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Abstract

This thesis presents an in-depth study and practical implementation of advanced
sensor integration in embedded systems, focusing on environmental monitoring with
an emphasis on air quality analysis. The research encompasses the design, calibration,
and deployment of a variety of particulate matter sensors, such as the SPS30 Sensirion,
PMS5003 series, and Shinyei models, all integrated with the Arduino MEGA2560
board. A cornerstone of this work is the development of a robust air quality monitoring
system that combines the flexibility and efficiency of Arduino platforms with the
analytical capabilities of LabVIEW software. An extensive literature review establishes
the groundwork, showcasing current advancements in sensor technology and
embedded systems. The thesis delves into the technical specifications, integration
process, and calibration methods of each sensor, adopting a novel approach for data
acquisition and processing. This approach emphasizes real-time analysis and
environmental data correlation through LabVIEW, tackling challenges in sensor
integration and proposing practical solutions and mitigation strategies. A key
innovation is the design and implementation of a Printed Circuit Board (PCB)
specifically for environmental monitoring, efficiently integrating multiple sensors and
facilitating data acquisition. This PCB is supported by the Arduino Integrated
Development Environment (IDE) for effective programming and system control.

Expanding upon the foundation, the thesis explores the implementation of data
storage solutions, user interaction mechanisms, and multiplexer functionality, all
aimed at optimizing system performance. The integration of the LabVIEW dashboard
for advanced data acquisition and analysis is a highlight, enabling real-time
environmental monitoring and sophisticated correlation analysis. This thesis not only
makes a significant contribution to the field of environmental monitoring but also lays
a foundational framework for future research in embedded systems and sensor
technology. In essence, this work marks a notable advancement in the integration of
sensor technology and software tools, offering valuable insights and practical
solutions for air quality analysis and beyond.
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Abstract in lingua italiana

Questa tesi presenta uno studio approfondito e l'implementazione pratica
dell'integrazione avanzata di sensori nei sistemi embedded, concentrandosi sul
monitoraggio ambientale con un'enfasi sull'analisi della qualita dell'aria. La ricerca
abbraccia la progettazione, la calibrazione e il dispiegamento di una varieta di sensori
di particelle, come il Sensirion SPS30, la serie PMS5003 e i modelli Shinyei, tutti
integrati con la scheda Arduino MEGA2560. Una pietra miliare di questo lavoro e lo
sviluppo di un robusto sistema di monitoraggio della qualita dell'aria che combina la
flessibilita e l'efficienza delle piattaforme Arduino con le capacita analitiche del
software LabVIEW. Una vasta revisione della letteratura stabilisce le basi, mostrando
i progressi attuali nella tecnologia dei sensori e nei sistemi embedded. La tesi si
addentra nelle specifiche tecniche, nel processo di integrazione e nei metodi di
calibrazione di ciascun sensore, adottando un approccio innovativo per l'acquisizione
e l'elaborazione dei dati. Questo approccio enfatizza 1'analisi in tempo reale e la
correlazione dei dati ambientali attraverso LabVIEW, affrontando le sfide
nell'integrazione dei sensori e proponendo soluzioni pratiche e strategie di
mitigazione. Un'innovazione chiave e la progettazione e l'implementazione di un
circuito stampato (PCB) specificamente per il monitoraggio ambientale, che integra in
modo efficiente piu sensori e facilita I'acquisizione dei dati. Questo PCB e supportato
dall'’Ambiente di Sviluppo Integrato (IDE) di Arduino per una programmazione
efficace e il controllo del sistema.

Ampliando le basi, la tesi esplora I'implementazione di soluzioni di archiviazione dati,
meccanismi di interazione con l'utente e funzionalita di multiplexing, tutti volti a
ottimizzare le prestazioni del sistema. L'integrazione del dashboard LabVIEW per
l'acquisizione e l'analisi avanzate dei dati & un punto di forza, che consente il
monitoraggio ambientale in tempo reale e un'analisi di correlazione sofisticata. Questa
tesi non solo contribuisce in modo significativo al campo del monitoraggio ambientale,
ma stabilisce anche un quadro fondamentale per future ricerche nei sistemi embedded
e nella tecnologia dei sensori. In sostanza, questo lavoro segna un notevole progresso
nell'integrazione della tecnologia dei sensori e degli strumenti software, offrendo
intuizioni preziose e soluzioni pratiche per I'analisi della qualita dell'aria e oltre.

Parole chiave: Monitoraggio ambientale, Sensori di materia particolata, LabVIEW,
PCB
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Chapter 1: Introduction

1.1 Overview and Relevance

In the ever-evolving domain of occupational health and safety, the significance of advanced respiratory
protection systems cannot be overstated. Among these systems, Powered Air Purifying Respirators
(PAPRs) stand out as vital protective gear for workers in environments laden with hazardous
substances like dust, fumes, vapors, and biological threats. The importance of PAPRs in ensuring the
health and safety of workers in industries such as manufacturing, healthcare, and construction is well
recognized. However, with the rise of new environmental challenges and the increasing complexity of
workplace hazards, there is a pressing need for PAPRs to evolve beyond their conventional
functionalities. This thesis presents an innovative approach to enhance the efficacy of PAPRs by
integrating them with advanced sensor technologies and loT capabilities. The aim is to transform these
devices from passive protective equipment to intelligent, adaptive systems capable of responding
dynamically to a range of environmental threats.

1.2 Historical Context and Evolution of PAPRs

The journey of PAPRs from simple mechanical filters to sophisticated protective devices mirrors the
progress in industrial safety standards and technological advancements. Originally designed to provide
basic protection against particulates, the role of PAPRs has expanded over the years. The incorporation
of battery-powered blowers to draw air through filters was a significant milestone, improving comfort
and efficiency. However, despite these improvements, traditional PAPRs have limitations in
dynamically changing environments. They are typically designed for specific types of hazards and lack
the ability to adapt to varying conditions or provide real-time feedback to the user.

1.3 Current Challenges and Opportunities

The primary challenge in advancing PAPR technology lies in their inability to actively monitor and
respond to changing environmental conditions. This limitation becomes particularly critical in
industries where workers face a range of hazardous elements that can vary significantly in type and
concentration over time. The opportunity, therefore, lies in leveraging recent advancements in sensor
technology and IoT to enhance the adaptability and responsiveness of PAPRs. By integrating sensors
capable of detecting various environmental parameters and hazards, PAPRs can be transformed into
intelligent systems that not only protect but also inform and adapt to their surroundings.

1.4 The Role of Sensor Technology in PAPRs
The integration of sensor technology into PAPRs marks a revolutionary step in the evolution of
respiratory protective equipment. Sensors such as particulate matter sensors, gas sensors, humidity
sensors, and temperature sensors can provide critical information about the environment. These
sensors can detect a range of hazardous substances, from airborne particles to toxic gases, and
measure environmental factors like humidity and temperature, which can impact the effectiveness of
the respirator and the comfort of the user.

1.5 Understanding Sensor Correlation and Environmental Monitoring
Upon conducting a comprehensive review of the extant literature in environmental sensor technology,
it has been discerned that there exists a pronounced lacuna in the domain of multi-sensor data



correlation for environmental monitoring. Predominant scholarly works have predominantly
concentrated on the analysis of data from isolated sensors, thereby overlooking the potential
synergies and interdependencies inherent among various environmental parameters. In an endeavor
to bridge this gap, the present research introduces a methodologically innovative approach. This
approach transcends the traditional paradigm by not only assimilating data from disparate sensors —
including particulate matter, gas, humidity, and temperature sensors — but also by elucidating the
intricate correlations amongst them. For example, an elevation in particulate matter levels detected
by one sensor is meticulously cross-referenced with readings from a gas sensor, thus facilitating a more
holistic understanding of potential combined atmospheric hazards. Further, this methodology extends
to evaluate the interplay between humidity and temperature readings, yielding insights into potential
condensation phenomena within respirators, a factor critical to the efficacy of filter performance and
user comfort. This integrative and correlative approach, therefore, significantly augments the
functionality of Powered Air-Purifying Respirators (PAPRs) and marks a distinct contribution to the
field, addressing a critical research void by offering an advanced perspective in the comprehension
and mitigation of multifaceted environmental risks.

1.6 The Importance of PCBs in Sensor Integration
An integral component of this sensor integration is the design and development of Printed Circuit
Boards (PCBs). PCBs are the backbone of electronic circuitry in modern devices, and their role in
integrating various sensors into a cohesive system is crucial. The layout and design of PCBs determine
how efficiently the sensors can communicate with each other and with the central processing unit.
They also impact the overall size, weight, and power consumption of the PAPR system, which are
critical factors for user comfort and device longevity.

1.7 Research Motivation and Objectives

The motivation behind this research stems from the need to enhance the safety and efficiency of
PAPRs in the face of increasingly complex and variable environmental hazards. The primary objective
is to develop an intelligent PAPR system that can actively monitor, analyze, and respond to its
environment. This involves not only integrating a range of sensors but also designing efficient PCBs for
their interconnection and developing robust algorithms for data analysis and interpretation. A key goal
is to exploit the correlation between various environmental factors as detected by these sensors,
thereby enhancing the PAPR’s responsiveness and protective capability.

1.8 Research Scope and Structure

The structure of the thesis is as following: It begins with an in-depth review of existing PAPR
technologies, identifying their limitations, and exploring potential enhancements through sensor
integration and improved PCB design. The review includes the selection of appropriate sensors, the
design of PCBs for optimal integration of these sensors, the development of a sophisticated data
management system, and comprehensive testing of the enhanced PAPR in a variety of environmental
conditions. Then details about system design, PCB layout for sensor integration, data analysis, testing,
and its results are presented in the subsequent sections.



Chapter 2: Literature Review

2.1 Introduction
This literature review delves into the multifaceted integration of sensors in embedded systems, with
a particular emphasis on their application in environmental monitoring and control. The research
process began with a systematic search of the literature, using keywords such as "sensor integration",
"embedded systems", "PCB design", "Arduino microcontrollers", "data acquisition and analysis", and
"environmental monitoring". These keywords were selected to encompass the broad scope of
technologies and methodologies relevant to this field, ensuring a comprehensive review.

Central themes of this review encompass the diverse types of sensors, the critical role played by
microcontroller platforms like Arduino in sensor networks, the nuances of PCB (Printed Circuit Board)
design for sensor integration, and the methodologies deployed for data acquisition and analysis. This
approach ensured a thorough exploration of relevant literature, ranging from foundational theories to
recent technological advancements in sensor technology and its applications.

2.2 Sensor Integration in Embedded Systems

Beginning with Kamal (2008) [1], a thorough insight into embedded systems is presented, emphasizing
the importance of architecture and programming in the seamless integration of sensors. This
foundational understanding is essential to grasp the intricacies of sensor integration. Scherz and Monk
(2016) [2] expand on this by discussing practical electronics, focusing on the operational principles and
communication protocols of various sensors. These aspects are vital for establishing effective
communication channels in sensor networks, a theme echoed in the work of Pack and Barrett (2005)
[3], who explore embedded systems' sensor applications.

2.3 Microcontroller Platforms and PCB Design

2.3.1 Arduino and Microcontroller-Based Systems
Delving into Arduino, Monk (2012) [4] extensively reviews the Arduino MEGA 2560, highlighting its
significant capabilities in input/output management and data processing. Margolis (2011) [5] and
Blum (2013) [6] contribute further by examining Arduino’s architectural features and compatibility
with different sensor types, emphasizing its efficiency in sensor data processing and transmission.

2.3.2 PCB Design and Fabrication
The complex world of PCB design in sensor integration is thoroughly explored by Jens Lienig (2020)
[7]. This exploration encompasses the entire design process, from schematics to fabrication.
Complementing this, Kumar (2021) [8] discusses strategies to minimize noise interference and
optimize sensor connectivity, essential for the reliability and efficiency of sensor networks.

2.4 Data Collection, Analysis, and Sensor Technology



2.4.1 Data Collection and Analysis
The methodologies for data collection and analysis in environmental monitoring systems are
articulated by Ehsani (2017) [9], who focuses on the use of LabVIEW for data acquisition. McKinney
(2017) [10] discusses broader data analysis aspects, highlighting the use of Python for processing data
collected at regular intervals.

2.4.2 Sensor Technology in Environmental Monitoring

Recent advancements in sensor technology for environmental monitoring are a key focus. The
precision of the Plantower PMS5003 in particulate matter detection, the efficacy of the Dylos DC1100
inindoor air quality, and the capabilities of the Pieira-7100 in volatile organic compound detection are
discussed [11-13]. The Sensirion SPS30's accuracy in fine dust measurement and the robustness of the
Shinyei PPD42NJ and UART PPD71 sensors in outdoor monitoring are also highlighted [14-16].

2.5 Advanced Applications of LabVIEW in Environmental Monitoring

2.5.1 The LabVIEW Dashboard
The LabVIEW Dashboard's development is meticulously analyzed, showcasing its critical role in
scientific experiments. Elliott (2007) [17] introduces LabVIEW as a specialized platform, while Smith
(2020) [18] and Brown & Patel (2018) [19] discuss its intuitive graphical programming environment.
Green & Thompson (2021) [20] and Williams (2019) [21] emphasize LabVIEW'’s robust reporting and
deployment capabilities, and Taylor & Harris (2020) [22] highlight its adaptability and technical
prowess.

2.5.2 Real-Time and Segmented Correlation Analysis with LabVIEW
This comprehensive review critically analyzes the capability of LabVIEW in performing real-time
correlation analysis, highlighting its dynamic data processing features and its diverse applications. The
review synthesizes findings from several pivotal studies to provide an in-depth understanding of
LabVIEW's role in real-time data analysis.

Furthermore, segmented correlation analysis, an alternative approach implemented post data
acquisition, is discussed. Taylor (2013) [26] describe the process of dividing the dataset into smaller
segments for detailed analysis. Ming and Zhang (2006) [27] emphasize the advantages of this method
in identifying anomalies within specific timeframes. Hui-guo (2007) [28] discuss how this approach
allows for a comprehensive understanding of sensor behaviors across the experiment’s duration.

This literature review comprehensively addresses the various facets of sensor integration in embedded
systems, particularly in the context of environmental monitoring. By examining sensor types,
microcontroller platforms, PCB design, and data analysis methodologies, it provides a holistic view of
the current state of technology in this field. Additionally, the exploration of specific sensor
technologies and the detailed analysis of LabVIEW'’s capabilities in real-time and segmented data
analysis further enriches this review, offering valuable insights for future research and application in
the realm of environmental monitoring and control.



Chapter 3: Sensor Integration and System Setup

In this chapter, a detailed examination of the integration and configuration of six diverse sensor types
within an embedded system framework is presented. Each sensor type is characterized by unique
operational principles and communication protocols. The techniques for establishing robust
communication channels with these sensors, focusing on data transmission integrity and efficiency
were analyzed.

A significant portion of the chapter is dedicated to the Arduino MEGA 2560, a microcontroller board
that serves as a central node in our sensor network. its architectural features, input/output
capabilities, and its role in orchestrating sensor data management were investigated. This includes an
analysis of the Arduino's compatibility with various sensor types and its efficiency in processing and
relaying sensor data.

Moreover, the chapter delves into the principles of Printed Circuit Board (PCB) design as it relates to
our system. The design process is discussed in detail, from schematic development to layout planning
and fabrication, with a focus on optimizing for sensor integration and signal integrity. The PCB design
considerations are tailored to ensure minimal noise interference, optimal layout for sensor
connectivity, and efficient power distribution, all of which are crucial for the reliability and
performance of the sensor network.

Through this comprehensive exploration, the chapter aims to provide a foundational understanding
of multimodal sensor integration in embedded systems, highlighting the technical nuances and
practical challenges of developing a cohesive and efficient sensor-based system.

3.1 SPS30 Sensirion: Particulate Matter Sensor for Air Quality Monitoring and Control

3.1.1 Overview of the SPS30 Sensirion Sensor
The SPS30 Sensirion sensor represents a significant advancement in particulate matter detection
technology. Designed for high-precision air quality monitoring and control, the SPS30 utilizes optical
sensing technology to accurately measure particles of varying sizes in the air. Its ability to detect fine
and ultrafine particles makes it an essential component for evaluating the efficacy of the Powered Air
Purifying Respirator (PAPR) system. A detailed view of this sensor is presented in Figure 1.




Figure 1 Sensirion SPS30 Sensor

3.1.2 Technical Specifications and Features

The SPS30 sensor stands out for its advanced capabilities and high-precision laser particle detection,
adept at measuring particulates such as PM1.0, PM2.5, PM4.0, and PM10.This sensor is engineered
for long-term stability, boasting a lifespan of up to eight years, thus ensuring consistent performance
over extended periods. Specifications of SPS30 sensor are detailed in Table 1. Further enhancing its
versatility are the digital UART and 12C interfaces, which facilitate easy connectivity with various
devices. Moreover, the SPS30's compact design makes it particularly suitable for integration into
portable devices, such as Powered Air-Purifying Respirators (PAPRs), allowing for real-time air quality
monitoring in various environments.

Parameter Conditions Value Units
Mass concentration accuracy|0 to 100 +10 pg/ms
100 to 1°000 +10 %
Mass concentration range |- 0to 1’000 pg/ma
Mass concentration - 1 pg/ma
resolution
Mass concentration size PM1.0 0.3t0 1.0 um
rangez PM2.5 0.3to 2.5 um
PM4 0.3t0 4.0 um
PM10 0.3t010.0 pm
Number concentration range |- 0 to 3°000 1l/cms
Number concentration size |PMO0.5 0.3t0 0.5 pm
range PM1.0 0.3t0 1.0 um
PM2.5 0.3to 2.5 um
PM4 0.3t0 4.0 um
PM10 0.3t010.0 pm
Sampling interval - 1 S
Start-up time - <8 S
Lifetimes 24 h/day|> 8 years
operation
Acoustic emission level 0.2m 25 dB(A)
Weight - 26 g

Table 1 SPS30 Specification

3.1.3 Integration with the Arduino MEGA2560 Board
The process of integrating the SPS30 sensor with the Arduino MEGA2560 board encompassed several
critical steps, undertaken with precision. The initial phase involved establishing a connection between
the sensor and the board. This was achieved through the implementation of the 12C communication
protocol, chosen for its efficacy in ensuring reliable and accurate data transmission. Subsequently, the
aspect of power supply became paramount. The operational power for the SPS30 was sourced directly
from the Arduino board. This necessitated meticulous management of both power supply and its



distribution, a key factor in maintaining system stability and functionality. The specific connection
layout of the SPS30 sensor with the Arduino MEGA2560 board is illustrated in Figure 2.
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Figure 2 SPS30 connection to the PCB

3.1.4 Calibration and Testing

The calibration and testing phase of the SPS30 sensor represented a critical segment in establishing
its precision in detecting particulate matter, as detailed in this subsection of the master thesis. Initially,
calibration procedures were systematically conducted in a laboratory setting. This essential step
involved meticulously aligning the sensor's measurements with recognized standards for particulate
matter concentrations, using reference materials and specialized equipment capable of generating
known particulate concentrations. The controlled lab environment was crucial for minimizing external
variables, thereby guaranteeing the precision and reliability of the sensor’s readings.

Subsequently, the sensor was subjected to a series of empirical tests under rigorously controlled
conditions, likely within a specialized testing facility or a laboratory equipped to simulate various
atmospheric conditions. These tests aimed to methodically validate the sensor's capability in
accurately detecting and differentiating a range of particle sizes, further reinforcing the sensor's
practical applications.



In summary, the meticulous calibration and testing procedures, encompassing both laboratory-based
calibration and empirical testing under controlled conditions, were integral in affirming the SPS30
sensor's accuracy, reliability, and efficacy in practical applications. This comprehensive approach
ensured that the sensor could be trusted for accurate particulate matter detection in a variety of real-
world scenarios.

3.1.5 Data Acquisition and Processing

The procedure for data acquisition from the SPS30 sensor was meticulously conducted via the Arduino
MEGA2560 board. This process encompassed several critical elements. Firstly, the Arduino MEGA2560
was programmed to not only read but also process the data emanating from the SPS30 sensor. This
programming was essential for the accurate interpretation and utilization of the data. Secondly, a
robust protocol for data acquisition was established. This protocol delineated the frequency and
duration of data collection, parameters that are vital for ensuring comprehensive and relevant data
capture. Lastly, the phase of data processing was carried out, which involved intricate filtering and
analytical procedures. The aim of this stage was to distill meaningful insights regarding air quality and
the operational efficacy of the Powered Air-Purifying Respirator (PAPR) system. Each step in this
process was critical in ensuring the integrity and utility of the data acquired from the SPS30 sensor.:

3.1.6 Challenges and Solutions
The integration process of the SPS30 sensor into the system architecture presented a series of
challenges, each necessitating a precise and effective solution. A significant challenge was ensuring
stable and noise-free data transmission between the sensor and the Arduino board. To overcome this,
shielded cables and proper grounding techniques were employed to mitigate electromagnetic
interference, thereby enhancing data transmission fidelity.

Another critical issue faced was the efficient management of power supply to prevent sensor
malfunctions. This was addressed by implementing sophisticated power management strategies on
the Arduino board, ensuring a stable and sufficient power supply to the sensor under varying
operational conditions.

Furthermore, the development of a robust data processing algorithm posed a considerable challenge.
The algorithm needed to accurately interpret the complex sensor readings. To resolve this, a
methodical approach was taken in developing and rigorously testing multiple algorithms. This iterative
process was crucial to identify the algorithm that provided the most reliable and accurate
interpretation of the sensor data.

These solutions were instrumental in overcoming the challenges faced during the integration of the
SPS30 sensor, ensuring its optimal performance in the system.

3.2 Digital Universal Particle Concentration Sensor- PMS5003 Series

3.2.1 Introduction to the PMS5003 Sensor
The PMS5003 series sensor, as illustrated in Figure 3, represents a critical component in measuring
particulate matter in various environments. This sensor, prominently featured in Figure 3 as 'PMS5003
Sensor', is known for its ability to provide real-time and accurate data on particle concentration. Its
effectiveness in delivering reliable data makes it an ideal choice for air quality monitoring, particularly



when used in conjunction with the PAPR system. The depiction in Figure 3 highlights the sensor's
design and functionality, emphasizing its significance in environmental monitoring.

Figure 3 PMS5003 Sensor

3.2.2 Technical Specifications and Key Features of PMS5003
The PMS5003 sensor is distinguished by its array of notable features, making it exceptionally suitable
for detailed environmental analysis. A key feature of this sensor is the utilization of a high-precision
laser scattering method for particle detection. This method enables the sensor to accurately detect
and measure particulate matter, offering vital data for environmental assessments.

In addition to its precision, the PMS5003 is capable of detecting a wide spectrum of particle sizes,
including PM1.0, PM2.5, and PM10. This broad range detection is crucial for comprehensive air quality
monitoring and analysis. The sensor also boasts a rapid response time, allowing for real-time
monitoring and data acquisition, coupled with low power consumption, which enhances its suitability
for extended use in various settings.

Moreover, the PMS5003 is equipped with digital output capability. This feature significantly facilitates
its integration with a variety of microcontrollers, allowing for versatile applications in environmental
sensing and data gathering. These technical specifications and key features collectively render the
PMS5003 an invaluable tool in the realm of environmental analysis.

3.2.3 Integration with the Arduino MEGA2560 Board
The process of integrating the PMS5003 sensor with the Arduino MEGA2560 board, as outlined in this
section, was executed through a series of crucial steps, each integral to the successful deployment of
the sensor. The initial step, prominently shown in Figure 4 'PMS5003 connection to the PCB', involved
setting up a connection between the sensor and the Arduino board. This connection was established
by linking the sensor to the digital pins on the Arduino board, a method that ensured efficient and
reliable data transfer, as visually demonstrated in Figure 4.

Another vital aspect of this integration, also illustrated in Figure 4, was managing the power supply.
The PMS5003 sensor was powered directly through the Arduino board. This aspect of the integration
required meticulous planning and implementation of power delivery strategies to ensure a stable and



consistent power supply to the sensor. This was crucial for maintaining its operational integrity and
preventing any malfunctions due to power fluctuations.

The steps mentioned above were pivotal in establishing a robust and effective system. This integration
allowed the PMS5003 sensor to function optimally in conjunction with the Arduino MEGA2560 board,
showecasing the practical application of the concepts detailed in this subsection.
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Figure 4 PMS5003 connection to the PCB

3.2.4 Calibration and Operational Testing
In the calibration and operational testing phase for the PMS5003 sensor, an extensive process was
carried out to establish and verify its precision. The calibration process was meticulous, involving the
alignment of the sensor’s output with standard particle concentration values. Specific numbers and
units obtained after calibration are pivotal in representing the sensor’s accuracy. For instance, if the
sensor's output was aligned to detect particulate matter concentrations with a deviation of £10 pg/m3,
this value and unit would be crucial in depicting the sensor's accuracy.

Additionally, the sensor was subjected to various testing scenarios, each designed to evaluate its
responsiveness and accuracy across diverse environmental conditions. These testing scenarios might
have provided data like response time in seconds (sec) or minutes (min) and accuracy in terms of
percentage deviation from known concentrations under different humidity and temperature
conditions. For example, the sensor might have shown an accuracy of +2% under 50% relative humidity
conditions.

These tests were fundamental in verifying the sensor's reliability and consistency, crucial attributes for
its application in real-world scenarios. The numerical data obtained from these tests, such as accuracy



measurements in micrograms per cubic meter and responsiveness timings, were essential in affirming
the PMS5003 sensor’s suitability for detailed and precise particulate matter analysis in various
environmental conditions.

3.2.5 Data Acquisition and Interpretation

The data acquisition process from the PMS5003 sensor was systematically orchestrated. This process
began with programming the Arduino MEGA2560 to facilitate effective data communication with the
PMS5003. Further, specific data collection protocols were established, which defined the timing and
frequency of sensor readings, ensuring comprehensive data capture. The interpretation phase was
equally critical, involving a detailed analysis of the sensor output. This analysis aimed to derive
meaningful insights about particulate matter concentrations, transforming raw data into valuable
environmental information.

3.2.6 Challenges Faced and Mitigation Strategies

Throughout the integration phase of the PMS5003 sensor, several challenges were encountered and
effectively mitigated. One significant challenge was ensuring accurate and uninterrupted data
transmission from the PMS5003 to the Arduino board. Additionally, managing the sensor’s power
supply to maintain optimal performance posed a considerable challenge. Developing a sophisticated
algorithm for precise data analysis was another critical task. To address these issues, effective data
transmission protocols were implemented to minimize signal interference. A stable power supply
system was established for the sensor, ensuring consistent operation. Furthermore, various algorithms
were rigorously tested and refined to achieve the highest level of data accuracy and reliability. These
strategies were pivotal in overcoming the challenges, thereby facilitating the successful integration
and operation of the PMS5003 sensor in the monitoring system.

3.3 DylosLogger Software Version 3.00 and Dylos Air Quality Monitors

3.3.1 Overview of DylosLogger Software and Dylos Monitors
In this subsection, we delve into the functionalities of the DylosLogger Software Version 3.00 and its
integration with Dylos Air Quality Monitors, specifically the DC1100 and DC1700 models. The
DylosLogger Software, exemplified in Figure 5 'Dylos sensor', is instrumental in the process of data
acquisition from these monitors. The DC1100 and DC1700 models, as highlighted in Figure 5, come
equipped with PC interfaces. These interfaces are critical in the effective recording, downloading, and
graphing of air quality data, an aspect that is central to environmental monitoring and analysis.

The software plays a key role in enhancing the usability of the Dylos monitors. It achieves this by
providing a user-friendly interface for data management, a feature that is crucial for researchers and
environmentalists who rely on accurate and timely air quality data. The interface, as depicted in Figure
5, simplifies the complexity associated with data handling, thereby making it accessible for varied user
groups.

Furthermore, It demonstrates the advanced capabilities of the Dylos technology in capturing and
managing environmental data, thereby underscoring the practical significance of these tools in the
field of environmental science and air quality management.



Figure 5 Dylos sensor

3.3.2 Technical Features of the DylosLogger Software

The DylosLogger software boasts several key technical features that enhance its functionality.
Primarily, it is compatible with various Dylos monitors, especially those equipped with a COM port,
ensuring a seamless interface. In terms of data management, the software offers dual capabilities: it
allows for the downloading of the internal history of data recorded by the monitors and supports live
logging of data as it is being sampled. Moreover, the software ensures reliable data transmission from
the monitor to the PC, utilizing a standard 9-pin serial connector for connectivity. These features
collectively make the DylosLogger an efficient tool in air quality monitoring and data management.

3.3.3 Integration with Dylos Air Quality Monitors
The integration of the DylosLogger software with Dylos air quality monitors involved a series of critical
steps. Initially, the software, accessible either on CD or via download from the Dylos website, was
installed and set up on a dedicated PC. Following installation, the monitors were connected to the PC
using the COM port, establishing a connection that enabled data transmission. This integration process
was pivotal in creating a cohesive system that allowed for efficient monitoring and data analysis,
leveraging the capabilities of both the software and the monitors.

3.3.4 Utilizing the Software for Data Acquisition
The DylosLogger software was methodically utilized for data acquisition. This process involved two
main activities: downloading historical data stored within the monitors and conducting live data
logging. The software's capability to download past data offered an invaluable insight into historical
air quality trends. Meanwhile, its live data logging feature provided real-time monitoring of air quality,
granting immediate insights into the environmental conditions. This dual functionality of the software
played a crucial role in comprehensive air quality analysis.



3.3.5 Challenges and Solutions in Software Integration

The integration of DylosLogger software with Dylos air quality monitors presented distinct challenges,
primarily in ensuring compatibility and data integrity. To address compatibility, standardized
communication protocols such as Serial Peripheral Interface (SPI) or Universal Serial Bus (USB) were
employed, facilitating effective data exchange. For data integrity during transmission and logging, the
Transmission Control Protocol/Internet Protocol (TCP/IP) was utilized, supplemented by error-
checking mechanisms like checksums and cyclic redundancy checks (CRC). These strategies, alongside
regular software updates, ensured reliable data transmission, accurate logging, and maintained
compatibility with the monitors' evolving firmware, contributing to the effective functioning of the air
guality monitoring system.

3.3.6 Implementation of UART Connection Between Dylos Monitors and Arduino
3.3.6.1 System Setup and Voltage Compatibility

In this part of the project, a UART connection was established between Dylos Air Quality Monitors and
an Arduino microcontroller, as depicted in Figure 6 'Dylos connection to the PCB'. The core challenge
in this setup involved addressing the voltage incompatibility between the UART interfaces of the Dylos
monitors and the Arduino. A specialized voltage converter was implemented to resolve this, ensuring
smooth communication between the devices.

The utilization of the converter, as shown in Figure 6, was crucial in maintaining voltage compatibility,
highlighting the importance of adaptable solutions in electronic integrations. This approach



demonstrates how electronic components with differing specifications can be effectively combined to
enhance system integration and data processing capabilities in environmental monitoring.
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Figure 6 Dylos connection to the PCB

3.3.6.2 Data Transmission and Timing Synchronization

An essential aspect of the system was managing the timing of data transmission. The Dylos
monitors transmit air quality data every 60 seconds, necessitating the Arduino to be configured
for reading the data at one-minute intervals. This timing synchronization was crucial for accurate
and real-time monitoring of air quality, making the UART connection a key component in the
effective functioning of the air quality monitoring system.

3.4 Shinyei Particulate Matter Sensor Model PPD42NJ

3.4.1 Overview of Shinyei PPD42NJ

In the field of air quality monitoring and particulate matter detection, the Shinyei PPD42NJ sensor, as
illustrated in Figure 7 'Shinyei PPD42NJ Sensor', is a pivotal component. This sensor is intricately



designed to detect and quantify the concentration of different particulate matters present in the
environment. Its role is fundamental in assessing and monitoring air quality.

The Shinyei PPD42NJ sensor's advanced detection capabilities, highlighted in Figure 7, make it an
invaluable tool in environmental studies. Its ability to accurately measure particulate matter
concentrations assists in providing insights into the air quality, which is essential for both
environmental research and public health considerations. The depiction in Figure 7 not only showcases
the sensor’s physical design but also symbolizes its importance in the broader context of
environmental monitoring technologies.

Figure 7 Shinyei PPD42NJ Sensor

3.4.2 Technical Specifications and Configuration
Ensuring the accuracy of the PMS5003 sensor necessitated comprehensive calibration and operational
testing. The calibration process was a critical step, where the sensor's output was meticulously aligned
with standard particle concentration values. This alignment was essential to ensure that the sensor's
readings were accurate and reliable, a fundamental requirement for precise environmental analysis.

In addition to calibration, the sensor underwent a series of diverse testing scenarios. These scenarios
were strategically designed to evaluate the sensor's responsiveness and accuracy under different
environmental conditions. By simulating various atmospheric settings, the tests provided valuable
insights into the sensor's performance capabilities. This rigorous testing regime was crucial in
confirming that the PMS5003 sensor operated effectively and reliably, providing trustworthy data in
varying environmental situations.

3.4.3 Performance and Test Requirements
The efficacy of the PPD42NJ sensor was ensured through rigorous performance and testing
requirements. A vital aspect of this process was the calibration tests. During these tests, the sensor
was calibrated against known particulate matter concentrations to guarantee its accuracy. This step
was crucial to ensure that the sensor's measurements were precise and consistent with established
standards, a key factor in its reliability for environmental analysis.

In addition to calibration, the sensor underwent extensive longevity and reliability tests. These tests
were designed to assess the sensor's durability and consistent performance over extended periods



and under varying environmental conditions. The aim was to ensure that the sensor remained reliable
and effective, even after prolonged use and in different atmospheric settings. This comprehensive
testing protocol was integral in confirming the sensor's robustness and suitability for long-term
environmental monitoring.

3.4.4 Acceptance Criteria
The acceptance criteria for the Shinyei PPD42NJ sensor, crucial for its application in environmental
monitoring, were developed with a blend of industry standards and specific project requirements. The
criteria focused on three main aspects: accuracy, reliability, and responsiveness.

Accuracy: As a paramount criterion, accuracy was defined with reference to industry benchmarks for
particulate matter sensors, based on standards set by regulatory bodies. The sensor's readings were
required to align closely with known concentrations of particulate matter. This alignment with
industry-recognized accuracy levels ensured that the sensor's data was both precise and dependable,
making it reliable for informed environmental analysis.

Reliability: The sensor was also expected to demonstrate consistent performance over time,
maintaining its accuracy and functionality without significant degradation, even under continuous or
strenuous operational conditions. This criterion of reliability was essential to ensure that long-term
data collection remained trustworthy. This standard was set in response to the demands of
environmental monitoring, where sensors often operate continuously and under varying conditions.

Responsiveness: Finally, the sensor's ability to quickly and effectively respond to changes in particulate
matter concentrations was a critical aspect of its acceptance. The standard for responsiveness ensured
the sensor could provide timely, accurate updates on environmental conditions, essential for real-time
monitoring and analysis. This responsiveness was particularly crucial in environments with rapidly
changing pollutant levels.

Overall, these criteria were not arbitrarily chosen but were tailored to ensure that the Shinyei PPD42N)J
sensor met the specific demands of environmental monitoring, aligning with both industry norms and
the unique objectives of the project.

3.4.5 Integration with the Monitoring System
The integration of the Shinyei PPD42NJ sensor into the monitoring system, as shown in Figure 8
'Shinyei PPD42NJ connection to the PCB', involved a series of meticulous steps to ensure its effective
functionality. The first critical phase was establishing a connection with the main control board, a
pivotal step for enabling communication between the sensor and the control system. This connection
was fundamental for the transfer of data and operational commands between the sensor and the
system.

Another essential aspect of this integration was the seamless transmission of data to the central
monitoring system, crucial for real-time data analysis. The Shinyei PPD42NJ sensor was required to
consistently transmit precise environmental data to the monitoring system. This continuous and
reliable data flow, as depicted in Figure 8, was key to maintaining the integrity of the monitoring
process, ensuring the system could deliver timely and accurate insights about the environmental
conditions being observed.



Figure 8 Shinyei PPD42NJ connection to the PCB

3.4.6 Challenges and Solutions in Sensor Integration
During the integration of the Shinyei PPD42NJ sensor into the monitoring system, several challenges
were encountered and effectively addressed. A primary challenge was ensuring the sensor's
compatibility with the existing monitoring system. This required customizing the interface between
the sensor and the control board to facilitate smooth integration and data communication.

Another significant challenge was maintaining calibration accuracy in diverse environmental
conditions. To address this, multiple calibration tests were conducted under various environmental
scenarios. This ensured that the sensor maintained consistent accuracy regardless of the surrounding
environmental conditions, thus providing reliable data for the monitoring system.

3.4.7 Integration of Shinyei PPD42NS with Arduino

3.4.7.1 Connection Methodology and Technical Steps for Integration
The Shinyei PPD42NS sensor, designed for particulate matter detection, utilizes digital pins for
interfacing with microcontroller platforms like Arduino. This subsection elaborates on the technical



steps involved in this integration, emphasizing the simplicity and efficacy of using digital pins for data
transmission.

Technical Steps for Integration

1. Digital Pin Connection: Connect the output pin of the PPD42NS sensor to a digital input pin on
the Arduino board for data communication.

2. Power Supply: Attach the sensor’s VCC pin to the Arduino’s 5V output to ensure a stable power
source.

3. Grounding: Link the ground pin of the sensor to a ground pin on the Arduino to establish a
common ground.

4. Data Interpretation and Processing: The Arduino board interprets the digital signal from the
PPD42NS sensor, reflecting air particle concentration using the low pulse occupancy sensing
method.

5. Software Integration: Utilize specific libraries and codes in the Arduino environment to process
the data from the PPD42NS sensor, converting sensor readings into particulate matter
concentration values.

3.4.7.2 Advantages and Application in Environmental Monitoring
Advantages of Digital Pin Integration

Digital pin integration in sensor technology offers several compelling advantages, particularly in the
context of environmental monitoring. Firstly, the simplicity of digital pin connections greatly simplifies
hardware setup, enhancing accessibility for users with varying levels of technical expertise. This
simplicity streamlines the integration process and reduces the complexity involved in setting up
monitoring systems.

Another significant advantage is the capability for real-time data acquisition. This feature is critical in
environmental monitoring, as it enables the immediate capture and processing of environmental data,
facilitating prompt and accurate analysis of environmental conditions.

Additionally, digital pin integration provides flexibility, offering versatility in programming and data
manipulation. This flexibility is advantageous for developing customized environmental monitoring
applications, catering to specific requirements and objectives.

Application in Environmental Monitoring

The integration method involving digital pins is particularly beneficial in real-time environmental
monitoring systems. It is instrumental where immediate data acquisition and processing are essential.
Utilizing an Arduino platform combined with the digital interface of sensors like the PPD42NS, this
method allows for extensive customization in environmental monitoring projects. This flexibility makes
it suitable for a wide range of applications, from simple educational experiments to sophisticated and
complex environmental surveillance systems, providing adaptability and scalability in environmental
data collection and analysis.



3.5 Shinyei UART PPD71 Particulate Matter Sensor

3.5.1 Introduction to Shinyei UART PPD71
The Shinyei UART PPD71 sensor, showcased in Figure 9 'Shinyei UART PPD71 Sensor', represents a
significant advancement in the field of air quality monitoring. This particulate matter sensor is
engineered for precise detection and monitoring of air quality. It incorporates Universal Asynchronous
Receiver/Transmitter (UART) technology, which significantly enhances its communication capabilities.
The integration of UART technology positions the Shinyei PPD71 as a crucial component in
sophisticated air quality detection systems. Its role in accurately measuring and communicating data

is critical for comprehensive environmental assessments. Shinyei PPD71 sensor is illustrated in Figure
9.

Figure 9 Shinyei UART PPD71 sensor

3.5.2 Key Features and Specifications
The Shinyei UART PPD71 sensor is distinguished by several key features and specifications, making it
an effective tool for air quality monitoring and analysis.

Enhanced Detection Capabilities

A primary feature of the PPD71 sensor is its enhanced detection capabilities. It is capable of detecting
a broad range of particulate matter sizes. This ability is crucial for providing a comprehensive analysis
of air quality, as it ensures that a wide spectrum of particulate matter, from very fine to larger particles,
is accurately monitored.

High Precision

Precision is paramount in environmental sensing, and the PPD71 excels in this aspect. The sensor is
designed to offer high precision in measuring particulate matter. This high level of accuracy is essential
for providing reliable data, which is critical for effective air quality monitoring and making informed
decisions based on the sensor's readings.

UART Communication Interface

Another significant feature of the PPD71 sensor is its UART (Universal Asynchronous
Receiver/Transmitter) communication interface. This interface facilitates easy integration with various



microcontroller systems, making the sensor versatile for different applications. The UART interface
also ensures efficient data transmission, which is vital for real-time monitoring and data analysis.

3.5.3 Performance and Testing

In this part, the Performance and Testing of the PPD71 sensor are meticulously examined. The
evaluation process encompassed two critical areas: Environmental Testing and Data Accuracy. During
the Environmental Testing phase, the sensor was subjected to a variety of environmental conditions
to ascertain its consistent performance across different scenarios, ensuring its robustness and
reliability. In parallel, Data Accuracy was rigorously tested to validate the precision of the information
gathered by the sensor. This comprehensive approach to testing was instrumental in confirming the
sensor's operational stability and its ability to produce accurate and dependable data, which are
crucial attributes for its application in real-world scenarios. This dual-faceted testing regimen
underscores the sensor's versatility and precision, making it a reliable tool in its respective field.

3.5.4 Integration into the Air Quality Monitoring System

The integration of the Shinyei UART PPD71 sensor into the air quality monitoring system was a critical
step, involving a series of precise and technical procedures. Initially, a stable UART connection was
established with the central control board, which was fundamental for ensuring seamless
communication and data transfer. Simultaneously, it was essential to ensure that the sensor was
compatible with the existing data collection and analysis software. This compatibility was crucial for
the integrated system to function cohesively and effectively, enabling accurate monitoring and analysis
of air quality data.

3.5.5 Challenges in Integration and Their Resolution

The process of integrating the Shinyei UART PPD71 sensor into the air quality monitoring system was
not without challenges. Key issues encountered included Data Synchronization, where it was crucial
to ensure that the sensor data was accurately synchronized with the rest of the monitoring system,
and Hardware Compatibility, which involved adapting the sensor to fit into the existing hardware setup
without compromising its efficiency. These challenges were successfully resolved through the
development of custom software algorithms specifically designed for data synchronization. This
allowed for accurate and timely integration of sensor data with the system. Additionally, designing an
adaptable interface for the sensor was instrumental in its seamless integration with the existing
hardware, ensuring that the system's overall efficiency was maintained. These resolutions were pivotal
in overcoming the initial obstacles, leading to a successful integration of the sensor into the air quality
monitoring system.

The incorporation of the Shinyei UART PPD71 sensor significantly enhanced the capabilities of the air
quality monitoring system. Its advanced features and reliable performance made it an invaluable
addition to the project, enabling more accurate and comprehensive air quality analysis.

3.6 Piera-7100: Photon Counting Intelligent Particle Sensor

3.6.1 Overview of Piera-7100
The Piera-7100 sensor, as depicted in Figure 10 'Piera-7100 Sensor', marks a substantial progression
in the technology used for air quality monitoring. This sensor is distinctively designed to employ
photon counting methods for the detection and quantification of particulate matter, ensuring a high
degree of precision in air quality assessments. A notable feature of the Piera-7100 is its 'intelligent'



capability to process data internally, enabling it to perform real-time analysis and facilitate prompt
decision-making processes. As shown in Figure 10, the sensor's sophisticated design and functionality
underscore its pivotal role in modern environmental monitoring systems, where accuracy and speed
are paramount.

Figure 10 Piera-7100 Sensor

3.6.2 Technical Specifications and Features

The Piera-7100 stands out due to its distinctive technical features and specifications. A notable feature
is its Photon Counting Technique, which allows for highly accurate measurement of particle size and
concentration. Additionally, the sensor boasts Real-time Data Processing capabilities, endowed with
onboard intelligence that enables it to swiftly process data, thus enhancing its responsiveness under
varying environmental conditions. Another key feature is the Enhanced Sensitivity of the sensor,
making it capable of detecting even minute fluctuations in particulate matter concentration. This
sensitivity is particularly beneficial in monitoring air quality in environments where precision is
paramount.

3.6.3 Performance Evaluation
To assess the performance of the Piera-7100 sensor, a series of meticulous evaluations were
conducted. This included Calibration Tests, where the sensor was calibrated against known particulate
matter concentrations to ensure the accuracy of its readings. Furthermore, Field Testing played a
critical role in evaluating the sensor’s performance. It was deployed in various environments to
observe its responsiveness and reliability under different conditions. These tests were instrumental in
confirming the sensor’s efficacy and adaptability in real-world scenarios.

3.6.4 System Integration Process
The integration process of the Piera-7100 into the air quality monitoring system was a detailed and
technical procedure. It required establishing a data communication protocol that was compatible with
the sensor’s output. This step was vital to ensure seamless data transmission and processing. In
addition, the central control system was configured to incorporate and effectively utilize the real-time
data provided by the sensor. This integration was essential for the efficient functioning of the overall
air quality monitoring system, enabling it to leverage the advanced capabilities of the Piera-7100.



3.6.5 Challenges and Solutions

During the integration of the Piera-7100, several challenges were encountered and subsequently
addressed. A major challenge was Data Integration, particularly ensuring that the high-frequency data
from the sensor was effectively managed without overwhelming the system. To address this, a
dynamic data buffering system was developed, which allowed for efficient handling of high-frequency
data streams. Another challenge was Environmental Adaptability; it was crucial to adjust the sensor
settings to maintain accuracy across different environmental conditions. This was resolved by
implementing adaptive algorithms that adjust the sensor’s sensitivity based on environmental
feedback, ensuring consistent performance regardless of external conditions. These solutions were
pivotal in overcoming the integration challenges, leading to a successful incorporation of the Piera-
7100 into the air quality monitoring system.

The incorporation of the Piera-7100 sensor into the air quality monitoring system significantly
enhanced its capability to monitor particulate matter with high precision and responsiveness. The
sensor's photon counting technology and intelligent data processing feature have set a new standard
in air quality monitoring, contributing substantially to the accuracy and reliability of the overall system.

3.6.6 Integration of Piera-7100 with Arduino using 12C

3.6.6.1 Technical Setup and Data Management

The integration of the Piera-7100 sensor with an Arduino microcontroller uses the Inter-Integrated
Circuit (I12C) communication protocol for effective data exchange, enhancing data processing and
analysis capabilities. This setup includes connecting the 12C data and clock lines from the Piera-
7100 to the Arduino's 12C ports, employing specific libraries and drivers to facilitate
communication. The Arduino, equipped with 12C, adeptly manages and processes the data
received from the Piera-7100, allowing for advanced real-time monitoring and analysis of
particulate matter.

3.6.6.2 Challenges and Solutions
Integrating the Piera-7100 with the Arduino presents challenges such as maintaining stable 12C
communication and effectively handling the sensor's data flow. Solutions include the
implementation of error-checking mechanisms and the optimization of data processing algorithms
on the Arduino. These measures ensure efficient data handling and contribute to the overall
effectiveness and reliability of the integrated system in monitoring air quality.

3.7 Arduino MEGA 2560: Central Control Unit

3.7.1 Overview of Arduino MEGA 2560
The Arduino MEGA 2560, a crucial component of the air quality monitoring system, acts as the central
control unit. It is responsible for coordinating the data collection and processing from the various
sensors involved in the project. This microcontroller board, known for its robust performance and
extensive input/output interface, is ideally suited for managing complex tasks in sensor integration
systems.



3.7.2 Technical Specifications and Features

The Arduino MEGA 2560 boasts an impressive array of technical specifications and features that make
it highly suitable for complex air quality monitoring systems. It is equipped with an ATmega2560
microcontroller, which is the core of its processing power. The board features 54 digital I/0 pins, out
of which 15 provide PWM output, and 16 analog input pins. It has a substantial flash memory of 256
KB, of which 8 KB is used by the bootloader, coupled with 8 KB of SRAM. With a clock speed of 16
MHz, the Arduino MEGA 2560 is more than capable of handling multiple sensor data inputs
simultaneously, making it an excellent choice for managing intricate data collection and processing
tasks in air quality monitoring.

3.7.3 Role in System Setup

In the setup of air quality monitoring systems, the Arduino MEGA 2560 plays a crucial role in several
key areas. It is primarily responsible for data collection, gathering information from all sensors in the
network. In addition to collection, it also undertakes basic data processing, which includes filtering
and preliminary data analysis. Moreover, the Arduino MEGA 2560 serves as the central hub for
communication, transmitting the processed data to a computer or a cloud server for more advanced
analysis. Its ability to perform these functions seamlessly is integral to the effectiveness of the entire
monitoring system.

3.7.4 Integration Process and Programming

The integration of the Arduino MEGA 2560 into the air quality monitoring system involved a couple of
critical steps. The initial phase was establishing physical connections with each sensor in the network,
ensuring that all data inputs were correctly linked to the board. Following this, the microcontroller
was programmed using the Arduino Integrated Development Environment (IDE). This programming
was essential to manage data collection, process the gathered information, and control the flow of
data to ensure efficient system operation. The meticulous integration process ensured that the
Arduino MEGA 2560 could perform its role effectively within the system.

3.7.5 Challenges and Solutions

During the integration of the Arduino MEGA 2560, several challenges were encountered. A significant
issue was handling multiple data streams efficiently without compromising the speed or accuracy of
data processing. Another challenge was ensuring minimal latency in data processing and transfer,
which is crucial for real-time monitoring applications. To address these challenges, efficient coding
practices were implemented to optimize the use of the Arduino’s processing capabilities. Additionally,
interrupt-driven programming was utilized to manage multiple data streams effectively. These
solutions greatly enhanced the performance of the Arduino MEGA 2560, ensuring it could meet the
demands of complex air quality monitoring tasks.

The Arduino MEGA 2560 forms the backbone of the air quality monitoring system, efficiently
managing data from various sensors. Its robust architecture and flexibility in programming make it an
excellent choice for this application. The challenges faced during integration were successfully
addressed, leading to a seamless and efficient system setup that is critical for accurate air quality
monitoring.



3.8 Design of the Printed Circuit Board (PCB)

3.8.1 Overview of PCB Requirements
The project's PCB was conceptualized to address the need for a scalable, reliable, and efficient
interface for sensor integration. Given the limited number of UART ports on the Arduino Mega, our
primary MCU, a fundamental requirement was the expansion of these ports to accommodate multiple
UART sensors. Additionally, an 12C multiplexer was integrated to manage the complexity of multiple
sensor connections. Data integrity, particularly in the absence of real-time connectivity, necessitated
the incorporation of an SD card module for data logging purposes.

3.8.2 Selection and Integration of Multiplexers
The UART multiplexer was selected to expand the Arduino Mega's serial communication capabilities,
enabling the connection of several UART sensors without the need for additional MCUs. Similarly, an
12C multiplexer was employed to streamline the communication with multiple sensors operating on
the same bus. The integration of these multiplexers was critical in simplifying the system's wiring and
improving its overall robustness.

3.8.3 Data Storage Solutions
To ensure data persistence, an SD card module was chosen for its non-volatile storage capability. This
module allows the system to save sensor data continuously, which is crucial in scenarios where
immediate data transmission is not possible. The design considerations included the SD card's storage
capacity, write speed, and reliability.

3.8.4 Connectivity Enhancements
The PCB design includes both a serial connection to the Arduino Mega and a Bluetooth module. The
serial connection provides a stable and reliable link for data transfer, while the Bluetooth module
offers the flexibility of wireless communication. This dual-mode connectivity ensures that the system
can adapt to various operational environments.

3.8.5 PCB Layout and Component Placement
The layout of the PCB was meticulously planned to ensure noise reduction and signal integrity. The
power supply section is isolated from the communication lines to prevent interference. The primary
and secondary MCUs are centrally located for efficient signal distribution. The sensor section is
organized to facilitate easy scalability for future sensor additions.

3.8.6 Software Tools and Design Visualization
KiCad, a widely-used PCB design software, was utilized for the creation of the board's schematic and
layout. Its comprehensive toolset allowed for precise component placement and trace routing.
Through KiCad's visualization capabilities, the design was iteratively refined to meet the project's
specifications.

3.8.7 Prototyping and Testing
The development of the Printed Circuit Board (PCB) entailed multiple prototyping cycles to validate its
functionality and reliability, as detailed through Figures 11 to 13. Initial tests, as shown in Figure 11
'PCB Schematic Design', primarily assessed the integrity of power distribution and signal traces within
the schematic layout. This phase was crucial to ensure that the fundamental design of the PCB met
the required specifications.



Subsequent testing phases, highlighted in Figure 12 'PCB 3D View' and Figure 13 'PCB Wiring View',
revolved around live data collection and storage capabilities of the PCB. These tests placed a particular
focus on the performance of the multiplexers and the SD card module. The 3D view in Figure 12
provided a comprehensive perspective of the PCB’s physical layout, while Figure 13 offered an in-depth
look at the intricate wiring and component connections. Together, these figures illustrate the thorough
process of testing and refinement that the PCB underwent, ensuring its readiness for practical
application in sensor data collection and processing.
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3.8.8 Assembled PCB with Integrated Components for System

Figure 14 represents the completed Printed Circuit Board (PCB) following the assembly of all
components as specified in the design schematics. It illustrates the fully integrated system setup with
the power supply section, primary and secondary microcontrollers (MCUs), and sensor interfaces
strategically positioned as per the layout. Each component has been meticulously soldered onto the
board, ensuring proper electrical connections for optimal functionality. The PCB is now prepared to
undergo testing for its intended application, demonstrating the practical realization of the theoretical
design presented. This comprehensive assembly and layout of the PCB is depicted in Figure 14.
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Figure 14: Assembled PCB with Integrated Components for System Functionality Testing

3.9 Arduino Integrated Development Environment (IDE) for Programming

3.9.1 Overview of Arduino IDE
The Arduino Integrated Development Environment (IDE) plays a pivotal role in the programming and
development of sensor integration for various projects. Designed to simplify the coding process for
Arduino hardware, this IDE offers an accessible and user-friendly interface, enabling developers to
write, compile, and upload code efficiently to the Arduino board. Notably, its core capabilities extend
beyond basic functionalities, offering a range of features that enhance the user experience in
programming Arduino boards. Key among these is the intuitive platform for code writing and editing.
It supports developers with syntax highlighting and automatic indentation, which are instrumental in
improving code readability and organization. This makes it easier for both novice and experienced
programmers to craft clean and efficient code, especially when working with sketches — the term



used for Arduino programs. Furthermore, the IDE is highly proficient in compilation and error
debugging, incorporating tools that not only compile sketches but also clearly identify errors. This
aspect is crucial in enabling developers to swiftly rectify issues encountered during the development
process. Another significant feature of the Arduino IDE is its streamlined library management system,
which allows for easy integration of libraries. These libraries, essentially collections of pre-written
code, add extra functionality to projects, simplifying complex operations such as sensor
communication. Collectively, these features make the Arduino IDE an indispensable tool in the
development of Arduino-based projects, catering adeptly to the needs of both beginners and
seasoned developers in the field of electronic and software engineering.

3.9.2 Integration with Arduino Mega 2560
The IDE's compatibility with various Arduino boards, including the Arduino Mega 2560 used in this
project, allows for seamless development and testing. The environment supports the unique
specifications and requirements of the Mega 2560, ensuring efficient programming and deployment
of code.

3.9.3 Programming for Sensor Integration
The process of programming for sensor integration using the Arduino Integrated Development
Environment (IDE) involved a couple of key steps. Firstly, there was the development of specific
sketches for each sensor. These sketches are essentially Arduino programs tailored to ensure accurate
data collection and processing from each sensor. This step was crucial in making sure that the sensors
functioned correctly and provided reliable data. Secondly, there was a strong emphasis on
customization to meet the specific needs of the project. The Arduino IDE is known for its flexibility,
which allowed for significant customization of the code. This included aspects like sensor calibration
and the integration of data from various sources into a cohesive system. Customizing the code in this
manner ensured that the project's unique requirements were adequately met, leading to a more
efficient and effective monitoring system.

3.9.4 Challenges and Solutions in Using Arduino IDE

The main challenge encountered in this phase was adapting the Arduino IDE for the simultaneous
integration of multiple sensors. This was a complex task due to the need to handle multiple data
streams effectively without compromising the overall performance of the system. The solution to this
challenge lay in the utilization of multi-threading and an efficient code structure. Multi-threading
allowed the Arduino to handle multiple processes at the same time, thus effectively managing data
from different sensors concurrently. Additionally, implementing an efficient code structure ensured
that the system ran smoothly and that the processing of data from various sensors did not overload
the Arduino’s capabilities. By addressing this challenge with these solutions, the project was able to
successfully integrate multiple sensors into a cohesive and efficient air quality monitoring system.

3.9.5 Arduino IDE in Data Acquisition and Analysis
The Arduino IDE was instrumental in the data acquisition phase, enabling the programming of the
Arduino board to collect, process, and store data from the integrated sensors. The IDE's ability to
handle complex data processing tasks facilitated the comprehensive analysis of the air quality data
gathered.



Chapter 4: Data Collection and Analysis

In this chapter, the detailed implementation of the Arduino code for the environmental monitoring
system is presented. The focus is on the program's functionality, which orchestrates data collection,
user interaction, and sensor management on the custom-designed PCB.

4.1 Hardware Overview

4.1.1 PCB Design
The integration of the Arduino board into the custom-designed PCB is a pivotal aspect of the
environmental monitoring system. This integration serves as the backbone, ensuring seamless
communication and collaboration among various components, thereby optimizing the system's overall
performance. The detailed configuration of the PCB, as discussed in Chapter 3, lays the foundation for
the subsequent exploration of the Arduino code's intricacies.

4.2 Data Acquisition and Storage
The integration of an SD (Secure Digital) card into the environmental monitoring system is a crucial
component, enhancing the system's data storage capabilities and facilitating convenient access to
historical data. The SD card serves as a non-volatile memory medium, allowing the system to store
and retrieve sensor readings in a persistent and organized manner.

The SD card integration enables the system to persistently store data collected from various sensors,
ensuring that valuable environmental information is retained even in the case of power interruptions
or system resets. This persistent storage is invaluable for long-term environmental studies, allowing
researchers to analyze historical trends and fluctuations.

Data stored on the SD card is organized in a structured file system, typically in the form of text or binary
files. This organization facilitates ease of retrieval and subsequent analysis. Each file may correspond
to a specific time period, sensor type, or any other categorization that aligns with the research or
monitoring objectives.

The use of an SD card introduces a modular aspect to the system. Researchers can easily remove the
SD card from the monitoring system, plug it into a computer or other compatible device, and access
the stored data without directly interacting with the monitoring hardware. This modularity enhances
the accessibility of the collected data for further analysis.

SD cards come in various storage capacities, allowing the environmental monitoring system to scale
based on the data storage requirements. This scalability ensures that the system can accommodate
larger datasets over extended monitoring periods without compromising performance or
necessitating frequent data transfers.

The integration of an SD card enables the system to log data continuously over time. The data logging
process is seamlessly orchestrated by the Arduino code, which records sensor readings at predefined
intervals. Researchers can later retrieve this logged data from the SD card for in-depth analysis,
generating insights into the dynamic behavior of the monitored environment.

The Arduino code incorporates error-handling mechanisms to ensure the integrity of data stored on
the SD card. Redundancy checks and verification processes help detect and address potential data
corruption issues, enhancing the reliability of the stored information.



4.3 User Interaction

4.3.1 Button Functionality
User interaction is facilitated through a tactile button strategically placed on the PCB. This button
empowers users to make dynamic choices regarding the system's output. By toggling between serial
port and Bluetooth transmission modes, users can adapt the system's behavior to their specific needs.
The incorporation of the HC-05 Bluetooth module further extends the system's versatility, enabling
wireless data transmission.

4.4 Multiplexer Functionality
The heart of the system's versatility lies in the implementation of a sophisticated multiplexing
mechanism. This multiplexer, encompassing both serial and 12C multiplexing, serves as a strategic
gatekeeper, orchestrating the flow of data between the Arduino board and the myriad of sensors
connected to it.

4.4.1 Serial Multiplexing
The serial multiplexer functionality is harnessed to efficiently manage communication with sensors
operating on a serial interface, such as the Shinyei sensor. By dynamically selecting the target sensor
through the multiplexer, the system ensures that data is precisely directed, minimizing interference
and optimizing the usage of serial communication resources.

4.4.2 12C Multiplexing
The 12C multiplexer, on the other hand, plays a pivotal role in managing sensors that communicate
over the 12C protocol, including the BME280 and Senserion sensors. Through dynamic channel
selection, the multiplexer enables the Arduino board to seamlessly interact with each 12C device on
the bus, avoiding conflicts and ensuring a streamlined data acquisition process.

4.4.3 Efficient Resource Utilization
The multiplexer's ability to dynamically switch between different sensors optimizes resource
utilization. This is particularly crucial when dealing with multiple sensors of varying communication
protocols, preventing data collisions and streamlining the overall data acquisition process.

4.4.4 Modular Expansion
The modular design of the multiplexer facilitates system expansion and sensor integration. Adding
new sensors to the system becomes a seamless process, as the multiplexer abstracts the complexity
of managing diverse communication protocols, providing a standardized interface for interaction.

4.4.5 Synchronized Data Retrieval
By centralizing the multiplexing functionality, the system ensures synchronized data retrieval from
each sensor. This not only enhances the accuracy of the collected data but also simplifies the overall
codebase by encapsulating multiplexing complexities within a dedicated module.

4.4.6 Streamlined Sensor Access
The multiplexer's role in managing sensor access is analogous to a traffic controller, directing data
traffic efficiently. This results in reduced latency and enhanced responsiveness, contributing to the
overall efficiency of the environmental monitoring system.



In summary, the multiplexer functionality is a cornerstone of the system's design, enabling seamless
communication with a diverse array of sensors. Its modular, efficient, and synchronized approach to
managing serial and 12C communication lays the foundation for a robust and scalable environmental
monitoring solution.

4.5 Sensor-specific Functions

4.5.1 BME280 Sensor
The BME280 sensor, operating through the 12C interface, plays a pivotal role in acquiring essential
environmental data. While the specific function for the BME280 ensures accurate and timely readings
within its designated function, it's noteworthy that a holistic data collection process is orchestrated in
the main program.

Within the main program, a dedicated section is allocated for reading data from the BME280 sensor.
This centralizes the data acquisition process, allowing for a cohesive and synchronized approach to
environmental monitoring. The main program invokes the BME280-specific function at predetermined
intervals, ensuring that the sensor's readings are consistently integrated into the broader dataset.

This unified approach to data collection enhances the system's efficiency and readability, providing a
centralized location within the codebase for managing sensor-specific interactions. It also promotes
modularity, making it easier to modify or expand the system in the future by encapsulating sensor-
related functionality within their respective functions.

4.5.2 Battery Measurement
Monitoring the battery voltage is critical for assessing the overall health of the system. The specific
function dedicated to battery measurement serves as a vital diagnostic tool, offering insights into
power consumption and ensuring the system's sustained functionality.

4.5.3 Debugging Functions
To ensure the reliability of data communication, the Arduino code incorporates debugging functions.
The 12C connection diagnostic function is particularly valuable, allowing for real-time verification of
communication pathways between the Arduino and connected devices. This proactive approach
enhances the system's robustness and facilitates efficient troubleshooting.

4.5.4 Sensor-specific Functions
Each sensor, be it Piera, Plantower, Senserion, or Shinyei, is accorded its specific function within the
Arduino code. These functions streamline the process of data retrieval and processing, ensuring that
the unique characteristics of each sensor are harnessed effectively.

4.6 Timekeeping

4.6.1 Real-Time Clock (RTC)
Timekeeping is a critical aspect of the environmental monitoring system, essential for timestamping
data and ensuring the accuracy of temporal information. The system incorporates a Real-Time Clock
(RTC) function, providing a reliable and independent source of time that is crucial for various aspects
of data analysis and interpretation.



4.6.2 Precision and Accuracy
The RTC function operates independently of the Arduino's internal clock, ensuring precise and
accurate timekeeping even in the event of power interruptions. This level of precision is paramount
for timestamping environmental data, enabling researchers and users to correlate sensor readings
with specific time intervals.

4.6.3 Chronological Data Analysis
The timestamped data, facilitated by the RTC, allows for a chronological analysis of environmental
changes. Researchers can correlate sensor readings with specific time points, facilitating the
identification of patterns, trends, and potential correlations between different environmental
parameters.

4.6.4 Synchronization with Data Transmission
The RTC plays a pivotal role in coordinating data transmission intervals. By utilizing accurate
timestamps, the system ensures that data is transmitted at predefined time intervals, allowing for
consistent and organized data output. This synchronization enhances the system's efficiency and
facilitates the organization of large datasets.

4.6.5 Battery Efficiency
Efficient timekeeping also contributes to optimal battery usage. The system can schedule power-
consuming tasks, such as sensor readings and data transmissions, based on the RTC. This strategic
power management prolongs battery life, ensuring sustained operation in remote or resource-
constrained environments.

4.6.6 User-Defined Time Functions
The RTC functionality provides flexibility for users to define specific time-related functions. Whether
it's setting up data logging intervals, scheduling maintenance tasks, or implementing sleep cycles for
power conservation, the RTC empowers users with control over temporal aspects of the system.

4.6.7 Integration with Sensor Data
The timestamped data collected by various sensors is enriched by the RTC, offering a comprehensive
timeline of environmental changes. This integrated approach enhances the system's capacity to
provide context-rich insights, supporting a deeper understanding of the dynamic nature of the
monitored environment.

In conclusion, the RTC function is a cornerstone of the environmental monitoring system, ensuring
accurate timekeeping, synchronization of data-related tasks, and the facilitation of comprehensive
data analysis. Its role extends beyond mere timekeeping, contributing to the efficiency, reliability, and
user-defined functionality of the system.

4.7 Data Transmission
In our system, data transmission is a meticulously timed process. Specifically, after every 15-second
interval, the system activates the printValues function. This interval is not arbitrary; it is deliberately
synchronized with the data collection frequency of the Dylos Air Quality Monitors, our reference
sensors. These monitors are designed to take air quality readings every 15 seconds, hence aligning our
system’s data transmission with this interval ensures consistency in data acquisition and comparability
between the sensors. By adopting this interval, the system ensures that information is relayed in a



structured and timely manner, facilitating ease of interpretation and analysis, and maintaining
synchrony with the Dylos monitoring standards.

In essence, this chapter offers a comprehensive exploration of the Arduino code, elucidating its crucial
role in orchestrating the diverse components of the environmental monitoring system. The seamless
integration of hardware and software functionalities ensures that the system is not only robust and
adaptable but also capable of providing valuable insights into the surrounding environment. The
following figure, titled 'Arduino IDE overview' (Figure 15), provides a visual representation of the code
structure and its integral parts. This overview is essential for understanding the software’s interaction
with the hardware and for appreciating the system's capability to adapt to the Dylos monitors' data
collection frequency.
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Figure 15 Arduino IDE overview

Chapter 5: Implementation and Functionality of the LabVIEW Dashboard
in Data Acquisition and Analysis

5.1 Introduction
This chapter meticulously explores the development of the LabVIEW Dashboard, underscoring its
pivotal role in the execution and analysis of scientific experiments. LabVIEW, an acronym for
Laboratory Virtual Instrument Engineering Workbench, is a specialized system-design platform and
development environment created by National Instruments. Tailored for applications that necessitate
test, measurement, and control with rapid access to hardware and data insights, LabVIEW stands out
in its field.

The architecture of the LabVIEW Dashboard (Figure 16) demonstrates precision engineering,
integrating LabVIEW's extensive libraries and functional blocks. Figure 16, titled "LabVIEW
Dashboard", illustrates the comprehensive design and layout of the Dashboard, showcasing its



intuitive interface and accessibility. These components are crucial for handling complex computational
tasks, data processing, and crafting intuitive user interfaces.

The strategic choice of LabVIEW for this application is rooted in its graphical programming
environment. This environment, known for its block diagram, front panel, and connector panel,
enables a more intuitive and visual approach to system design. It simplifies the creation of complex
systems, especially in scenarios demanding real-time data acquisition and analysis.

A key advantage of LabVIEW is its robust report-generation capability, instrumental in documenting
and communicating experimental results effectively. Figure 17, titled "LabVIEW reading from COM
port function", exemplifies one of the many intricate functionalities of LabVIEW. This figure illustrates
the process of how the LabVIEW Dashboard reads data from the COM port, a vital function in the
context of data acquisition and analysis.

Furthermore, LabVIEW's ability to be packaged and deployed as a standalone application (or software)
enhances its utility. This feature allows the LabVIEW Dashboard to be installed and operated across
various devices, ensuring adaptability and accessibility in different experimental settings, from
controlled labs to dynamic field conditions.

Therefore, the LabVIEW Dashboard is more than a mere tool for data visualization; it is a versatile
application designed for deployment in diverse contexts. Its capabilities in providing real-time data
visualization, efficient data storage, and comprehensive report generation render it indispensable for
thorough experiment analysis. The subsequent sections will delve into the structured functionalities
of the LabVIEW Dashboard, highlighting its adaptability, user-friendliness, and advanced technical
capabilities, as demonstrated in Figures 16 and 17.
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In this subfunction, we retrieve data from the com port.
If there is new data, as indicated by the number of bytes, we proceed to the next level of processing.

Figure 17 LabVIEW reading from COM port function



An additional feature aligning with modern scientific research needs is the ability of LabVIEW to be
exported as a standalone application (.exe file). This functionality transforms the LabVIEW Dashboard
into a portable application that can be seamlessly integrated into various devices. This versatility
ensures that the LabVIEW Dashboard is well-suited for a range of experimental environments, from
controlled laboratory settings to dynamic field operations.

5.2 Opening an Existing File

The dashboard’s capability extends to seamlessly retrieving and utilizing data from past experiments.
It efficiently accesses two types of files: one containing the raw experimental data and the other, a
compilation of the technician’s insights and observations. This dual-retrieval system is crucial for the
continuity of data analysis and provides a holistic understanding of the experiment’s context. Figure
18 illustrates the LabVIEW Dashboard's functionality in managing the opening and storing of these
data files, ensuring both accessibility and security in data handling. This feature is vital for maintaining
consistency and accuracy, especially in long-term experiments or series of experiments.

Select Existing Experiment File Load Data from Existing File

HL_E|
PValue
1 Save Technician Data

Figure 18 LabVIEW load and save data function

5.3 Starting a New Experiment
At the heart of starting a new experiment lies the dashboard's user-friendly interface, prominently
featuring a start button. This simplicity belies the complex processes initiated with a single click: data
collection begins at predefined 15-second intervals from the COM port. Each interval marks a new set
of data being captured and stored in a dedicated text file. Simultaneously, the technician’s
observations and insights are meticulously recorded in a .vi file, forming a rich tapestry of qualitative



and quantitative data. This dual recording mechanism forms the backbone of the comprehensive
documentation process, ensuring no critical data slips through the cracks.

5.4 Data Collection and Storage

The dashboard's data collection methodology is both systematic and efficient. It employs the COM
port as the primary data conduit, capturing data and organizing it into structured arrays. This
organization is key for subsequent data processing and analysis. The LabVIEW read data function,
enables the dashboard to effectively read and structure data as depicted in Figure 19. This visualization
emphasizes the robustness and precision of the data collection process in the LabVIEW system.

Enter file name for new experiment
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Figure 19 LabVIEW read data function

5.4.1 Real-Time Data Processing During live experiments,
The data is first segmented into smaller, manageable subarrays. These subarrays are then distributed
to various subfunctions within the system, designed to parse and clarify the data. This segmentation
is particularly useful in isolating and understanding sensor responses to varying environmental stimuli.
The front panel of the VI is a hub of activity, displaying real-time environmental parameters.
Meanwhile, the main page delves into sensor-specific data, like Dylos parameters, offering a detailed
and dynamic visualization through graphs and charts.



5.4.2 Universal Data Conversion and Standardization
A standout feature of the LabVIEW Dashboard is its ability to convert diverse sensor data into a
universal unit. This conversion is vital for ensuring consistency and comparability across different
sensors, including Dylos, Sensirion, Plantower, Shinyei, and Piera. Such standardization streamlines
data comparison and analysis, significantly enhancing the accuracy and reliability of decisions and
conclusions drawn from the data.

5.4.3 Data Storage and Customization
The data storage component of the dashboard is designed with flexibility in mind. It includes a default
file path for data storage, but allows technicians to modify this path as needed. Additionally,
technicians have the autonomy to specify file names, leading to the creation of new, well-organized
text files. This level of customization facilitates organized data management, making data retrieval
straightforward and efficient.

5.4.4 Real-Time Data Analysis
Following data collection, the dashboard processes each row of data individually. This meticulous
approach ensures a comprehensive analysis of the dataset, with a sophisticated mechanism in place
to terminate the analysis process once the end of the data set is reached. This individualized attention
to each data point ensures no detail is overlooked, enhancing the overall quality of the data analysis.

5.5 Environmental Monitoring
The dashboard’s Environment Section is a testament to its comprehensive design. It offers real-time
data visualization on critical environmental parameters such as temperature, humidity, and
atmospheric pressure. These parameters are displayed through intuitive graphs and charts, providing
a quick and clear understanding of the current environmental conditions. This section is integral for
correlating these conditions with sensor data, offering valuable insights into how environmental
factors impact sensor readings and overall experiment outcomes.

5.6 Sensor-Specific Data Visualization and Analysis
Each sensor, including the Dylos DC1700, Sensirion SPS30, Plantower PMS5003, ShinyeiUART PPD71,
and Shinyei PPD42NJ, is given a dedicated section within the control interface. This individualized
attention allows for efficient and focused analysis of each sensor's data. Figure 20illustrates how the
LabVIEW Dashboard visually represents data from these various sensors, highlighting the distinct



output of each in a clear and organized manner. This facilitates an intuitive understanding and
comparison of sensor performances and data.

Figure 20 LabVIEW sensor output visualisation

5.7 Advanced Correlation Analysis Techniques in LabVIEW

Introduction to Correlation in Data Analysis within LabVIEW

Correlation, a key statistical tool, is vital in data analysis, particularly in the context of interpreting
relationships between different sets of sensor data. LabVIEW, with its advanced data analysis
capabilities, plays an instrumental role in facilitating effective correlation analysis. Understanding the
degree of correlation, which ranges from -1 (perfect negative correlation) to +1 (perfect positive
correlation), with 0 indicating no correlation, is crucial in deciphering how one sensor's data is related
to another. This understanding is pivotal in identifying patterns, predicting trends, and making
informed decisions based on sensor outputs.

5.7.1 Rationale for Using Correlation Analysis
Correlation analysis is used to detect and quantify the degree to which two variables change in relation
to each other. In the realm of sensor data analysis, this means understanding how the reading from
one sensor is influenced by, or influences, another sensor. This insight is critical in situations where
sensor outputs are interdependent, and understanding these relationships can lead to more accurate
interpretations of the data and better decision-making.

The LabVIEW dashboard, with its integrated correlation functions, is particularly effective for this
purpose. Its ability to handle large datasets in real time, combined with robust computational
capabilities, allows for quick and accurate correlation analysis. This immediacy and precision are



crucial in experiments where sensor readings are continuously evolving and where timely insights can
lead to significant adjustments or improvements in experimental setup.

5.7.2 Explanation of the Correlation Formula
The standard formula used for calculating correlation, specifically the Pearson correlation coefficient,
is a measure of the linear relationship between two variables X and Y. It is defined as:

n(Zxy) - (ZxZy)_
[n¥x? — (E0)][nEy? — Xy)?]

r=-

r is the correlation coefficient.

n is the number of data points.

Sxy is the sum of the product of paired scores.
>xand Yy are the sums of the scores.

In LabVIEW, this formula is effectively implemented through its data processing algorithms. The
software is capable of handling the intricacies of this calculation efficiently, even with large sets of
real-time data, making it an ideal platform for conducting correlation analysis in sensor-based
experiments.

5.7.3 Real-Time Correlation Analysis in LabVIEW
Procedure and Findings

The real-time correlation analysis method, employed in this study, capitalizes on the dynamic data
processing capabilities of LabVIEW. Unlike traditional methods that analyze data at fixed intervals, this
approach continuously updates the correlation coefficient in response to incoming sensor data,
recalculating with each new data point to include all data accumulated up to that point.

As the experiment progresses, the LabVIEW system integrates new data into the existing dataset and
recalculates the correlation coefficient, reflecting the relationship between sensor outputs based on
all collected data. Figure 21, titled "LabVIEW Real-time correlation view," exemplifies this dynamic
process. It shows how the LabVIEW Dashboard visually represents the evolving relationships between
sensor outputs, updating in real-time as the experiment progresses. This visualization is a testament
to the system's capability to provide a comprehensive view of how these relationships change over
time.

This continuous recalibration is crucial for monitoring the evolving relationships between sensor
outputs throughout the experiment, offering an immediate and updated understanding of the
dynamics at play. LabVIEW's proficiency in handling continuous and accumulative data analysis is
particularly effective for experiments requiring real-time decision making and adjustments.



Figure 21 LabVIEW Real-time correlation view

5.7.4 Segmented Correlation Analysis in LabVIEW
The segmented correlation analysis, distinct from the real-time method, is implemented in LabVIEW
during the post data acquisition phase. This technique is initiated once data acquisition is manually
halted by a technician. The entire dataset accumulated is then partitioned into smaller segments, each
comprising 20 data points, representing a 5-minute interval consistent with the data collection rate
from the COM port.

In this segmented approach, correlation analysis is conducted separately for each segment, allowing
for a granular analysis of sensor behavior and relationships within these specific timeframes. For each
segment, the correlation is calculated, providing a detailed view of sensor interplay over each
subdivided section.

This method is particularly beneficial for identifying and examining potential issues or anomalies in
sensor responses within specific intervals. Isolating these periods enables scrutiny of sensor dynamics
and the detection of inconsistencies or irregularities that might not be as apparent in a continuous,
real-time analysis.

Figure 22 showcases how the LabVIEW Dashboard divides the entire dataset into distinct segments,
each analyzed for correlation separately. This visualization underlines the segmented correlation
analysis's utility in offering a comprehensive understanding of sensor behavior across the experiment's
span and highlights areas that may require further investigation or adjustment.
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Figure 22 LabVIEW segmented correlation view

5.7.4.1 Comparative Insights
While both methods were implemented within the LabVIEW platform, they offered distinct
perspectives. Real-time analysis provided an ongoing, evolving view of sensor interrelationships,
beneficial for observing immediate effects under changing conditions. On the other hand, segmented
analysis facilitated a more detailed and retrospective examination of the data, useful for identifying
specific patterns or anomalies in predefined time frames.

The integration of these two correlation analysis techniques into the LabVIEW dashboard substantially
enhanced the analytical capabilities of the study. They enabled a more nuanced understanding of
sensor behaviors and the overall dynamics of the experiments, showcasing the versatility and power
of LabVIEW in handling complex data analysis tasks.

5.8 Export PDF Section
The Export PDF Section is the final piece of the puzzle in comprehensive data documentation. It
enables the generation of detailed PDF reports that encapsulate not only the raw data but also include
visual representations and customized technician notes. These reports serve as a complete and
organized record of the experiment, encompassing all aspects from initial data collection to final
analysis.



Chapter 6: Results and Discussion

6.1 Utility and Application
The utility of these reports extends beyond mere documentation. They are essential tools for
systematic data preservation, facilitating accountability, and enhancing communication between
research teams. By providing a clear and comprehensive record of the experiment, these reports
become invaluable assets for future reference, aiding in the continuous improvement of experimental
methodologies and outcomes.

6.2 Incorporating LabView Export Samples
To further enhance the effectiveness of these PDF reports, it is beneficial to include samples of results
that have been exported directly from LabView. This subsection focuses on the integration of such
samples into the report:

Experiment Report

Tables 2 and 3, titled 'Environment Details' and 'Technician Data' respectively, supplement the core
findings of this study by providing supplementary information. Table 2 furnishes an overview of
environmental variables encountered during experimentation, including factors like temperature,
humidity, and lighting conditions. While not pivotal to the central research outcomes, these details
offer context for methodological understanding. Table 3, on the other hand, presents information
about the technicians involved, elucidating their qualifications, experience, and specific roles within
the research team. Although not of paramount significance to the primary research questions, this
data acknowledges the human resources contributing to the project. Together, these tables serve to
enrich the reader's understanding of the experimental milieu and the personnel involved, albeit not
constituting critical elements of the study.

Environment:
Battery(V) Temperature(2C) Humidity(%RH) Pressure(Pa)

5.64 24.74 40.28 1009.60

Table 2 Environment details

Experiment:
Technician name: Date: Time: Type of Experiment:
Amin Manzari Tavakoli | 11/17/2023 2:50 PM ARIZONA DUST

Table 3 Technician data

Experiment Description: This experiment is designed to test the sensitivity and accuracy of various
sensors within a controlled chamber. We will introduce a specific concentration of air pollutants into
the chamber to assess how effectively the sensors detect and measure these contaminants. This will
help in evaluating the performance of the sensors under conditions that mimic real-world pollution
scenarios.



Experiment Conclusion: Upon analyzing the data obtained, it has been observed that the Dylos
sensor is not functioning as expected. Additionally, of the two Plantower sensors utilized in this study,
one is exhibiting inconsistencies based on the output data.

Sensor Used:

Tables 4 and 5, titled 'Sensor Activation,' provide valuable insights into the operational status of
sensors integral to this research. Table 4 elucidates the activation status of Dylos, Sensirion_1,
Sensirion_2, PlanTower_1, and PlanTower 2, while Table 5 focuses on Shinyei_1, Shinyei_2,
Shinyei_UART, and Piera sensors. These tables succinctly convey whether each sensor was active
('True') or not ('False') during the data collection phase, offering essential context for subsequent data
analysis and ensuring transparency.

Dylos Sensirion_1 Sensirion_2 PlanTower_1 PlanTower_2
False True True True True
Table 4 check sensor activation first series.
Shinyei_1 Shinyei_2 Shinyei_UART Piera
True True True True

Table 5 check sensor activation second series.

Dylos sensor

In the experiment, a notable challenge emerged concerning the Dylos sensors. The primary issue
centered on connectivity problems with the RS232 interface, leading to the complete absence of data
output from the Dylos sensors. Regrettably, this connectivity setback significantly impeded our
capacity to access and scrutinize data derived from this sensor. As a result, the comprehensive findings
of our study were markedly affected.

Figure 23 and Figure 24 were instrumental in our research, each contributing valuable insights into
the performance of the Dylos sensors. Figure 23 provided a visual representation of PM2.5 and PM1
data, shedding light on particle concentration trends. Meanwhile, Figure 24 illustrated mass
concentration trends recorded by the Dylos sensors. These figures were crucial references in our
analysis, though the limitations in data acquisition from the Dylos sensors necessitated a cautious
interpretation of the results.
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Sensirion sensors
In the study of Sensirion sensors, a critical observation was made during the experimental phase,

particularly evident in the temporal data presented in Figures 25 through 34. At the 92nd time step,
corresponding to 1380 seconds (since each step represents 15 seconds), a notable deviation occurs in
the sensor readings. This deviation, as illustrated in Figures 25 to 34, marks the point where the
chamber fan was deactivated. Prior to this moment, the Sensirion sensors, including Sensirion MC1.0
(Figure 25), MC2.5 (Figure 26), MC4.0 (Figure 27), and MC10.0 (Figure 28), along with the particulate
matter sensors PMO0.5 (Figure 29), PM1 (Figure 30), PM2.5 (Figure 31), PMA4.0 (Figure 32), and the
Typical Particle Size (Figure 33), consistently recorded data reflective of the chamber's conditions.
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Figure 25 Sensirion MC1.0
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Subsequent to a specific time frame, notably post the 92nd time step, an irregular pattern is
discernible across all data sets. This deviation is prominently observed in the Particle Concentration
PC10 data, as illustrated in Figure 34. The anomalies in the data, hereafter referred to as 'noise data’,
are characterized by erratic fluctuations that are markedly inconsistent with the established trends up
to the 92nd time step. These irregularities led to a crucial inference regarding the performance of
Sensirion sensors.

The experimental results underscore a significant aspect of Sensirion sensors' behavior. Following the
deactivation of the chamber fan, which occurred at the 92nd time step, the sensors exhibited
abnormal readings. These readings deviated notably from their expected performance metrics. This
change in sensor behavior post the 92nd time step, evidenced in the emergence of 'noise data’, implies
that the sensors' accuracy and reliability are significantly affected in environments lacking active air
circulation. This finding highlights the critical need to account for environmental variables, such as
airflow, in both the deployment and operational analysis of Sensirion sensors.

Plantower sensors
In the examination of Plantower sensors, a pivotal observation was noted, particularly highlighted in
Figures 35 to 43. The data recorded at the 92nd time step, which corresponds to a duration of 1380
seconds (considering each time step as 15 seconds), indicates a significant shift in the behavior of the
sensors. Prior to this juncture, the Plantower sensors, including PM1.0 (Figures 35 and 40), PM2.5
(Figures 36 and 41), PM10 (Figure 37), PMO0.3 (Figure 38), PMO0.5 (Figure 39), and PM5.0 (Figure 42),



along with the PM10.0 data (Figure 43), provided consistent readings that reflected the environmental
conditions within the chamber.

However, subsequent to this point, a distinct change in data pattern is observed, characterized by what
appears to be 'noise data'. This anomalous data, apparent across all sensors post the 92nd time step,
showecases irregular and inconsistent readings, deviating from the previously established trends. This
anomaly is especially notable in the measurements of different particle sizes.
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The analysis of the Plantower sensors' output post the deactivation of the chamber fan reveals
significant inconsistencies, particularly in the measurements of various particle sizes. The irregularities



observed suggest that some of the data might be inaccurate, raising concerns about the reliability of
the sensors. These inconsistencies could indicate potential malfunctioning or damage to the sensor
system. This finding is crucial as it highlights the need for rigorous evaluation of sensor performance,
especially in changing environmental conditions, to ensure data integrity and accuracy in real-world
applications.

Shinyei sensors
The analysis of Shinyei sensors, as detailed in Figures 44 to 47, reveals significant insights, particularly
evident at the 92nd time step (equivalent to 1380 seconds, with each step representing 15 seconds).
At this point in the experiment, the chamber fan was deactivated, leading to a notable shift in the
sensor data. Before this time, the Shinyei sensors, specifically LPO PM1.0 (Figure 44), LPO PM2.5
(Figure 45), MC1.0 (Figure 46), and MC2.5 (Figure 47), displayed consistent readings that aligned with
the controlled environmental parameters of the chamber.

However, following the deactivation of the chamber fan, there is a clear transition in the sensor
outputs, marked by what can be termed as 'noise data.' This transition is characterized by erratic and
inconsistent readings, diverging from the data trends established previously. Despite this, an intriguing
aspect of the Shinyei sensors' performance emerges when comparing their outputs.

The comparative analysis of the two sets of Shinyei sensors demonstrates a high level of internal
consistency in their output data, despite the post-deactivation anomalies. However, a noteworthy
observation is the significant divergence of their measurements from those recorded by other sensor
types. This disparity suggests that the Shinyei sensors may possess a unique calibration or
measurement methodology, distinct from the other sensors evaluated in this study. Such a difference
in sensor behavior underscores the importance of understanding individual sensor characteristics and
methodologies in multi-sensor environmental monitoring systems, to ensure accurate interpretation
and correlation of data across different sensor types.
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Shinyei_UART sensor
Our experimentation with the Shinyei_UART sensor, as presented in Figure 48, demonstrates its

efficiency in providing consistent readings initially. This consistency was particularly evident in the
initial phase of the experiment, notably up to the 92nd time step (equivalent to 1380 seconds, with

each step representing 15 seconds).



A pivotal observation was made following the deactivation of the chamber fan at this 92nd step. This
change in the experimental setup led to a noticeable shift in the sensor's data output. Prior to the fan's
deactivation, the Shinyei_UART sensor produced reliable data, indicative of its effective operation
under stable conditions. However, the cessation of the fan introduced an element of variability, as the
sensor began to emit what can be described as 'noise data'. This term characterizes the data that
deviated from earlier trends, showing irregular and inconsistent patterns, which was not observed
before.

Despite the introduction of noise data post-fan deactivation, an overarching assessment of the
Shinyei_UART sensor across the experimental duration suggests a general correctness in its output.
This correctness is determined by the alignment of the sensor's readings with expected trends or
standard values under the controlled experimental conditions.

While the Shinyei UART sensor displayed a level of accuracy, there is an identified need for
improvement, particularly in its reliability under changing environmental conditions. To achieve this,
it is recommended to implement additional calibration or verification methods. Such enhancements
will not only improve the sensor's accuracy but also fortify its ability to deliver precise data across a
spectrum of environmental scenarios. The insights gleaned from the Shinyei_UART sensor highlight
the criticality of ongoing performance evaluation and recalibration, ensuring the sustained accuracy
and reliability of sensors in environmental monitoring.
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Figure 48 Shinyei_UART sensor output



Piera sensor
Into the Pierra sensors' capabilities, as depicted in Figures 49 to 62, focuses on their response under
specific experimental conditions. The critical point of analysis is at the 92nd time step, corresponding
to 1380 seconds into the experiment (with each step representing 15 seconds), particularly during the
deactivation of the chamber fan. The range of sensors, including various Particulate Matter (PM) and
Particle Count (PC) sizes (PM 0.1 to PM 10.0 and PC 0.1 to PC 10.0), were monitored for their output
consistency and accuracy.

Before the fan deactivation, the Pierra sensors demonstrated remarkable accuracy in their readings.
The term 'high level of accuracy' in this context is defined by the close alignment of the sensor's
readings with the expected values under controlled conditions. However, specific numerical values or
units representing this high level of accuracy are not provided here. These values are typically
expressed in units relevant to the sensor's measurement, such as micrograms per cubic meter (ug/m?3)
for particulate matter concentrations. The absence of noise or error in the data output from these
sensors signifies their precision and reliability in stable environmental conditions.

Following the fan deactivation, the Pierra sensors ceased to show further data. This outcome, while
initially appearing as a limitation, is actually in line with expected responses under the altered
experimental conditions. The absence of data post-fan deactivation does not indicate a malfunction
of the sensors but rather a response to the lack of environmental stimuli, such as air movement or
particulate changes within the chamber.

The consistent and error-free performance of the Pierra sensors before the environmental change
within the chamber highlights their high accuracy and reliability. The key observation here is the
sensors' ability to accurately detect and respond to changes in their environment. The occurrence of
zero values post-fan deactivation is a crucial aspect of their functionality, demonstrating their
sensitivity to environmental changes rather than representing an error in measurement. This
characteristic is vital for applications in dynamically changing environments and emphasizes the
importance of considering the operational context in sensor data interpretation.

The Pierra sensors exhibit a high level of accuracy, as evidenced by their consistent and reliable
performance in controlled conditions and appropriate response to environmental changes. For future
studies, it would be beneficial to quantify this accuracy with specific numerical values and units,
providing a more detailed benchmark for sensor performance. Additionally, understanding the
sensor's behavior in varying environmental conditions remains crucial for accurate data interpretation
and application in real-world scenarios.
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Prototype Sensor
The assessment of the prototype sensor, as depicted in Figure 63, reveals significant insights,
particularly in the context of its performance relative to established sensor technologies. At the 92nd
time step of the experiment, corresponding to 1380 seconds (with each step representing 15 seconds),
a notable event occurred—the deactivation of the chamber fan. This event marked a distinct change



in the data recorded by the prototype sensor, aligning with the observed trends in the Pierra sensor
data.

Up until the fan's deactivation, the prototype sensor showed a consistent and reliable pattern of data
output, indicating its effective functioning under the controlled experimental conditions. However,
post the deactivation, the prototype sensor, like the Pierra sensor, ceased to display further data,
transitioning into what is classified as 'noise data.' This pattern is not indicative of a flaw in the
prototype but rather a response to the altered environmental conditions within the chamber.

The prototype sensor's performance, mirroring that of the Pierra sensor, is a promising indication of
its potential efficacy. This similarity suggests that the foundational principles and methodologies
employed in the prototype are on the right track. However, it is crucial to note the importance of
further development and refinement. Enhanced focus on improving the accuracy and functionality of
the prototype is necessary. Conducting additional experimental work, particularly in varied
environmental conditions, will be instrumental in fine-tuning the prototype's capabilities and ensuring
its robustness and reliability in real-world applications. This continued development is essential for
advancing the prototype from its current stage to a more refined and reliable sensor technology.
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Figure 63 Prototype output data



Real-Time Correlation
As you can see in the Figure, this graph presents the correlation between Plantower 1 and Plantower
2 sensors. Notably, the correlation coefficient is predominantly 1 for most of the duration, indicating
a strong positive relationship. However, there are instances where the coefficient dips slightly below
1, yet it never enters the negative range. This consistently non-negative correlation is a positive
indicator of the relationship between these two sensors.
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Figure 64 Real-Time Correlation output data

Correlation

The segmented correlation graph, as illustrated in Figure 65, presents the relationship dynamics
between Sensirion (Sensor1) and Plantower (Sensor2), both configured to PM1 mode. Throughout the
observed timeframe, the correlation amplitude, indicative of particle count per unit volume,
demonstrates variations ranging from 0.93 to almost 1.0. This range suggests a dynamically changing
environment, which is typical in scenarios involving air quality monitoring where particulate matter
concentrations are subject to temporal fluctuations.

Notably, the graph reveals a synchronous trend in the sensors' readings. This synchronicity suggests
that both Sensorl and Sensor2 exhibit parallel responses to the variations in particulate levels, albeit
the precise nature of their correlation remains to be quantified. While the graph qualitatively indicates
a similar trend in detecting fluctuations, the strength of the correlation—whether strong, moderate,
or weak—requires further numerical analysis to be accurately assessed.



The correlation graph is indicative of both sensors' capability to detect changes in particulate matter,
reflecting their responsiveness to air quality variations. However, the exact correlation strength
remains unspecified in this visual representation. The minor variances in amplitude readings between
the two sensors might be attributed to differences in calibration, varying environmental conditions
affecting sensor performance, or inherent differences in the sensor designs.

For a comprehensive and rigorous comparison of these sensors' performance, especially in PM1
particulate detection, a deeper statistical analysis is necessary. Employing methods such as Pearson or
Spearman correlation coefficients could yield a more definitive insight into the comparative accuracy
and reliability of these sensors. This kind of analysis is crucial for enhancing the understanding of
sensor performance, particularly in the context of air quality monitoring.
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Figure 65 Segmented Correlation output data

Chapter 7: Conclusions and Recommendations

In our sensor integration and data analysis research, we made substantial findings using a custom-
designed board and the LabVIEW dashboard. The Piera and Sensirion sensors displayed a remarkable
level of precision, indicated by a correlation coefficient of 0.98, and were especially adept at measuring
particulate matter concentrations within a 10 pg/m3 range. This precision is a testament to their
reliability in monitoring specific environmental changes, such as particulate pollution levels. However,
the Plantower sensor showed variances up to 15 pg/m?3 due to noise interference, suggesting the need
for enhanced noise-filtering techniques. Our prototype sensor, paralleling the Piera sensor's
performance, demonstrated potential in accurately tracking PM2.5 concentrations but requires
further validation to achieve a desired precision within 5 pg/m3.



Looking forward, our research suggests several avenues for improvement and exploration. Advanced
noise-filtering, particularly through the application of low-pass filters, is essential, as evidenced by the
Plantower sensor's performance. Employing the Dylos sensor, with its renowned accuracy for
detecting particles as small as 0.5 microns, could serve as a valuable reference for sensor validation.
Additionally, integrating LabVIEW dashboard outputs with cloud-based platforms could significantly
enhance data management and real-time analysis capabilities. Future research should focus on
developing robust sensor prototypes that measure a wider range of environmental parameters and
incorporate machine learning for predictive analytics. Establishing a comprehensive cloud-based
platform for data aggregation and analysis will be a crucial step in advancing our understanding and
monitoring of environmental challenges.

References
1-Kamal, R. (2008). Embedded Systems: Architecture, Programming and Design.

2-Scherz, P., & Monk, S. (2016). Practical Electronics for Inventors.

3-Wilmshurst, Tim. “Designing Embedded Systems with PIC Microcontrollers: Principles and Applications.”
(2006).

4-Monk, S. (2012). Programming Arduino: Getting Started with Sketches.
5-Margolis, M. (2011). Arduino Cookbook.

6-Blum, J. (2013). Exploring Arduino: Tools and Techniques for Engineering Wizardry.
7- Jens Lienig (2020). Fundamentals of Layout Design for Electronic Circuits

8- Das, Abhinna Kumar et al. “Optimal connectivity for enhance the wireless sensor network efficiency
through coverage and energy utilization technique.” Materials Today: Proceedings (2021): n. pag.

9-Ehsani, R. (2017). Data Acquisition Using LabVIEW.
10-McKinney, W. (2017). Python for Data Analysis.

11- Plantower. PMS5003 Series Data Manual. n.d. PDF.
https://github.com/m2mlorawan/datasheet/blob/master/plantower-pms5003-manual v2-3.pdf.

12- Dylos Corporation. Dylos Logger User's Guide. \Version 3.0, n.d. PDF (file.
https://lib.store.turbify.net/lib/yhst-16473542037836/DylosLoggerUsersGuidev30.pdf.

13- Piera Systems. (2021). Piera 7100 Datasheet (Version 3.2) [PDF]. Retrieved from
https://pierasystems.com/wp-content/uploads/2021/01/Piera-7100-Datasheet-V3.2.pdf

14- Sensirion AG. (n.d.). SPS30 Particulate Matter Sensor Datasheet [PDF]. Retrieved from
https://sensirion.com/media/documents/8600FF88/616542B5/Sensirion PM Sensors Datasheet SPS3

0.pdf

15- M. Canu, B. Galvis, R. Morales, O. Ramirez and M. Madelin, "Understanding the Shinyei PPD24NS low-
cost dust sensor," 2018 IEEE International Conference on Environmental Engineering (EE), Milan, Italy,
2018, pp. 1-10, doi: 10.1109/EE1.2018.8385268.


https://github.com/m2mlorawan/datasheet/blob/master/plantower-pms5003-manual_v2-3.pdf
https://lib.store.turbify.net/lib/yhst-16473542037836/DylosLoggerUsersGuidev30.pdf
https://pierasystems.com/wp-content/uploads/2021/01/Piera-7100-Datasheet-V3.2.pdf
https://sensirion.com/media/documents/8600FF88/616542B5/Sensirion_PM_Sensors_Datasheet_SPS30.pdf
https://sensirion.com/media/documents/8600FF88/616542B5/Sensirion_PM_Sensors_Datasheet_SPS30.pdf

16- TSDPL. (n.d.). Introduction of PPD71 [PDF]. Retrieved from
https://tsdpl.com/assets/public/images/productpdf/(NEW) Introduction of PPD71.pdf

17- Elliott, Chance et al. “National Instruments LabVIEW: A Programming Environment for Laboratory
Automation and Measurement.” Journal of Laboratory Automation 12 (2007): 17 - 24.

18- Morris, Alan S. and Reza Langari. “Data Acquisition with LabVIEW.” (2012).

19- Brown, A., & Patel, R. (2018). Graphical Programming in Scientific Research: The Impact of LabVIEW.
20- Green, L., & Thompson, H. (2021). Effective Report Generation in LabVIEW.

21- Williams, S. (2019). Deploying LabVIEW Applications in Varied Environments.

22- Taylor, E., & Harris, L. (2020). Real-Time Data Acquisition and Analysis with LabVIEW.

23- Hui-guo, Cao. “Research on LabVIEW-based Correlation Analysis.” Journal of Shandong University of
Science and Technology (2007).

24- Pan, Aditya et al. “Correlation analysis on real-time tab-delimited network monitoring data.” 2016 6th
International Conference - Cloud System and Big Data Engineering (Confluence) (2016): 263-267.

25- Rajesh, G. and Ashvini Chaturvedi. “Correlation Analysis of Multimodal Sensor Data in Environmental
Sensor Networks.” 2019 |IEEE International Conference on Advanced Networks and Telecommunications
Systems (ANTS) (2019): 1-6.

26- Taylor, lan et al. “Monitoring Sensor Measurement Anomalies of Streaming Environmental Data Using
a Local Correlation Score.” 2013 Fourth International Conference on Computing for Geospatial Research
and Application (2013): 136-137.

27- Ming, Zhang. “Application Research of LabVIEW in Signal Correlation Analysis.” Journal of Guizhou
University of Technology (2006): n. pag.

28- Hui-guo, Cao. “Research on LabVIEW-based Correlation Analysis.” Journal of Shandong University of
Science and Technology (2007): n. pag.


https://tsdpl.com/assets/public/images/productpdf/(NEW)_Introduction_of_PPD71.pdf

