXKHOCTTA, BHUCOYMHATA
u aTMocdepHOTO Hajsrane u momobpsisa ganauTe 3a OIIY ot masepru censopu. Tosm
codryep MoXKe 51a Objie U3M0JI3BAH OT T'PAJICKUTE BJIACTH U 3PABHU OPraHU3AINH, 32 Ja
HaOJII0aBaT U YIIPaBJIsiBAT KAYECTBOTO HA Bb3J[yXa B PEAJIHO BpEME.

3. Paspaboren e codryep 3a HaMupaHe Ha HAW-TOIXOMMAII IIHT 33 IIPEeMUHABAHE HA
BestocuneucT basupaiiku ce Ha naxaganuaTra Ha OIITY. Tosu codryep moxe ga 6b1€ O-
JI€3€H 38 WH/IUBU/LyaTHU BEJIOCUIIEIUCTU U IPAJICKE HHPPACTPYKTYPH, KOUTO HACHPUIABAT
BEJIOCUTIETHOTO JIBUKEHIE.

4. Pazpaborena e IoT maardopma 3a arperaius U aHaJIU3UPaHe HAa CEH30PHU JIAHHU
3a KavecTBO Ha Bb3ayxa. 103u codTyep moanoMara aBToOMaTH3AIUSTa U YJIECHSIBA, WHTET-
panusiTa Ha TAHHUA OT PA3JIMYHU U3TOYHUIIH, MOI00PABaiiku eEeKTUBHOCTTa U TOTHOCTTA
Ha HaOJIIOJIEHUETO 3a KA4eCTBOTO Ha Bb3ryxa. OCBEH METEOPOJIOTMYHU JAHHU WHTETDU-
panu ca u garau 3a Tpaduk u GIS. Ilnardopmara Busyaansnpa KapTu, KATO I'H JTOTbIBA
C U3MEPBaHUsSI OT CEH30PUTE 33 KAaYeCTBO Ha Bb3JlyXa W JAHHU 33 HACTOSIIO ChCTOSHUE
Ha TpaduKa.
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6.2 lekapalius 3a OpUTAHAJJIHOCT

Heknapupam, 9e AUCEPTAIMOHHUAST TPYJ, CbIbPKA OPUTMHAJHU PE3YJITATH, IOy IeHH,
IIPU IPOBEJEHU OT MEH, Hay4YHU U3CJIe/IBAHNA C IIOJKpenaTa U CbAeiiCTBUETO Ha HAYYHUA

MU PBHKOBOJIUTE.
Pesynrarure, KOUTO Ca MOJy9eHH, ONUCAHU U/WIU MyOJUKYBaHU OT JAPYTU YUECHH, Ca
KOPEKTHO U MOJAPOOHO MUTUPaHU B 6ubnorpadusTa.

HaCTOHH_[I/ISIT JAUCEPTAINOHEH TPY/ HE € IIpUuJjlaral 3a HpI/I,ILO6I/IBaHe Ha HaydHa CTEIICH
B IPpyT'O BUCINEC YYWUJIAINE, YHUBEPCUTET NI HAYI€H UHCTUTYT.

Tlomnuc:
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