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ABSTRACT

In smart city development, addressing air pollution and climate change through advanced environmental monitoring
systems is crucial for enhancing urban quality of life and public health. This study focuses on the architecture of
an intelligent system designed for real-time environmental monitoring in smart cities. The system aims to improve
urban quality of life by addressing air pollution and climate change and assessing their impact on public health.
The proposed system uses Arduino technology and integrated sensors to monitor PM10, PM2.5, toxic gases, and
temperature. It incorporates a database in InfluxDB and Node-RED for efficient data management and visualization.
The analysis employs the Knowledge Discovery in Data (KDD) methodology, Principal Component Analysis (PCA),
and the DBSCAN algorithm for clustering high-pollution areas. The findings highlight the significant impact
of air quality variables on environmental comfort. The system effectively identifies areas with high pollution
levels, enabling informed urban planning and decision-making. In conclusion, this study emphasizes the need
for effective air quality management and cross-sector collaboration to create healthier urban environments. The
intelligent system demonstrates the potential for enhancing environmental comfort and addressing the environmental
challenges of modern cities.
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1 INTRODUCTION making, fostering a more inclusive and responsive
governance system. Environmentally, a smart city
integrates urban living with ecological responsibilities,

A smart city can be conceptualized as a traditional promoting sustainability and encouraging lifestyles that

urban environment augmented with innovative features
designed to enhance the quality of life for its citizens and
promote overall well-being. Economically, integrating
technology within a smart city can stimulate and
revitalize the local economy, fostering the growth of
the digital economy. Socially, a smart city encourages
the formation of online communities and enriches
social life by providing platforms for interaction and
engagement. Politically, a smart city enhances citizen
participation and engagement through online decision-

preserve natural elements, such as green corridors for
flora and fauna. Technologically, a smart city is
characterized by its advanced infrastructure and services,
leveraging cutting-edge technology to improve urban
living conditions and efficiency [4].

To further understand the implications of smart cities,
it is crucial to examine the environmental system, which
provides valuable insights into the functioning of a
city. As noted by Cueva, Lopera, and Torner [40],
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humans have historically sought to understand the
interplay between climatic conditions and human well-
being, particularly regarding bio-climatic comfort. In
his study, Hippocrates posited that health and well-being
are intrinsically linked to climate. His treatise “On
Air, Water, and Places” emphasized that elements such
as air, water, and climatic conditions are crucial for
the health of a city’s inhabitants. Consequently, it is
evident that environmental factors significantly impact
an individual’s health, well-being, and happiness [40],
[4].

Given the significance of environmental factors,
defining comfort is inherently complex due to its
subjective nature and the necessity to encompass various
perspectives.  Several researchers describe comfort
primarily as a state of climatic or thermal well-
being; however, it also encompasses other forms of
material satisfaction. This well-being is emphasized
due to a harmonious balance between humans and their
environment, making it a topic of ongoing interest and
diverse interpretations [40].

Building on these concepts, Max Sorre, in his
study The Foundations of Human Geography, discusses
the concept of climatic comfort and its relationship
with the micro-climate of cities and human-induced
modifications [46]. The sustainability and livability
of urban environments are pivotal aspects of this
discourse.  Consequently, smart cities endeavor to
integrate advanced technologies across environmental
sectors to address these concerns. Key initiatives include
reducing CO2 emissions, controlling airborne pollutants,
and managing water resources more efficiently. The
incorporation of greenery into urban areas enhances
both residents’ well-being and the health of ecosystems.
Furthermore, efforts to minimize waste generation and
improve waste management are crucial in advancing
the circular economy. Metrics such as temperature,
humidity, toxic gases, particulate matter, and noise
pollution are vital for assessing human comfort in these
settings.

However, migrating people from rural to urban areas
leads to a scarcity of natural resources and environmental
challenges in both cities and resource extraction areas.
Uncontrolled urban growth exacerbates climate change,
as urban areas account for 70% of greenhouse gas (GHG)
emissions, with urban transport contributing 40% of
these emissions. The primary issues associated with this
growth include high resource consumption, pollution,
and waste generation, with significant pollutants being
carbon dioxide, nitrogen oxide, and tropospheric ozone.

To address these environmental challenges, CETESB
DE PORTAS ABERTAS' presented a vehicle pollution

! https://cetesb.sp.gov.br/

control plan for 2023-2025, responding to Brazil’s
vehicle fleet reaching 947,743 vehicles in 20222. This
plan includes (a) regulation and control of new and
existing vehicles and (b) institutional and technological
actions. Additionally, there is an emphasized need for
advanced monitoring systems for specific locations. This
project aims to develop a real-time response system to
address these challenges.

Building on the regulatory and technological
frameworks, this study aims to explore various
researchers’ perspectives on the concepts of intelligence
and environmental comfort to develop an intelligent
system that assesses environmental impact. This system
will enable individuals to monitor the state of the
environment in real-time and travel safely. The research
will delve into multiple viewpoints within the field
of environmental comfort and create a monitoring
system to track levels of hazardous gases such as
carbon monoxide (CO), ozone (O3), nitrogen dioxide
(NO2), and particulate matter (PM2.5 and PM10), using
Arduino and integrated sensors as the primary tracking
mechanism.

Furthermore, sensor data will be gathered and
analyzed to establish correlations and determine the
environmental comfort level. The study will also expand
the scope of applications for environmental intelligence
and evaluate different data mining techniques to
enhance the system’s effectiveness. The proposed
research project investigates whether the combination
of temperature, humidity, toxic gases, and particulate
matter can indicate human comfort. The study is driven
by specific inquiry questions, such as (a) identifying
elements that influence individuals’ comfort within
their surroundings, (b) evaluating existing technological
solutions for assessing environmental comfort impacts,
(c) analyzing how short-term exposure to environmental
pollutant concentrations (measured in pg/m3) affects
the health and comfort of Campinas residents, and (d)
determining minimal contamination levels that may pose
health risks. This research aims to comprehensively
understand the factors contributing to human comfort
and health, assess current technologies, and identify
critical pollutant thresholds.

Viewed through the lens of smart cities, this project
initiates discussions involving multiple stakeholders to
foster a secure, hygienic, and conducive environment for
a high quality of life. This study provides insights into
how the environment influences urban settings. While
previous studies have primarily focused on technological
interventions to enhance citizen safety, none have
addressed the measurement of environmental comfort.

2 https://cetesb.sp.gov.br/veicular/wp-content/uploads/sites/6/2023/04/Plano-

de-Controle-de-Prevencao-Veicular-2023-2025.pdf
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This research endeavor introduces pioneering efforts
in environmental monitoring through sensor-based data
collection, processing, and dissemination of real-time
information pertinent to environmental comfort.

The following sections will outline the proposed
research methodology and system architecture, discuss
the theoretical foundations of our approach, and present
an analysis to evaluate the effectiveness of the modified
method. Additionally, we will provide a comprehensive
review of the environmental landscape in Brazil. Finally,
we will discuss the practical implications of this
approach and suggest avenues for future research.

1.1 Key Contributions

In the growing concerns about sustainability and well-
being in smart cities, this research comprehensively
addresses the challenges and opportunities in air quality
management and urban comfort. Through an innovative
approach that combines advanced technologies with
rigorous analytical methodologies, the study aims to
provide practical and effective solutions to enhance
public health and quality of life in urban environments.
The following highlights the key contributions of this
work, which reflect both the impact of the research on
understanding atmospheric pollution and its practical
application in the design and management of sustainable
smart cities:

1. Impact of Atmospheric Pollution on Public
Health: The study underscores the severe threat
that air pollution poses to public health. The
research significantly contributes by addressing
the need for constant and efficient air quality
monitoring in smart cities, which is crucial for
mitigating health risks associated with atmospheric
pollution and protecting vulnerable communities.

2. Challenges of Toxic Gas and Particulate Matter
Pollution: The analysis addresses the challenges
associated with pollution from toxic gases and
particulate matter (PM), which adversely affect
human health, such as respiratory problems and
cardiovascular diseases. The research provides
a practical solution by developing an intelligent
system that uses advanced sensors for real-time
detection and monitoring of these pollutants,
offering a valuable tool for proactive air quality
management.

3. Urban Comfort and Climate Well-being: The
work highlights the importance of thermal comfort
and humidity in the perception of well-being
in urban settings. An integrated approach is
proposed that considers air quality and other

. Intersection of Urban

environmental factors such as temperature and
humidity. This holistic approach is essential for
designing sustainable and pleasant cities for their
inhabitants, enhancing their quality of life.

Planning and
Environmental Health: The research emphasizes
the need to integrate urban planning and
environmental health. It presents a framework
for analyzing the environmental impact on public
health within the context of smart cities. This
provides crucial data for urban planners and
promotes urban development that prioritizes the
well-being of citizens.

. Relevance of Real-Time Monitoring: The

study highlights the importance of systems that
enable continuous air quality monitoring and
other environmental parameters. The contribution
of designing an IoT-based system for real-time
monitoring allows for proactive environmental
management, facilitating early intervention and
improving response capacity to pollution events.

. Application of Knowledge Discovery in Data

(KDD) Methodology: The research rigorously
applies the KDD methodology to extract valuable
insights from the collected data. The KDD process
in this study includes data selection, statistical
analysis, and pattern identification using advanced
techniques such as histograms and key statistical
measures. This structured approach ensures a deep
understanding of air quality data, allowing for the
identification of extreme values that could represent
risks to public health. The KDD methodology
provides a solid foundation for improving future air
quality management technologies and policies.

. Analysis of Low-Cost Sensors for Measuring

Environmental Variables: The study also
examines the application of low-cost sensors to
measure key environmental variables, which
reduces monitoring costs and expands the
accessibility of these technologies in resource-
limited areas. This strategy facilitates the
implementation of monitoring systems in various
contexts, promoting sustainability and equity in
environmental management.

. Presentation of a Reference Framework for

IoT Architecture: Finally, the research offers a
reference framework for the IoT architecture used
in the monitoring system. This framework is crucial
for effectively integrating sensors, communication
modules, and analysis platforms, providing a solid
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basis for future developments in environmental
quality management in smart cities.

The research presents a comprehensive technological
solution that addresses the challenges of air quality and
urban comfort, highlighting the application of the KDD
methodology for in-depth data analysis. The study
significantly contributes to creating healthier and more
sustainable cities through advanced technologies and
real-time monitoring, improving citizens’ quality of life,
and promoting environmental well-being.

2 RELATED WORK

In this section, we emphasize the critical importance
of the environment for public health and the severe
consequences of environmental degradation. We
describe several polluting variables and analyze their
impact on citizens’ health. Additionally, we explore
fundamental concepts related to data mining, sensors,
and architectures presented in similar projects.

2.1 Particulate Matter and Air Quality

Several environmental studies underscore the
significance of particulate matter (PM10 and PM2.5)
suspended in the atmosphere. For instance, [25]
provides a spatio-temporal analysis of PMI10 and
PM2.5, elucidating the direct impact of factors such
as wind direction, road infrastructure, and the spatial
dispersion of pollutant sources on their concentrations.

Related research by [17] and [35] characterizes air
quality through the lens of PM 10 and PM2.5 levels. [17]
reveals average PM2.5 values of 30.11 ug/m3 and PM10
values of 39.82 pg/m3, indicating a direct correlation
between ambient temperature and particulate matter
concentration, while relative humidity shows an inverse
relationship.

In Colombia, studies on air quality and particulate
matter by [37] and [9] provide significant insights. [37]
discusses variations in particle diameters attributed to
emission sources and examines the physical factors
affecting particle re-suspension.  Concurrently, [9]
investigates the influence of travel patterns, traffic
volume, and street layout on pollutant exposure,
employing a methodology involving area analysis,
particle monitoring, inhalation rate adjustment, and data
collection.

The application of data science and computational
techniques in air pollution analysis is also noteworthy.
[44] employs the CART method to partition observations
into homogeneous terminal nodes. Similarly, [49]
demonstrates the significant influence of meteorological
and air pollution factors on fine dust using machine

learning algorithms, such as linear regression and
decision trees. Furthermore, [1] advocates using MLP-
NN neural networks to model particulate matter due to
its non-linear characteristics.

Researchers have also addressed monitoring toxic
gases such as HCN, CO, H2S, NO2, NH3, and SO2. For
example, [50] utilizes IoT technology with components
like the STM32F103 chip and a wireless transmission
module. At the same time, [30] proposes a sensor system
that sends alerts via GSM when pollutant levels exceed
predefined limits.

For thermal comfort determination, [34] and [28]
analyze relative humidity and temperature using
programs like Labview for monitoring, data acquisition,
and parameter calculation.

Big data technologies have proven valuable for
environmental monitoring. [45] discusses using Apache,
MapReduce, HBase, data mining, and visualization for
Environmental Monitoring and Management Systems
(EMMS). Additionally, [16] proposes novel data
visualization dashboards to support anomaly prediction
and enhance decision-making.

In summary, modern technologies and analytical
techniques are essential for understanding and mitigating
the impact of air pollution on public health.

2.2 Architecture and Components

The architecture described in [45] leverages sensor
technology to collect data, which is then processed in
an upper layer using various big data technologies and
data mining techniques. This process transforms raw
data into useful information for different applications,
addressing the needs of Environmental Monitoring
and Management Systems (EMMS). For environmental
monitoring using the Internet of Things (IoT), authors in
[20] implemented a 4-layer architecture:

* Application Layer: This layer stores, organizes,
processes, and shares environmental data and other
information obtained from sensors, devices, and
web services. It also includes decision-making
functions through monitoring various variables.

e Middleware Layer: Positioned between the network
layer and the application layer, this layer utilizes
software, tools, models, and platforms for data
management.

* Network Layer: Responsible for transmitting
information and interconnecting systems and
platforms.  This layer is divided into access
networks (short-range wireless networks) and
transport networks (WAN networks).
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* Perception Layer: Collects data and information
about physical factors related to environmental
monitoring and management.  Real-time data
collection based on IoT in this layer involves using
multiple sensors, including RS platforms, on-site
instruments, mobile technology, RFID, and other
Sensors.

The EMMS architecture is depicted in Figure 1.

APPLICATION LAYER (WEB AND APP)

Environmental

Quality Prediction Analysis
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Air Quality Map ‘
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Figure 1: Detailed Architecture of the Environmental
Monitoring and Management System (EMMS),
illustrating the interactions between the sensing,
processing, and application layers.

The Environmental Monitoring and Management
System (EMMS) architecture comprises three primary
layers: sensing, processing, and application. The
sensing layer is responsible for collecting various types
of data, including air quality data, meteorological
data, and sensor data. This data is then transmitted
to the processing layer, which comprises several
components: data processing, data storage, and Hadoop
tools.  The data process component handles the
processing model, data fusion, standardization, and
filtering. = The data storage component features a
Data Warehouse (DW) that supports dynamic expansion
and integrates NoSQL databases for scalable data
management. Hadoop tools® within the processing layer
facilitate data visualization, data processing with Hive?,
and large-scale data analysis using MapReduce and
stream technology. Finally, the application layer utilizes
the processed data to provide user-facing services such
as air quality maps, environmental quality prediction,

3 https://hadoop.apache.org/
4 https://hive.apache.org/

and pollution sources analysis through web and mobile
applications. This layered architecture ensures efficient
data collection, processing, storage, and visualization,
enabling comprehensive environmental monitoring and
management.

2.3 Environment, Society, and Health

From its inception to today, humanity has contended
with myriad challenges to survive as a species on
Earth. From addressing hunger to adapting to extreme
temperatures, humans have continually sought new ways
to navigate their environment.

As society has evolved, diverse cultural groups have
emerged, each characterized by distinct behaviors and
values. Human interaction with biotic and abiotic
elements has led to adverse effects, some of which carry
irreversible consequences. Such issues, as detailed by
[12], are recognized as ecological problems.

Human activities generate particles, gases, vapors,
and other atmospheric pollutants, crucial in transmitting
airborne diseases and significant for public health.
Scholars have noted that air pollution disproportionately
impacts impoverished communities, even within affluent
nations.  Karti Sandilya, a study author from the
NGO Pure Earth, underscores the interconnectedness of
pollution, poverty, health, and social injustice.

In 2015, pollution in Brazil accounted for 101,739
deaths, accounting for 7.49% of the country’s total
fatalities. Of these, 70,685 deaths were attributed to air
pollution alone. Brazil ranked 148th globally regarding
pollution-related deaths, trailing behind neighboring
South American countries such as Uruguay, Chile, and
Ecuador. This analysis, conducted by The Lancet,
encompassed 188 countries [33].

2.4 Atmospheric Pollution

Toxic gas pollution occurs when the Earth’s atmospheric
composition is altered by solid or liquid gases or
suspended particles in proportions different from natural
levels, posing significant risks to human health. These
gases can damage various materials, reduce visibility,
and emit unpleasant odors, constituting detrimental
environmental changes [26].

Certain industries release hazardous gases into the
atmosphere. Pollution from specific sources can disperse
across extensive geographic regions with relatively
minimal localized impact. However, diffuse pollution
can be concentrated by wind patterns and topographical
features, leading to significant effects in urban areas.
Since the 1970s, chlorofluorocarbons (CFCs) have been
identified as potent greenhouse gases, significantly



Open Journal of Internet of Things (OJIOT), Volume 9, Issue 1, 2024

contributing to the depletion of the ozone layer in the
stratosphere.

Indoor air pollution arises from various sources,
including tobacco use, specific construction materials,
cleaning agents, and household furnishings. Many
researchers posit that this pollution also contributes to
global warming [3]. Chlorofluorocarbons (CFCs) are
primarily responsible for damaging the ozone layer.
Typically, pollutants disperse from their origins without
accumulating to hazardous levels. However, weather
patterns can transport pollutants from land sources,
posing risks to previously clean environments. Health
issues associated with increased air pollution include
impaired lung function and elevated risks of heart attacks
[18]. The dispersion of pollutants in the atmosphere and
their subsequent effects play a critical role in the overall
impact of air pollution.

2.5 Toxic Gases

Toxic gases are substances that, when inhaled over
time, can exert various effects on human health, ranging
from unconsciousness to potentially fatal outcomes if
untreated.  These gases pose significant risks and
challenges for the environment and living organisms at
high atmospheric concentrations. While some pollutant
gases originate naturally, such as those emitted by
volcanic activity, industrial activities, including fossil
fuel combustion and heavy road traffic, significantly
contribute to their production [11]. Table 1 displays
the Air Quality Guideline levels the World Health
Organization set.

Table 1: Air Quality Guideline levels and interim
targets for CO, NO,, and NHj (in g/ mg, ppm)

Recommendation | CO NO, NH;

Interim target 1 7,0.006 | 120, 0.064 | 800, 1.149
Interim target 2 N/A 50, 0.027 | 400, 0.574
AQG level 4 25,0.013 200, 0.287

Common pollutant gases include sulfur compounds,
carbon monoxide (CO), sulfur dioxide (SO2), nitrogen
dioxide (NO2), and ammonia (NH3). Sulfur compounds,
released during the combustion of coal or oil, irritate
the eyes and respiratory system, exacerbating respiratory
diseases, particularly in vulnerable populations. Carbon
monoxide (CO), a colorless and odorless gas, displaces
oxygen in the bloodstream, causing symptoms ranging
from headaches to death at high concentrations. Sulfur
dioxide (SO2), known for its pungent odor, is emitted
from combustion processes and industrial activities,
contributing to air pollution and acid rain formation.
Nitrogen dioxide (NO2), produced from fuel combustion

in vehicles and industrial processes, is a toxic gas
characterized by a strong odor and brown color.
Ammonia (NH3), originating from the decomposition of
organic matter and agricultural practices, contributes to
nitrogen oxide formation, posing health risks to humans
[11].

2.6 Particulate Material

Particulate matter (PM) in the atmosphere is a mix of
solid and liquid particles, with diameters ranging from
20 microns to less than 0.05 microns. Due to its complex
nature, PM is characterized not only by its concentration
but also by its diameter, chemical composition, phase,
and morphology [43]. Table 2 classifies types of
particulate matter harmful to human health. Smaller
particles are particularly dangerous as they can penetrate
deeper into the respiratory tract, potentially causing
severe health issues and even death [22].

Table 2: Particulate Material Types

Particulate Matter | Diameter Name

PM 0.1 up to 0.1 um | Ultrafine

PM 2.5 0.1t0 2.5 um | Fine

PM 10 25t0 10 um | Coarse

PTS 10 to 50 ym Thick Inhalable

Fine particles, often resulting from combustion
processes in vehicles, industries, and biomass burning,
differ from coarse inhalable particles generated by
mechanical processes like wind erosion, sea waves, and
grinding operations. Particle size significantly influences
their health impact, with smaller particles such as PM2.5
being linked to respiratory and cardiovascular issues on
a global scale [8].

In its 2005 global update, the World Health
Organization (WHO)> established interim targets for air
quality to reduce high concentrations of air pollutants
that pose severe health risks. Table 3 presents the short-
term (24-hour) exposure levels for PM10 and PM2.5.

Table 3: AQG level and interim targets for PM;, and

PMs 5
Recommendation | PM;g (ug/m®) | PM, 5 (ug/m®)
Interim target 1 150 75
Interim target 2 100 50
Interim target 3 75 37.5
Interim target 4 50 25
AQG level 45 15

3 https://www.who.int/
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The recommended short-term PM2.5 Air Quality
Guideline (AQG) level is 15 pg/m3, and for PMI10,
it is 45 pg/m3. These levels are defined as the 99th
percentile of the annual distribution of 24-hour average
concentrations. Exposure to PM2.5 at these levels
is associated with varying mortality rates at different
interim target levels.

2.7 Comfort, Humidity, and Heatwave

In the 20th century, studies on the relationship between
humans, cities, and climate began with the pioneering
work of [32] and [13]. These studies initiated
urban climate research, highlighting the importance of
understanding energy and humidity balances for bio-
climatic comfort. Urban environments can positively and
negatively impact comfort, prompting recent research to
focus on the intersection of urban climate, comfort, and
urban planning.

Humidity, influenced by rainfall, proximity to the sea,
vegetation, and air temperature, affects human comfort
by altering air quality perception, thermal sensation, and
skin moisture. Thermal comfort, defined as satisfaction
with the thermal environment [19], involves multiple
factors that affect sensory and physiological responses
[24]; [5]. Mechanical comfort relates to the direct
impact of wind [10]. Most individuals feel comfortable
at temperatures between 21°C and 26°C and relative
humidity levels between 30% and 70%.

2.7.1 Humidex

In 1979, Masterton and Richardson introduced the
humidex, a temperature-humidity index designed to
correlate external thermal discomfort in Canada’s
temperate zones [36]. This index utilizes air temperature
and relative humidity as its sole meteorological
parameters. The humidex is based on two key
hypotheses: first, the human body’s neutral point for heat
balance falls within the range of 27°C to 30°C; second,
the body struggles to dissipate heat effectively when
the temperature exceeds 32°C and the relative humidity
surpasses 75%. The humidex is mathematically defined
as:

10) (1)

where t, represents the temperature in degrees
Celsius, and p,s denotes the water vapor pressure in
millibars, calculated according to the equation:

5
HD =t,+ §(pas -

RH

— 2

100 @
The Relative Humidity (RH) index provides insights

into human comfort levels amidst varying weather

Pas = 6, 112 (1023775%%)

conditions, emphasizing the impact of temperature and
humidity on thermal discomfort.

Table 4 displays the thermal sensation ranges based on
humidex values. Discomfort is not typically felt when the
humidex is below 29. However, values of 40 or higher
indicate significant thermal discomfort due to factors
such as air currents, temperature differences, or surface
variations.

Table 4: Humidex levels

Thermal sensation Humidex value
No discomfort <29
Mild discomfort From 30 to 39
Discomfort, avoid exertion | From 40 to 45
Risk From 46 to 54
Impending heat stroke > 54

Table 4 specifies four ranges: Humidex values below
29 indicate no discomfort, values between 30 and 39
suggest mild discomfort, and values from 40 to 45
indicate discomfort where exertion should be avoided.
Humidex values between 46 and 54 represent a risk
of heat-related health issues, and values exceeding 54
signal an impending heat stroke, underscoring severe
thermal stress. This classification helps assess and
respond to different levels of heat discomfort for public
health and safety.

2.7.2 Heatwave

Heatwave definitions vary in the literature, with some
considering temperatures exceeding 35°C as a criterion.
Heat waves can also be defined as consecutive days with
temperatures surpassing the 95th percentile.

This study utilizes the CTXP90 index (cutoff value
from the P90 of maximum temperatures over 15
days) and the Heat Wave Magnitude Index (HWMI).
The HWMI defines a heat wave as two or more
consecutive days with maximum temperatures above
the 90th percentile in a 30-day window centered on
the assessment day. Adapted from [42] and [23], this
algorithm identifies hot days based on historical data
spanning 22 years. The algorithm involves:

1. Calculating the 90th percentile (P90(d)) of
maximum temperatures for each day d over a
15-day range.

2. Iterating through observations until a heat wave
condition is met: a heat wave begins if maximum
temperatures on days d, d+1, and d+2 exceed their
respective P90 values.
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3. Marking consecutive days as part of the heat
wave and incrementing the counter (i) until all
observations are processed.

Since the data is time-dependent, machine learning
algorithms are adapted to recognize temporal patterns
and behaviors.

2.7.3 Database Architectures for IoT

Many database systems with varying speed, latency,
and scalability characteristics have been developed to
manage massive volumes of real-time data, mostly
in smart city applications. These developments are
a result of the expansion of IoT infrastructures.
Common solutions, each tailored for certain purposes
and scenarios, include distributed databases, time series
databases, and cloud-based methods.

Time series databases (TSDB) are particularly useful
for managing sensor data in the Internet of Things (IoT)
space because they maximize temporal data querying
and storage. One of the most widely used TSDBs in this
context is InfluxDB, which has demonstrated efficacy
in gathering and evaluating substantial amounts of real-
time data. Because its design enables quick searches and
effective storage, it is a desirable choice for Internet of
Things applications that need continuous and real-time
data handling [38][29].

Though TSDBs are very helpful for cloud-based
and centralized applications, they can present some
difficulties when used in large-scale distributed
infrastructures. For instance, sensor networks in
smart cities produce vast amounts of data that are
scattered geographically, which can lead to significant
transfer costs and latency problems when utilizing
a fully centralized cloud-based architecture. ~Under
these circumstances, comparing solutions that improve
performance without sacrificing system scalability and
economy is required.

The flexibility and scalability of cloud-based systems
have made them popular for managing sensor data in
Internet of Things applications. Under these methods,
sensor data is gathered and sent to cloud servers for
processing, storing, and querying. With this strategy,
businesses don’t have to worry about the underlying
hardware and can swiftly scale their infrastructures to
manage growing data volumes. That being said, latency
is a major problem with cloud infrastructure. The
delays that come with transmitting data to the cloud
for processing might lead to subpar performance in
applications like smart cities, where quick decision-
making is essential [48].

Furthermore, if sensors’ quantity and frequency
increase, the data transport cost between dispersed

devices and the cloud may rise significantly. To lessen
dependency on centralized cloud services, distributed
architectures—one more effective alternative—have
been investigated in response to these difficulties.
Distributed databases have become a viable way to
overcome the drawbacks of centralized designs in large-
scale IoT infrastructures, such as smart cities. As a
result of these databases’ ability to process and store
data across different geographical locations, latency and
transfer costs are decreased as all data is not required to
pass via a single central cloud server [39][2].

Distributed architectures, in particular, have been
shown to greatly increase performance in wireless
sensor networks in recent research, such as A
SPARQL Benchmark for Distributed Databases in
IoT Environments.  This method more effectively
distributes data, enabling queries to run more quickly
in geographically scattered situations. According to
the study, RDF3X and Hexastore are two partitioning
strategies and topologies that can optimize network
traffic and enhance the management of scattered data
[48][6].

Depending on the context of the application, cloud-
based techniques and distributed architectures are
comparable, and each has its advantages. Cloud
solutions are perfect for smaller or centralized
applications since they are simple to implement
and scale. On the other hand, distributed architectures
provide advantages over centralized IoT infrastructures,
such as smart cities, in terms of lowering latency and
data transfer costs [31].

While time series databases like InfluxDB are
optimized for quick queries, their use in distributed
infrastructures may be limited by the costs associated
with transferring large volumes of data to the cloud,
according to recent studies like the Application of Time
Series Database for [oT Smart City Platform. Distributed
designs, on the other hand, enable more localized data
processing and storage, which lowers network traffic and
boosts overall system efficiency [27]

To summarize, selecting database designs for the
Internet of Things necessitates careful consideration
of factors such as infrastructure size, data type, and
performance demands. Large-scale dispersed situations
may limit TSDBs like InfluxDB in centralized designs,
even though these databases are incredibly efficient at
managing massive amounts of temporal data in real-
time. In these situations, distributed databases provide
a more scalable and economical option, improving
performance by cutting down on latency and network
expenses. For IoT infrastructures like smart cities,
where scalability and efficiency are critical, combining
distributed methods with technologies like InfluxDB
may offer the perfect mix.
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3 MATERIALS AND METHODS

We  designed, developed, and implemented
computational intelligence technologies to monitor
air quality and noise levels, establishing the comfort
levels associated with various environmental conditions.

3.1 Materials

The system initially used sensors and a programming
board, with plans for a database and cloud connectivity
to store collected data. The core hardware, an
ESP32 SIM80OOL T-CALL V1.3, gathered data from
integrated sensors and communicated with the server via
a GSM module, efficiently managing data collection and
transmission.

3.1.1 LILYGO® TTGO T-Call V1.4 ESP32

The TTGO T-Call is an advanced ESP32 development
board featuring a SIM8OOL GSM/GPRS module. In
addition to Bluetooth and Wi-Fi capabilities, it allows
communication via SMS, phone calls, and internet
connectivity. It utilizes the ESPRESSIF-ESP32 chipset,
which includes a 240MHz Xtensa® processor with one
or two 32-bit LX6 cores, ensuring robust performance.
The board has 4MB of QSPI flash memory, SMB of
PSRAM, and 520 kB of SRAM.
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Figure 2: Pinout Diagram of the ESP32 SIM Card
SIMS800L T-Call V1.4, showcasing the various pin
configurations and functionalities.

Figure 2 illustrates the pinout and specifications of
the pins. This comprehensive information facilitates
informed decision-making and implementation for
various applications. Key hardware features of the
TTGO T-Call include a reset button and the CP2104
chip for USB to TTL communication. Its modular
interface supports various connectivity options such as
UART, SPI, SDIO, 12C, PWM, TV PWM, I2S, and

IRGPIO, making it highly versatile. The board operates
within a voltage range of 2.7V to 3.6V, with a current
consumption of approximately 70mA during operation
and around 1.1mA in sleep mode.

Table 5: LILYGO® TTGO T-Call V1.4 ESP32

Hardware Details

Chipset ESPRESSIF-ESP32 240MHz
Xtensa® single-/dual-core 32-bit LX6

FLASH QSPI flash 4MB / PSRAM 8MB

SRAM 520 kB SRAM

Button Reset

USB to TTL CP2104

UART, SPI, SDIO, 12C, PWM, TV
PWM, 125, IRGPIO

Modular interface

Working voltage 2.7V-3.6V
‘Working current About 70mA
Sleep current About 1.1mA

Table 5 provides the hardware specifications for
the LILYGO® TTGO T-Call V1.4 ESP32 module.
It features an ESPRESSIF-ESP32 240MHz Xtensa®
single-/dual-core 32-bit LX6 microprocessor.  The
module includes 4MB of QSPI flash memory and
8MB of PSRAM, and 520 kB of SRAM. It has a
reset button and utilizes the CP2104 chip for USB to
TTL communication. The modular interface supports
protocols such as UART, SPI, SDIO, 12C, PWM,
TV PWM, 125, and IRGPIO. The working voltage
ranges from 2.7V to 3.6V, with a working current
of approximately 70mA and a sleep current of about
1.ImA. These specifications highlight the module’s
versatility and suitability for various IoT applications.

3.1.2 SDSO011 Particulate Matter Sensor

The SDSO011 sensor measures air quality using laser
