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Abstract 

Although air pollution is one of the largest threats to human health, the data 
available to the public is often sparse and not very accurate nor updated. For 
example, there exists only about 5-10 air quality measuring points across the 
city of Stockholm. This means that the available data is good in close 
proximity of the sensing equipment but can differentiate much only a couple 
of blocks away. In order for individuals to receive up to date information 
around a larger city, stationary measurements are not sufficient enough to get 
a clear picture of how the current state of the air quality stands. Instead, other 
methods of collecting this data is needed, for instance by making the 
measurements mobile. 
 
GOEASY is a project financed by the European Commission where Galileo, 
Europe’s new navigational service, is used to enable more location-based 
service applications. As part of the GOEASY project is the evaluation of the 
potential of collaborative applications where users are engaged to help 
individuals affected by breathing-related diseases such as asthma. This thesis 
presents the choice of architecture and the implementation of a mobile 
platform serving this purpose. Using sensors mounted on a range of objects 
real time air quality data is collected and made available. 
       
The result is a mobile platform and connected Android application which by 
utilizing air quality sensors, reports pollution measurements together with 
positional coordinates to a central server. Thanks to the features of the 
underlying systems used, this provides a platform which is accurate and more 
resilient to exploits compared to traditional location-based services available 
today. The result allows individuals with respiratory conditions to receive 
much more accurate and up to date information in a larger resolution. It also 
serves the purpose of demonstrating the potential of the supporting 
technology as part of the GOEASY project. 
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Abstract 

Trots att föroreningar i luften är bland de största hoten mot mänsklig hälsa är 
den information som finns tillgänglig för allmänheten ofta både gles och inte 
tillräckligt noggrann eller uppdaterad. Till exempel finns det i hela 
Storstockholm endast mellan 5–10 luftkvalitetstationer som mäter 
föroreningar. Detta innebär att den data som finns tillgänglig är bra i närheten 
av mätutrustningen men kan skilja sig mycket enbart ett par kvarter bort. För 
att öka mängden information som är tillgänglig till allmänheten räcker inte 
längre enbart de stationära lösningarna som finns idag för att visa hur de 
rådande halterna av föroreningar står sig. Andra metoder måste införas, 
exempelvis genom att nyttja mobila mätningar från en plattform som kan röra 
sig fritt. 
 
GOEASY är ett projekt finansierat av den Europeiska Kommissionen, där 
Galileo, Europas nya navigationssystem används för att tillåta fler 
platsbaserade tjänster att äntra marknaden. Som en del av GOEASY projektet 
ingår evalueringen av potentialen i en applikation där användare samlar in 
data för att hjälpa individer med andningssvårigheter som astma. Denna 
avhandling presenterar valen till arkitekturen samt implementationen av en 
mobil plattform som en del av GOEASY. Lösningen använder sig av mobila 
luftkvalitetsensorer som kan monteras på en rad olika objekt som samlar data 
i realtid som görs tillgänglig för allmänheten.  
          
Resultatet är en mobil plattform och tillhörande Android applikation som 
med hjälp av luftkvalitetsensorer rapporterar halten av olika skadliga 
föroreningar tillsammans med platsinformation till en central server. Tack 
vare egenskaperna av de underliggande systemen som används, skapas en 
plattform som är mycket mer precis när det gäller positionering jämfört med 
liknande system som finns tillgängligt. Det resulterande systemet gör det 
möjligt för individer med andningssvårigheter att få tillgång till noggrannare 
samt mer uppdaterad information i större utsträckning än vad som för 
närvarande är tillgängligt. Systemet fyller även syftet med att demonstrera 
potentialen i den bakomliggande teknologin som en del av GOEASY.        
 
Nyckelord 
Luftkvalitet, Sensorer, Platsbaserade tjänster, Galileo, Android 
applikation, Raspberry Pi 
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1 Introduction  

The World Health Organization (WHO) published a report in 2016 [1], where 
air pollution was pointed out as the biggest environmental risk to human 
health, responsible for one of nine deaths annually. In addition, only about 
one in ten live in a city with acceptable levels of air pollution according to 
WHO’s guidelines. As a result, the amount of cases of heart diseases, lung 
cancer and respiratory diseases like asthma has shown a large increase and 
can be directly connected to the emissions of harmful particles in the air [2]. 
 
While air pollution poses such a threat, information about the current 
pollution levels throughout cities is not sufficient when it comes to availability 
and accuracy. As an example, in the entire city of Stockholm there only exists 
about 5-10 stationary measuring points [3]. Due to the non-linearity of 
locations’ pollution levels, the measurements are valid in close proximity of 
the sensing equipment but differs as the distance increases [4]. In order to 
enable more data to be publicly available, new and cheaper means must be 
deployed, where one potential solution is the use of small sensors attached to 
a mobile platform.   
 
In recent years the number of devices using positioning information has 
shown an exponential growth, and by 2019 it is expected that each person on 
the planet owns at least one such device on average [5]. This trend opens up 
opportunities in the market for the adoption of a new type of position 
technology. One such technology is Galileo [6], Europe’s new navigational 
system, offering better precision and disabling the possibility to fake the users 
location compared to traditional positioning systems, making it an attractive 
alternative. By increasing the number of air quality measurements and 
combining the collected data with accurate navigational data, a system which 
is more robust and accurate than those available today can be achieved.  

1.1 Background 
With new technology constantly emerging on the market, advances in mobile 
alternatives of hardware are made [7]. This allows companies to build more 
compact solutions of their products, containing more features than previously 
possible. One sector where this trend is especially prominent is wearable 
technology in the form of sensors and micro-computers, where applications in 
health among others are especially prominent.  
 
There exists a wide range of sensors which are small and flexible enough to be 
attached to the skin or integrated in devices able to be carried around [8]. For 
example, optical sensors can be used in contact with human skin to measure 
heartrate and other vital signs, and by using optical-chemical sensors which, 
in contact with sweat, makes it possible to measure blood glucose levels. 
Different types of sensors exist everywhere, not to mention a typical 
smartphone which contains a number of sensors used by applications and 
services to provide functionality [9]. Some of these sensors include; an 
accelerometer used to determine the orientation of the device, a proximity 
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sensor used to turn off the screen when holding the device to your ear, an 
ambient light sensor used to automatically adjust the brightness of the screen 
and a navigation sensor for determining location data only naming a few [10].  
 
The growing number of connected sensors and other devices has coined the 
umbrella term “Internet of Things” (IoT) referencing otherwise disconnected 
physical items being extended to the real world and made available via the 
Internet [11]. The keyword in IoT is “smart” describing an object which by 
observing its surrounding, generates data to be processed. IoT does not 
consist of one single protocol or technology but rather a collection of several 
communication protocols, sensors and user interfaces depending on the 
application. This enables the developer to make decisions about what is most 
compatible for the current context. 
 
Today, connected IoT products exist everywhere from coffee machines and 
washing machines, which can be monitored and controlled wirelessly via an 
application, to small sensors notifying when the flowers need watering by 
turning on a light [12]. This has allowed many new applications and products 
to emerge on the market but has also increased the load on networks by 
introducing large quantities of new traffic and data. In a forecast made by 
Ericsson in 2016 [13], it was predicted that the number of connected IoT 
devices will surpass mobile phones during 2018. It was also predicted that by 
2022, 70% of the wide-area network devices (devices not connected to a fixed 
local area network) would use cellular technology instead of relying on WiFi or 
other close-range communication. 
 
When developing new devices which play a part in the large ecosystem of 
connected devices, it is important to think about everything from how 
messages are communicated, the cost and size of hardware and energy 
consumption in order to create products which are sustainable and durable. 
With this in mind, design decisions can be made accordingly to create 
something positively beneficial for society. One example is using small sensors 
which measures the levels of air pollution in the air and sends them wirelessly 
to be made available for different applications. 

1.2 Problem 
Finding good areas of operation, where available hardware and products can 
be used to benefit a large group of people, can be difficult. One approach is to 
investigate areas where there currently exist a shortage of available 
information or data. Measuring air pollution throughout cities fits this 
description well, since information regarding air quality available to the public 
is currently lacking by not being accurate nor available. In some noted cases 
such as [14], information published by two different sources regarding the 
pollution levels show completely different results, one reporting the situation 
as moderate when the other classified it as unhealthy.  
 
While humans are suffering from increased levels of pollutants in the air, 
there are far more problems which they bring, as mentioned by E. Lanzi et al. 
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[15]. On top of causing diseases and premature deaths, the environment 
suffers at least as much with a lowered crop yield, groundwater pollution and 
degradation of buildings. What both problem areas have in common is the 
economic impact it brings by putting a higher demand on healthcare and 
destroying crops and other produce. This points to the fact that making 
information about the levels of pollutants in the air available is both necessary 
and vital in order to make people more aware of the current situation. 
 
Furthermore, by looking at an existing infographic map displaying the air 
quality index (AQI) across the world such as [16], one can easily note the 
sparsity of the measurements available. The lack of air quality measurements 
across the world makes it problematic for asthma patients to avoid polluted 
areas without knowing near real time air quality data, severely increasing the 
risk of suffering from an attack. Improving the number of measuring points by 
capturing sensor readings using a mobile platform, complementing the 
already existing sources, would allow for accurate near real-time 
measurements from locations previously not available.  
 
The problems presented leads to the research question which underlies the 
thesis:  
How can a mobile platform, using sensors, increase the 
availability of information and awareness of air quality in larger 
cities?  

1.3 Purpose 
The purpose of the thesis is to present an implementation and evaluation of a 
mobile platform which by using connected sensors collects air quality data. 
The data can then be made available for the public where primarily people 
suffering from respiratory diseases can benefit from up to date information 
about air quality. The purpose of the work is to investigate different available 
technologies which can be applied in the system and to develop a proof-of-
concept prototype.  

1.4 Goal 
The goal of the project is to provide the society with a mobile platform which 
makes information about air quality available. This will allow individuals 
suffering from respiratory diseases to stay informed about the current state of 
the air around them. By deploying the platform, anyone interested can 
contribute to it by walking around with a connected sensor. Using the help of 
Galileo navigation [17], the measurements are more accurate when it comes to 
location compared to any similar existing solution.  

1.4.1 Benefits, Ethics and Sustainability 
The benefits with developing a system which captures real time air quality 
data and makes it publicly available affects both the individual person and the 
society in multiple ways. With detailed up to date information, individuals 
sensitive to highly polluted areas can avoid them and thereby not worsen their 
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conditions. This also helps people not yet suffering from breathing related 
diseases to avoid risk being affected. 
 
Analyzing the project from the sustainability point of view, there are three 
aspects which are usually considered; ecologic, economic and social 
sustainability [18]. Ecological sustainability is achieved by making society 
aware of the level of pollution present throughout a city. This can then trigger 
more sustainable and environment-friendly behavior, by making active 
choices and decisions that benefit the environment, also impacting social 
sustainability. 
 
Allowing society to take part of collecting and visualizing the air quality has a 
positive effect on economical sustainability if knowing the air quality can 
promote actions which in the long-term saves produce otherwise suffering 
negatively by the pollution. Furthermore, reducing the amount of pollutants in 
the air and having less people suffering from breathing related diseases as a 
result will take pressure of the already heavily loaded healthcare.  
 
When it comes to the ethical aspects of this thesis project, it is very important 
that the information collected and published is as correct as possible both in 
particle levels and coordinates in order to produce trustworthy data. If 
readings are not accurate, this might result in negative effects by exposing 
sensitive individuals to high amounts of pollution thinking it’s safe. Having 
individuals help by collecting air quality data together with location might 
have a negative consequence if the data can be used to track the position of a 
single individual. Therefore, it is important that no unnecessary personal 
information is being handled in the implemented system to prevent uninvited 
behavior.  

1.5 Research methodology 
Multiple methodologies are available when conducting a research project and 
choosing the most suitable is key to the success and quality of the finished 
thesis. This is discussed by A. Håkansson in [19] where it is stated that often 
the methodology for the project is chosen first after the work has been 
conducted which results in having to bend the actual methods in order to suit 
the work done. In some cases, new, hybrid, methods are invented to best fit 
the case which does not make for a good thesis. 
 
Two methods are commonly mentioned when talking about the collection and 
evaluation of data, these being of qualitative and/or quantitative nature. The 
qualitative approach is used when the goal is to develop a theory used to 
explain the results by the observation of reality [20]. This means working with 
data which is semi-structured and non-measurable, for example by 
conducting interviews. A. Bryman writes in his book, Social Research Methods 
[21], about the differences between the two and describes qualitative methods 
as the generation of theories rather than testing existing ones.  
 



 
 
 
 
 

5 

A quantitative approach is used when tests are conducted in order to prove or 
confirm a hypothesis [20]. Quantifiable data in the form of numerical results 
are collected in order to confirm or discard theories and the method does not 
accept vague terms requiring the hypothesis to be answerable as well as using 
a large data set [19]. 
  
Research methods are the guidelines for how to perform a research project 
and includes the planning and conduction of research [19]. Since this project 
aims to develop a new system with a specific purpose, methods like 
experimental research which aims to find relationships between variables and 
how changes affect the system does not reflect the characteristics of the thesis 
project. The same goes for descriptive research methods which by using 
surveys aim to find relationships between results and reality. 
 
The research project will instead consist of empirical research where 
evaluating different potential solutions will be done by observations. Other 
solutions and similar systems will lay as the base for deriving new knowledge 
[19]. Qualitative methods will then be used in order to draw conclusions from 
the knowledge collected. Since the data will be semi-structured and aims to 
gain understanding in the studied area instead of being numerical, 
quantitative methods are not preferred in this case.  
 
To complement the research method, different approaches can be used in 
order to draw conclusions from the generated results. The most commonly 
used approaches are inductive and deductive which differ in what type of 
theories and results are available [19]. A deductive approach is used to test 
theories generated by quantitative methods which requires numerical data to 
be available. The inductive approach is on the other hand used with 
qualitative methods where the goal is to understand why the results look as 
they do. Therefore, this project will use the inductive approach, which is 
directly connected to qualitative methods, is used.  
 
A literature study is first conducted in order to dive into the area which is to 
be researched, primarily focused on gaining deeper knowledge [22] and 
constitutes the theoretical background of the project. Furthermore, by 
researching about what has already been done in an area, the research 
question and focus of the work can be reformed in order to make sure that the 
project is worthwhile undertaking. This is also assisted by understanding how 
other similar projects were conducted and how the final decisions of 
components and technology were made. By comparing multiple different but 
yet similar solutions, choices of hardware and technology can be identified 
and a discussion about what is appropriate depending on situation can be 
made. The different choices can also base the evaluation, where the 
shortcomings of each solution are brought up and then discussed and 
compared with the implemented system. 
 
Philosophical assumptions of a project affects and steers how the results are 
presented and how conclusions are drawn [21]. The post-positivistic 
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assumption believes that the result depends on the researcher, their 
experience and knowledge in the area. In the case of a literature study this 
assumption is appropriate since there exists infinite information about an 
area, and depending on who conducts the research, different results will be 
achieved.  
 
Part of the evaluation will generate numerical data collected by performing 
tests of the implemented prototype. This will follow a quantitative method 
thus complimenting the qualitative results. The combination of using both 
qualitative and quantitative methods is called triangulation and is commonly 
used in order to get a more complete view by ensuring that the results are 
credible [19].  

1.6 Stakeholders 
GalileO-based trustEd Applications for health and SustainabilitY [23] 
(GOEASY) is a project financed by the European Commission (EC) where 
Galileo [6], Europe’s new navigational system, is used together with existing 
IoT infrastructure in order to enable more location-based service applications. 
As part of this project is the evaluation of the potential of collaborative 
applications, where users are engaged by reward-based systems to help 
individuals affected by breathing-related diseases.  
 
To promote the potential of the GOEASY project [23], two small-medium 
enterprises are responsible for deploying solutions which utilize the features 
of Galileo. The first one is GeeenApes SRL [24] who is tasked with developing 
an application, greenApes [24], inviting the user to a city-wide game using a 
Galileo-enabled device. In the game, the player is challenged by public 
authorities to engage in different environment-friendly behaviors and 
decisions. If successfully completed, the player is awarded an in-game 
currency named BankoNuts which can be spent at partnered organizations 
who offer discounts on their products and services amongst other rewards.   
 
The other partnered enterprise is CNet Svenska AB [25] who, with their 
application AsthmaWatch [26] as base, is tasked with integrating location 
based services using Galileo [17] and develop a proof-of-concept prototype. 
This will be done by engaging users to contribute with air quality data in order 
to help individuals with breathing related diseases. At the moment, 
AsthmaWatch [26] only uses the publicly available data available in 
Stockholm (and a few other sources in cities across the world) to plot the air 
quality on a map and can warn if the levels of pollution in the user’s location 
get too high. 
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Figure 1: AsthmaWatch's role in the GOEASY project together with the thesis project’s 

contribution. (Source: GOEASY DoA [27]) 

 
In order to expand the data displayed in the application and receive more data 
from different parts of the city, the number of measurements must be 
increased Therefore, CNet wants to investigate how this could be done by 
developing a mobile platform using gas sensors. The idea is to allow people to 
collect data by walking around and combining it with timestamps and 
location, which together can be used to generate a dynamic air quality map. 
The integration of AsthmaWatch with the addition of the GOEASY project and 
the proof-of-concept prototype is depicted in Figure 1. This constitutes the 
contribution made by the thesis project in the larger, GOEASY project [23]. 

1.7 Delimitations 
As the GOEASY project [23] consists of many smaller projects where this 
master’s thesis is part of the project tasked to CNet Svenska AB [25]. This 
thesis will only focus on developing the mobile platform which, by using 
sensors, captures and sends data to a service responsible for collecting and 
storing this data. The idea is to prepare the system for future expansion where 
the measurements are made public and get combined with other sources in 
order to get a range of different readings. Therefore, the system for rewarding 
contributors and publishing the saved measurements on a dynamic map, such 
as AsthmaWatch [26] will be left to future work.  
 
Since Galileo is new on the market, and at the time of writing still is under 
deployment, its full capabilities might not be available for use during the 
thesis project. This includes the use of raw navigation measurements used to 
further increase the accuracy of the user’s location and countermeasures for 
faking a location. Instead, other locational services which include data from 
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Galileo satellites in calculating position might be used which later can be 
substituted for other options.  
 
Security, when it comes to handling personal information within the system, 
is also not being considered and should therefore be avoided if possible. The 
exception is using the location of the mobile platform in the data which is 
being sent to be stored. Encryption of the data which is being communicated 
over the open network is also not considered. The underlying features of the 
communication protocols used and the way they handle the communication 
will therefore be sufficient. 

1.8 Outline 
The thesis starts off by presenting background information about some 
underlying hardware available for realizing prototype projects and 
communication protocols which can be used. The chapter is finished by 
presenting the Galileo navigational system. Chapter 3 brings up the problems 
different pollutants brings to the world, how pollution levels are categorized 
together with different measuring techniques used to capture harmful 
particles. The chapter ends with related work done in the area. Chapter 4 
presents the methodologies used when conducting the research and when 
implementing the prototype. Next, Chapter 5 describes the work done, 
including the collection of requirements, choice of hardware and software 
along with implementation and testing of the solution. In Chapter 6 the 
results are presented along with an evaluation of the implementation by 
performing tests. The thesis is rounded up in Chapter 7 where the conclusions 
of the evaluation, a discussion of the project and future work are brought up.  
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2 Hardware and communication technologies 

In an era where new technology constantly is produced and old solutions, with 
the help of components decreasing in both size and prize, can offer both 
companies and hobbyists tools to realize projects. This section will present key 
components in the form of examples of platforms used for developing new 
systems. This includes a computing brain, capable of processing an input and 
producing something as a result, together with examples of protocols for 
communicating the acquired information and make it available for processing. 
The chapter is concluded with an introduction to Galileo [17] and what makes 
it different from existing solutions such as GPS. 

2.1 Single-board computers 
Most electronic devices need some kind of logical unit capable of storing and 
running the functionality of the product making it follow some predefined 
steps whenever power is provided. A single-board computer (SBC) is similar 
to a regular computer in the regard of functionality but differs in the sense 
that all components are located on a single circuit board [28]. This includes a 
microprocessor, memory and basic input/output (I/O) which together make 
up a basic computer. Since all of this must fit on one circuit board, the result 
might not be as powerful as a desktop sized computer but as the components 
are reduced in size, one can be surprised what a credit card sized SBC can do.  
 
Two of the most frequently used SBC’s available to consumers is the 
Raspberry Pi [29] and the Arduino UNO [30]. One could argue that the 
Arduino fits better under the single-board microcontroller category, but it will 
still be considered equal since the functionality both products provide is 
similar to the intended use in the project. The remainder of this section will 
introduce these two products and present the capabilities and features of both. 

2.1.1 Raspberry Pi 
The first version of the Raspberry Pi was released in 2012 and by March 2018 
sales had surpassed 19 million units sold [31] making it an attractive option to 
use in projects. The latest version, Raspberry Pi 3 Model B+ features a 64-bit 
quad-core ARM CPU running at 1.4GHz, making it the most powerful device 
released by the company to date. Like the previous model the platform 
features WiFi, Bluetooth 4.2, Ethernet, HDMI and USB ports for connecting 
peripherals such as keyboard and mouse.  
 
The result is a credit-card sized computer capable of performing most of the 
tasks of a regular computer. For developing applications or using the device as 
a computer, the Raspberry Pi Foundation provides Raspbian which is a 
Debian-based Linux distribution [32] (other third party operating system 
images also exist but these are not discussed here). Being based on Debian 
makes most existing packages available and allows the user to fetch and install 
them when needed. The distribution is available as a free download and 
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installing it includes writing a Raspbian image to a SD-card which is mounted 
on the Raspberry Pi. 
 
Raspbian can either be run in a desktop version giving the user access to 
graphical applications and web browser [33] or in a “lite” version removing 
the graphical user interface (GUI). The latter is the version of choice when it 
comes to running scripts and services which do not require the interaction of a 
screen or keyboard. As part of the official OS, the recommended programming 
languages are Python and Scratch but any programming language which 
compiles on ARMv7 is supported [34]. This opens up for the user to decide 
what to use and the Raspbian image come pre-installed with C, C++, Java and 
Ruby in addition to Python and Scratch. 
 
The Raspberry Pi is equipped with four full-sized USB-2 ports, a HDMI port, 
ports for connecting a camera and touchscreen as well as a 40 extended 
general purpose input output (GPIO) pins [35]. This allows almost any USB 
device to be connected and used with the Raspberry Pi as long as its detectable 
by the OS. The digital GPIO pins can be designated in software to be used as 
either input or output which allows for sensors and other peripherals to be 
connected to the device and be read or written to [36]. 

2.1.2 Arduino UNO 
Arduino UNO (or just Arduino) is an open-source electronics platform in the 
form of a circuit chip with a microcontroller mounted to it [37]. The 
microcontroller can be programmed by connecting the platform to a computer 
via USB and, using the Arduino IDE, code can be written and flashed to the 
device. Arduino uses its own programming language, Arduino Programming 
Language (APL), which is based on C and C++ and exposes the user to a 
simple logic to write code. A basic program can be written using only two 
functions which are required to exist in all programs or “Sketches” as they are 
called in the Arduino world [38]. These functions include “setup” which is run 
once on start and “loop” which is then run continuously until explicitly 
terminated [39]. 
 
In order to support different peripherals, the board comes equipped with 14 
digital I/O pins and 6 analog input pins which makes it support both analog 
and digital types of sensors and peripherals [40]. It is also possible to mount it 
with shields adding WiFi, GPS or other functionality to the device. This has 
enabled users to use the Arduino as a heart in many different projects 
featuring for example temperature and motion sensors, servos, motors and 
lights [41].  

2.2 Communication protocols 
Using either of the platforms described in the previous section as stand-alone 
components limits the functionality in case there is no active mobile network 
connection (GSM) available. No connection to the rest of the world means that 
data collected from various sensors connected are contained locally in the 
memory of the device in question, not adding any value to the system. There 



 
 
 
 
 

11 

are options to give both the Raspberry Pi and Arduino network capabilities by 
equipping them with GSM shields mounted on the boards. This does however 
require a SIM card with an active plan for using the GSM network. An 
alternative method is to use some other mean of communication in order to 
send the data from either of the devices for making it available. 
 
The rest of this section will explain one common technology, Bluetooth, which 
is supported on the Raspberry Pi and is available as an expansion to the 
Arduino which enables communication with other Bluetooth enabled devices 
such as smartphones. Another protocol used to send and receive messages 
called MQTT is also briefly explained.  

2.2.1 Bluetooth 
Bluetooth is a wireless communication protocol which uses radio waves 
between 2,4-2,485 GHz frequency to send and receive information [42]. This 
allows two devices to communicate with each other and is mostly used for 
pairing smartphones to devices such as wireless headphones, smartwatches 
among other peripherals.  
 
Two devices equipped with Bluetooth adapters can connect to each other and 
thereby form a personal area network, a piconet. When paired, the devices are 
able to send and receive data from one and another using a unique id for each 
device as destination. In order to avoid interference with other Bluetooth 
signals, frequency hopping is used which means switching frequency after 
each transmission or reception of a packet.  
 
The procedure to pair two Bluetooth devices is much more energy efficient 
compared to using WiFi or GSM and by default the protocol does not consume 
much energy when run making it appropriate for energy saving applications. 
For transportation Bluetooth uses the RFCOMM protocol [43] which emulates 
serial ports allowing developers to use this paradigm to establish connections 
and transfer data, thus simplifying the process.  

2.2.2 MQTT 
Message Queuing Telemetry Transport (MQTT) [44] is a connectivity protocol 
used for transporting messages from machine-to-machine. In foundation it is 
a publish/subscribe service meaning that a message is posted under a specific 
topic and all devices who subscribe to that topic will receive this message 
immediately after it has been posted [45]. A node can be one or both of the 
two roles existing in this architecture, publisher and subscriber. A publisher is 
the component who generates the message and posts to a topic. A subscriber 
is a node who has registered a subscription to a specific topic.  
 
In MQTT, the publisher and subscriber nodes are called clients and can be any 
type of machine, it does not matter if it’s a micro controller or a large server, 
as long as it can run a MQTT library [46]. The fact that the library itself is very 
lightweight when it comes to using network bandwidth makes it ideal for use 
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on less computational heavy devices such as Raspberry Pi’s and Arduinos and 
in applications where battery life is restricted.  
 
The second component in the MQTT architecture is the broker which is 
responsible for receiving and delivering the incoming messages to those who 
are interested in them. A MQTT broker keeps track of all clients with an active 
connection, and when a publisher posts a message to a topic, it is filtered by 
the broker who forwards the message to the subscribers to that topic. MQTT is 
run on top of the TCP/IP protocol which requires all components being part of 
the ecosystem to have a TCP/IP stack. All clients connect to a broker, no direct 
connection is ever made between two clients.  

2.3 Galileo 
The EC, European GNSS Agency (GSA) and European Space Agency (ESA) 
started launching Galileo, Europe’s Global Navigation Satellite System 
(GNSS), in the early 2000’s with the goal of being independent of other 
existing navigational systems [17]. These include the United States’ GPS, 
Russia’s GLONASS and China’s BeiDou, with the motivation that they can be 
shut down by the governments controlling them at any given time [47]. All 
GPS satellites are equipped with a technique called Selective Availability (SA) 
which, although it has been disabled since the year 2000, can be used to 
reduce the accuracy of GPS measurements [48]. SA causes a positional error 
up to 100 meters in order to deny full access to the system and can be used to 
completely throw off the system and make it unusable for common 
applications.  
 
Acknowledging the fact that governments have sole access to the handling of 
navigational systems motivated the development of Galileo, which is and will 
stay in civilian control [49]. Improvements this new system brings include 
high accuracy down to under a couple of meters for the public and centimeters 
for commercial use. The fact that the satellites will operate on an altitude of 
23 222 km above earth, compared to GPS’s 20 180 km, enables more accurate 
positioning in the more northern latitudes. The final Galileo constellation will 
consist of 24 active satellites and a number of spares, positioned along three 
orbital planes. The result is a system where four satellites are always visible 
and available anywhere in the world where it is used to determine the location 
of a device with a Galileo enabled navigational chip [50].  

2.3.1 Atomic clocks for high accuracy 
There are many sectors and companies in Europe who rely on the availability 
of precise positioning [17]. Today, about 7% of the entire EU economy is 
dependent on this technology which means that relying on systems which are 
not in public control can be risky in case of conflicts. As mentioned, Galileo 
partially solves this by remaining in civilian control and, in order to offer high 
accuracy, is equipped with multiple atomic clocks.  
 
Navigational satellites work by emitting signals in form of the transmission 
time and location of the satellite in orbit down to earth [51]. The distance can 
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then be measured by the time it takes for the signal to reach a receiver. By 
combining multiple satellites, the ability of pinpointing the location of a 
receiver on earth is possible. In order to provide the desired accuracy, the 
timings of the clocks in Galileo must therefore be accurate down to 
nanoseconds in order to pinpoint a location down to centimeters. 
 
The main difference between regular clocks and their atomic counterparts is 
the way they produce oscillations [51]. Regular clocks use some kind of 
pendulum, crystal or clockwork in order to calculate and display time. In 
atomic clocks atoms are exposed to light to make them jump between energy 
states. This results in a microwave signal being radiated which has an 
extremely stable frequency which can be utilized for timings.   
 
Galileo satellites are equipped with two Passive Hydrogen Masers (PHM) and 
two Rubidium Atomic Frequency Standard (RAFS) clocks which all are being 
run independent of each other [52]. The reason behind using multiple clocks 
is to ensure reliability in case of partial failure of equipment. Both PHM and 
RAFS work in similar ways where hydrogen and rubidium atoms respectively 
are exposed to a source of energy which changes their energy levels [51]. By 
measuring the microwave frequency emitted when the atoms return to the 
original energy state, timing information can be gathered. 
 
By regularly synchronizing all onboard clocks with a master clock on the 
ground, the timing error skew is as low as one second each three million years 
[53]. This means that the maximum resulting error is 30 cm looking at it from 
a navigational perspective. A dual frequency technique is used with Galileo 
where two positioning signals at different frequencies are sent simultaneously 
from each satellite. The two signals travel at different speeds, which are 
known, and by measuring the time between the arrival of the signals, 
ionospheric effects (part of earth’s atmosphere) can be considered which 
might affect the accuracy. As a reference, one second’s clock error can result in 
a positioning error of up to 300 000 km [50]. 

2.3.2 Countermeasures for spoofing  
One major vulnerability in GPS is the presence of spoofing attacks where an 
authentic GPS signal is replaced with a fake signal [54]. As long as the fake 
signal is stronger than the authentic one, the receiver can get tricked to 
display false coordinates. This type of attack traditionally required an 
expensive GPS tracking device, which is why more modern versions have 
emerged only requiring the use of software. Android devices are able to use 
the built in mock location API which applications can utilize to set the user’s 
position [55]. Once enabled, multiple applications, available on the market, 
can be used to set the five variables needed to fake a location; latitude, 
longitude, altitude, speed and accuracy.   
 
The ability to spoof a location has different effects depending on what context 
it is used in. In games where the location of the player is highly important, like 
the mobile game Pokémon GO [56], spoofing is a great problem since it allows 
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players to teleport around the world without having to physically be present 
[57]. This gives them advantages over other, legitimate players and goes 
against the terms of services of the game risking the account used while 
spoofing to be permanently banned. Using fake data to pretend moving 
around the world can be very harmful in a system such as the one being 
developed in this thesis project. Ensuring that the device really is present at 
the location which is reported is therefore important for the measurements to 
be valid. 
 
In order to prevent spoofing behavior, Galileo implements the Public 
Regulated Service (PRS) which uses encrypted signals in order to make it 
more costly and difficult to try to falsify the signals [58]. The potential for PRS 
is huge since it allows authorized users, such as police and emergency 
services, to access uninterrupted services from Galileo. This can be used for 
many applications, for example, by knowing the exact location of a vehicle, 
traffic lights can be coordinated in order to allow safe passage through dense 
traffic [59]. 
 
Complementing PSR, for public and commercial use, the Galileo Commercial 
Service (CS) will provide high accuracy and authentication very much alike 
PSR [60]. This allows paying companies and users to utilize the Open Service 
Navigation Message Authentication (OS NMA) which uses digital signing of 
the satellite signals and helps to prevent spoofing attacks. This is particularly 
useful for larger companies who rely on accurate navigational information like 
game companies and road navigation applications. 
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3 Measuring air quality 

Multiple particles and gases make up what is commonly known as air 
pollution which all impact their surroundings in different ways. There are 
several tools and methods which can be used to measure the air quality and 
determine the level of pollution at a given location. This chapter will describe 
the most common types of pollutants, the methods used to measure them and 
how the AQI is determined as a result from these measurements. The chapter 
is concluded with a collection of related work done in the area. 

3.1 Different types of pollutants 
When talking about pollutants, these are the resulting combination of 
multiple particles and chemicals. The following is a collection of the most 
common ones that exist, which also base the calculations of different AQI’s, 
and what threat they pose on human health and the environment.  

3.1.1 Particulate Matter 
Particulate matter (PM) is a mixture of solid small particles in the air [61]. 
There are mainly two categories of PM pollutants, PM10 and PM2.5, which 
includes particles with diameters smaller than 10 and 2.5 micrometers 
respectively. In order to illustrate just how small these particles are, one can 
imagine that a strand of hair measures 70 micrometers, making PM2.5 thirty 
times finer, see Figure 2. PM is the result of a variety of chemicals including 
nitrates, sulfates, dust, pollen among others being emitted in the air by 
vehicles, factories and fires only to name a few.  

 
Figure 2: Example on how small the particle matter pollutants are in comparison to some 

commonly recognized objects, here a strand of hair and beach sand (Source: US EPA [61]). 

 
The potential negative effects these particles can have on humans and the 
environment are many as mentioned by several governmental sources 
[61][62]. Short-term exposure can lead to irritation in eyes and throat and an 
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increased risk of heart attacks and irregular heart rhythm for people already 
suffering from heart diseases. Being exposed for a longer period might lead to 
reduced lung function and development of respiratory diseases, which in some 
extreme cases lead to premature death. 
 
Environmental effects include reduced visibility due to increased levels of 
PM2.5 in the air, also called smog or haze [63], causing the sunlight to be 
blocked  and resulting in reduced visibility. Increased levels of PM also affect 
nature’s balance by making water and soil more acidic, causing harm to both 
the nature and the animals living there.  

3.1.2 Ground level Ozone 
At lower altitudes, ozone (O3) can be formed by reactions of emissions of 
nitrogen oxides and volatile organic compounds (emitted gases from for 
example household products like paint and aerosol sprays, VOCs) [64]. 
Ground-level ozone is also called bad ozone or a secondary pollutant due to 
the fact it is created by the reaction of two primary pollutants [65]. This has a 
negative effect on both the environment and human health as well as causing 
corrosion of materials by cracking facades and fading colors of clothing. A 
high concentration of ozone will have significant effects on forests and crops 
which consequently will impact humans and animals. Breathing ozone has 
similar effects as PM, particularly for individuals already suffering from 
respiratory and lung diseases [66].  

3.1.3 Nitrogen Dioxide 
Nitrogen dioxide (NO2) is part of the group of nitrogen oxides (NOX) where it  
is considered the most harmful of the group [67, p. 2]. It is created by burning 
fossil fuel and originates from emissions by vehicles and other machinery. 
This pollutant causes respiratory problems similar to PM and O3, having 
impacts on the lungs and reducing the immunity against lung infections [68, 
p. 2]. High levels of NO2 is particularly dangerous for people suffering from 
asthma since it has shown to trigger more frequent and intense attacks. 
 
Looking at the environmental point of view and its consequences, NO2 can 
impact water and form acid rain which is harmful for forests and water 
reservoirs like lakes [67]. It is also one of the main contributors to haze and 
smog throughout cities.  

3.1.4 Summary Air Pollutants 
What all the pollutants described have in common is that they all are 
problematic for people suffering from respiratory diseases and risks causing 
more to fall into this category by exposing them to airborne toxins. Not only is 
it a problem for humans and animals, but also the environment which 
includes forests, lakes and crops. This is nothing new but remains a severe 
problem which needs to be addressed in order to gain control over the levels 
of pollution across the world. 
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The European Union (EU) works towards trying to achieve a level of pollution 
which does not impact human health and the environment too negatively. 
This is the goal of the Seventh Environmental Action Programme (7EAP) [69] 
currently being run by the EU which through legislation, working together 
with entities responsible for air quality and forcing limits on the emissions in 
large cities work toward improving the air quality in Europe.  
 
A Clean Air Policy Package is adopted by the European Commission which 
aims to fully comply with the air quality legislation by 2020 and then further 
work towards improving the quality if the air in Europe in the following years 
[70]. With the adoption of the package it is estimated to avoid approximately 
60 000 premature deaths annually together with a significant economic 
benefit by achieving higher workforce productivity, lower healthcare costs and 
less crops being wasted due to pollution. 

3.2 Sensing the air 
With technology becoming more available and decreasing in size, new sensors 
emerge on the market making it possible to sense multiple different pollutants 
in a form-factor which is highly mobile [71]. The techniques used for detecting 
different pollutants can be divided into three categories which are described 
together with some examples of use.   

3.2.1 Electrochemical sensing 
Sensing pollutants by chemical reaction is done by using solid state sensors, 
sensors used for detecting a physical property, together with chemical films 
which reacts to gases [72]. These types of sensors can detect pollutants 
including NO2, CO2, VOCs and PM. When the film gets exposed to one of the 
gases, a signal is produced due to a change in the electrical properties of the 
sensor or mass of the film used. The signal can then be converted to 
something useful using a conversion function dependent on the sensor used 
and the pollutant measured.  

3.2.2 Spectroscopy 
Spectroscopic methods use optical elements to identify pollutants by looking 
at how chemicals are absorbed or emitted when they interact with a source of 
energy [72]. One common technique which falls into this category is laser-
induced breakdown spectroscopy (LIBS) which uses a high-powered laser 
which vaporizes and atomizes the gas it is currently investigating. The 
concentration of the pollutant is then identified by measuring the emissions 
after the atomization. 
 
LIBS can be used to detect all chemical elements in any material [73] which 
makes it a useful tool for determining otherwise difficult to distinguish 
elements. The fact that the technique requires a small sample size cuts 
sampling time down significantly where the target time window forms after 
only 10-100 µs of activating the laser in which the characteristics can be 
observed.  
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3.2.3 Ionization 
The last category studies the ions of the pollutants in order to identify the 
levels. By using a gas chromatograph, a technique for separating chemical 
solutions, together with a spectrometer the different properties of the 
substances can be distinguished, and the levels measured [72].  
 
One of the most known applications of ionization sensors are fire alarms, 
which use small amounts of radioactive material fitted between two electrified 
plates [74]. The radioactive material ionizes the air and if smoke is present it 
disturbs the flow of ions and current between the plates, thus triggering the 
alarm. The same technique can be used to determine concentrations of 
pollutants in the air. 

3.3 Air Quality Index 
Air Quality Index (AQI) is a measurement unit used by governmental agencies 
for reporting air quality [75]. It categorizes the air quality and uses different 
colors depending on the levels of pollutants in the air and what the resulting 
health effects are if inhaled for an extended period of time. Different countries 
or regions use different representations of how to classify air quality which 
makes it difficult to combine them and produce illustrative maps stretching 
across the globe. Since describing every method of deciding the AQI would be 
redundant, only the United States and Europe’s methods are brought up in 
this section which are considered the most relevant being the most frequently 
used.  

3.3.1 United States AQI 
Indexes range from 0 to 500 and anything over 101 is categorized as 
hazardous and goes against the national health standard. The choice of colors 
for the different categories is explained by the United States Environmental 
Protection Agency (US EPA) [76] as a natural choice, since people associate 
the color-scheme used to other commonly accepted warning schemes where 
it’s understood that red means bad. Plotting the colors on a map makes it easy 
to get a picture of the current situation around the world where the hotspots 
for heavy pollution are easily identified. 
 

Table 1: Categories of AQI, which values and what they mean with respect to health concern 
using the United States means of measurement and showcasing examples of NO2 

concentration for each level (Adapted from the US EPA [76]) 

 
AQI Values Levels of Health Concern 1h Average NO2 

Concentration (µg/m3) 
0 – 50 Good 0 – 53 

51 – 100 Moderate 54 – 100 
101 – 150 Unhealthy for Sensitive Groups 101 – 360 
151 – 200 Unhealthy 361 – 649  
201 – 300 Very Unhealthy 650 – 1249 
301 - 500 Hazardous 1250 – 2049  
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An illustration of the different values of AQI and what health concerns it 
brings with respect to NO2 concentration according to the EPA can be found 
in Table 1. The concentration can be substituted with another pollutant to get 
different AQI values, depending on what is available as measurements. 
 

!"# = %('()* − ',-.) ∗ (!"#,12 − !"#,-.)(',12 − ',-.)
3 

 
AQI is calculated with the following equation [76] using measurements 
observed over a 24-hour period. Cobs is the average pollutant concentration 
observed in µg/m3, Cmax/Cmin is the maximum and minimum concentration of 
the AQI color category that Cobs falls into and AQImax/AQImin is the maximum 
and minimum AQI value that corresponds to Cobs. 

3.3.2 AQI in Europe 
S. Elshout et al. [77] discuss the Common Air Quality Index (CAQI) 
introduced in 2005 which is the scale used to facilitate the air quality in 
Europe. CAQI was created in order to tackle the problem of having multiple 
indices across countries and is specifically created for the use of providing 
public information about the air quality, at least for the countries in Europe. 
This is one reason as to why the index is based on hourly data instead of and 
average over a longer period. The argument for this is that if people get 
involved and see how the pollution levels change through time, they can 
directly relate it to physical events. This awareness can then trigger new 
climate-smart behaviors. 
 
Table 2: The CAQI with its values and what pollution level it is considered as (Adapted from S. 

Elshout et al. [78]) 

 
CAQI Values Pollution Level 
0 – 25 Very Low 
25 – 50 Low 
50 – 75 Medium 
75 – 100 High 
> 100 Very High 

 
The index used is based on a scale ranging from 0 to 100 and includes three 
core pollutants in its calculation, PM10, NO2 and O3 and can be complemented 
with CO and SO2 if so chosen as described in the original publication of the 
index [78]. The last two pollutants wont typically influence the index in most 
cases but in cities where there exists a lot of industry they might come into 
play. An extension made in 2014 also introduced PM2.5 to the core calculations 
due to its prominent impact in recent years.  
 
CAQI is divided into five classes, as illustrated in Table 2, and uses two 
different CAQIs to present air quality, one for traffic monitoring and one for 
urban background sites. The reason behind this is that using a city average did 
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not show a clear enough picture about the current situation since different 
measuring stations were made for different tasks. A difference to the US AQI 
is that CAQI is not directly related to short-term health effects [78] and is 
instead used to raise awareness and make measurements in different cities 
comparable.  
 
The index is calculated by producing a sub-index for each of the core 
pollutants. Concentrations are translated using a grid that transforms it to a 
value between 1 and 100 and the pollutant with the highest sub-index is 
chosen as the overall index which get presented to the public.  

3.4 Related work 
Applications and services which builds maps displaying the air quality 
throughout a city exist on the market where the collected data is obtained and 
generated in different ways. Using crowd sensing to collect air quality data is 
one solution which has become more attractive in recent years with new 
compact sensors emerging on the market. Crowd sensing is not the only way 
to obtain data across entire cities and in this section different methods which 
have shown use in other solutions will be brought up and discussed.  

3.4.1 Participatory networks 
Mobile PM2.5 Sensor (MPM) by Y. Lin et al. [79] is a mobile PM2.5 sensor 
network which senses the air. The measurements are communicated to the 
user’s mobile phone via Bluetooth which in turn sends the data to a cloud-
based server. The solution consists of a Sharp PM2.5 Dust Sensor [80] which 
uses an infrared diode and a phototransistor which detects the reflected light 
of dust in the air for calculating the PM2.5 concentration in the vicinity. The 
sensor is connected to an Arduino microcontroller which can read the digital 
signals produced by the sensor. These are processed and communicated via a 
Bluetooth module, connected to the Arduino, to a mobile phone which is used 
to send the collected data together with GPS coordinates to the cloud server. 
 
For storing all the data from the mobile sensors, Apache Hadoop Distributed 
File System (HDFS) is used which provides a distributed cloud storage and 
replication of data in case of node failure. To complement HDFS, Apache 
Spark is used to extract and process data in order to construct a map 
showcasing PM2.5 concentrations across an area. The result is a system which 
is able to provide a visual representation of mobile data from any location, 
given that there is a cellular connection available. Shortcomings of the 
proposed system is mainly that it is restricted to only measure PM2.5 which 
means that the map does not display the entire truth of the current air quality 
situation. They also fail to mention how everything is powered which is a large 
factor to consider when it comes to mobile sensing. 
 
Utilizing the power of a mobile phone to partially process and send data to be 
stored is something worth considering for the solution being implemented in 
this thesis. Not only is a smartphone something almost everyone carries 
around, they also contain receivers for navigation and are connected to the 
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Internet. This would also remove a lot of computation and load of the air 
quality sensor which would have a positive impact of power consumption. 

3.4.2 Personal air quality tracker 
Flow by Plume Labs [81] is a compact device developed for personal use and 
measures four different pollutants, NO2, VOC, PM2.5 and PM10. The device is 
compatible with the company’s application, Plume Air Report [82], which 
collects and displays air pollution data from monitoring stations together with 
the Flow. Using large amounts of collected data, the application offers 
predictions of the air quality up to 24 hours in the future which is compared to 
the actual levels in order to make the algorithm more reliable.  
 
The Flow uses low energy Bluetooth to connect to the users smartphone and 
requires the application in order to store the pollution data and geo-location 
of the readings [83]. On the surface of the Flow there are 12 coloured LEDs 
showing the devices exposure to pollution over the past twelve hours or the 
current levels of pollution, depending on which mode is chosen.  
 
Together with the Flow and the application comes the Plume API which is 
offered for a monthly fee and gives access to hourly air quality data from over 
12 000 monitoring stations [84]. These readings are compared to those 
collected from Flow users contributing with data from their current location. 
All the collected data is then filtered for eventual anomalies and summarized 
to be made available via the API. One major observation is that the data 
obtained via the API is delayed by 2-3 hours according to the specifications, 
meaning that it is possible for the values to have changed at a location when 
received. This significant delay is worth considering since without proper 
calibrations, the levels might not be accurate when displayed on the map.  
 
Both of the devices presented in this section require a mobile phone in order 
to send data to be stored and later used to display pollution levels on a map. 
This might limit the potential customer base since requiring the user to pair 
the device and download an application might be overly complicated and too 
much to ask. At the same time, this remove much of the computational work 
done from the sensor device to the phone which might affect battery life 
positively. The MPM offers more real-time measurements being available 
compared to Flow but is restricted to one type of sensor measuring only one 
pollutant. Developing a solution which is compatible with several different 
sensors is therefore of interest. 
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4 Methodology 

Depending on the nature of a project, different methodologies and strategies 
can be used in order to carry out the work and meeting the goals. Since this 
project is going to be based on empirical research and qualitative methods, 
appropriate choices of data collection techniques can be made accordingly. 
These will lie as a base for the study and the implementation of a prototype in 
order to answer the hypothesis.  
 
The work process of the project will consist of the following steps. A literature 
study constitutes the theoretical material in the study and is conducted in 
order to gain knowledge in the researched area. Requirements for the system 
need to be collected in order to obtain an understanding of the expectations. 
Thereafter, the design of a prototype can begin which includes deciding upon 
the components and technology being used. Next, the system itself can be 
implemented which is dependent on the chosen hardware. With a working 
prototype, an evaluation which includes testing can be performed which will 
conclude with a discussion about the achieved results. 

4.1 Data collection methods 
Data collection in a project consists of further gaining knowledge of the area in 
question and to collect material for understanding what is expected of the 
implemented system. Together the result will help to guide the decisions made 
in the various steps of the implementation and testing of the prototype. The 
literature study used for collecting theoretical material is used to gain a basic 
understanding of the area in question. Complementing this, further methods 
for collecting information and data are required which includes a document 
study and different interview techniques for collecting requirements.  

4.1.1 Document study 
In order to gain a better understanding about what the GOEASY project [23] 
involves and how the result of the thesis project is going to contribute requires 
background information. Provided by the members of the GOEASY project is 
a number of documents describing who is responsible for what and lists the 
goals and impact of each subtask in the large project.  
 
A document study involves gathering information available in mostly 
electronic documents and is used to identify key aspects and facts about an 
area or in this case a project [85]. This is used to gain an understanding about 
what the expected contribution the thesis project is. Furthermore, by learning 
about use-cases which are set up using both real and fictive individuals, 
functional and non-functional requirements can be identified. Studying use 
cases means gathering information about how the system is going to be 
utilized from the users point of view [86]. By knowing how the system is 
planned to be used in real life scenarios, functional and non-functional 
requirements can be extracted and base the implementation. This technique is 
useful when specifying requirements is difficult but an idea of the process the 
user need to go through exists [87].  
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For the sake of this project, the document study is used to gain an 
understanding about the expectations of the work which includes documents 
describing the overall project which the thesis project is part of. Knowing what 
other applications and system are meant to be developed and how the thesis 
project fits into the entirety is therefore valuable to make progress. 

4.1.2 Interviews 
For the purpose of further widening the knowledge of the project, information 
regarding, for instance, requirements need to be collected. There are multiple 
techniques available for collecting requirements, each being suitable 
depending on the scenario. Some commonly used techniques of interest for 
this project include interviews, workshops and brainstorming sessions [86].  
 
Interviews can either be performed one-to-one or in groups, both variants 
being able to produce good results. One advantage with group interviews is 
that more requirements can be produced in a shorter time since no single 
person needs to answer all questions. This also enables individuals with 
different knowledge to pitch in their ideas and thoughts otherwise risked 
being missed when only questioning one person. 
 
There are mainly three types of interviews, these being either of structured, 
semi-structured or unstructured types [88]. A structured interview consists of 
pre-defined questions asked where the answers depend on the interviewee. An 
unstructured interview on the other hand develops the questions during the 
process of the interview which has the advantage of becoming more 
personalized depending on who is interviewed. Finally, the semi-structured 
interview is a combination of the two, where some questions are determined 
beforehand, and the rest is made up as the interview proceeds. 
 
Workshops or brainstorming sessions resembles unstructured interviews by 
not following pre-defined questions, but rather allow for an open discussion 
about the subject [87]. These techniques will often result in faster generation 
of ideas but requires more planning since they involve multiple individuals 
taking time of their schedule. After generating multiple ideas, the best ones 
can be filtered out, and ranked after those which are most essential for the 
project. 
 
Both brainstorming sessions and semi structured interviews will be conducted 
in this project. By sitting together with the people responsible for the project 
at CNet [25] and spawning ideas through a discussion of different options and 
approaches, clear goals and ways to achieve them can be obtained. To further 
clarify requirements and discuss different options, semi structured interviews, 
using questions defined beforehand, can produce new ideas and better 
understanding of the situation. 

4.2 Work process 
With the knowledge gained from the literature study and after constructing 
requirements, the design of a prototype system can begin. This includes 
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deciding between different technology and hardware which together will make 
up the final result. As mentioned, empirical methods will base the initial 
literature study where experiences and experiments proves the usability of 
different methods which can be utilized [19]. This is combined with qualitative 
methods which by understanding connections between methods used in other 
solutions will determine what is worthwhile looking into and what can be 
discarded.  

4.2.1 System requirements 
In order to understand what is expected of the implemented system, a 
collection of requirements regarding the different functional and non-
functional expectations need to be gathered. For the sake of this thesis project, 
there are no set-in stone guidelines which are required to be followed. This 
means that in order to know exactly what is expected, the key aspects need to 
be identified and gathered in order to proceed with the implementation.  
 
For this project, the collection of requirements will be done by combining 
several of the techniques described so far. First, use-cases are available in a 
designation of authorities (DoA) document for the GOEASY project provided 
by the EC and other documentation made available for the sake of the project. 
These are combined with use-cases specified in a document with vision 
scenarios as part of the GOEASY project. Having these as a base and learning 
about the proposed use cases of the system, functional and non-functional 
requirements are identified.  
 
The requirements collected from the documents are used to generate 
questions which are used as a base for further questioning of the individuals 
responsible for the project at CNet. A combination of semi-structured 
interviews and brainstorming sessions are used to produce the final set of 
requirements needed in order to start designing the architecture for the 
prototype system. 

4.2.2 Software development method 
When it comes to the work process of the project, multiple options of models 
are available to choose from. The choice comes down to both the nature of the 
project and who is conducting it. What almost all commonly used models have 
in common is the activities they include. These are requirement specification, 
design, implementation, testing and release, and what sets the models apart is 
the order in which these activities are performed. 
 
The software process model which has seen the biggest increase in use over 
the past few years is the agile way of working. Agile models differ from other 
sequential software development processes like the waterfall model [89], 
which follows some predefined steps in a certain order and produces a 
complete system at the end of the last step. Instead, in an agile work process, 
changes in the requirements over the span of the project are allowed which 
help to form the overall outcome of the produced result.  
 



 
 
 
 
 

25 

Small functional parts of the system are incrementally implemented, each part 
producing new functionality [90]. This means that the customer gets access to 
multiple versions of the system during the project timeframe and invites the 
involvement of feedback from the stakeholders. By seeing and testing the 
progress being made, changes to the requirements and functionality can be 
made. Continuously receiving comments and feedback during the project 
results in changes being made fast which again can be presented and tested 
until satisfactory. A summary of development steps used in agile development 
can be found in Figure 3. 
 

 
Figure 3: Examples of stages in agile development where each step can be revisited multiple 

times during the project (Adapted from [90]). 

 
Since this thesis project does not involve a large group of individuals, methods 
which include meetings and planning of activities in groups are not suitable 
choices. This is where the agile way of working shines through, allowing the 
project to be tailored according to who is conducting it. Furthermore, 
requiring limited planning ahead of the project and including the customer to 
take part during the project enables faster progress to be made. In this case 
the customer is the company where the thesis project is conducted and with 
their involvement, requirements are able to change without breaking the rules 
of the software process model.  

4.2.3 Testing 
Evaluation and testing of the implemented system will be done by 
experiments, where controlled experiments [91] are combined with field 
experiments [21]. The former type allows for ensuring that each component of 
the system works as intended. By carefully testing each function, their 
behavior, when exposed to different types of data, can be identified and noted. 
The results can then be used to debug and identify future results when 
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combining all the components to a full-size system. Field experiments will 
expose the entire system to its planned environment, out on the streets. This 
will put the system and hardware to its real test since the point is to allow 
individuals to walk around outside collecting air quality measurements. This 
type of testing is appropriate since it will contain elements which requires 
outdoor presence in order to provide the desired data.  
 
Testing of the system is included in the agile working model where parts of the 
system is tested during the implementation and feedback on the results are 
used to either accept or discard the current state of the system. The main 
components of the system which are to be tested, both individually and 
together, is primarily the ability to collect air quality and location data and 
sending it to a storage solution. The exact functionality and components of the 
system will be determined when implementation begins, and requirements 
are made clear. 
 
Integration testing [92] is used when performing the field experiments in this 
project, meaning that all components of the system is being run together. This 
type of test is used to find faults in the system which might not have been 
discovered when testing each component separately. Ensuring that everything 
is able to run together is key in order to deliver a system which will run 
smoothly without bugs and unwanted behavior being discovered after 
delivering it to the customer. 
 
 



 
 
 
 
 

27 

5  Development of a mobile platform 

This chapter describes the process of developing the prototype used for 
collecting air pollution data and making it available by saving it in a storage 
solution. Included in this process is the collection of requirements, the choice 
of components and technology used in the prototype, the implementation of 
the software needed to run the logic and finally developing tests for the 
complete system.  

5.1 Collection of requirements 
Before the implementation can begin, requirements of the system need to be 
collected in order to understand what is expected from both the product 
owner and the user of the final system. These requirements will lay as a base 
and guidelines for designing the architecture and choosing appropriate 
components for the prototype. The collection of requirements, both functional 
and non-functional is done using two methods. Discussing with the 
individuals responsible for the project as well as reading documents 
describing the use-cases planned for the system provided by the GOEASY 
project group. 
 
By discussing the project with the responsible individuals, the goal is to come 
to an understanding regarding the key functionalities in a way which makes 
the implementation as straight forward as possible. Collection of requirements 
is therefore done in a brainstorming setting, where a group sits together and 
discusses what expectations exist for the project and what are the deliverables. 
From the discussion, various ideas are highlighted and further discussed, and 
those most concrete and essential are written down as functional 
requirements for the project. A summary of the functional requirements can 
be found in Table 3 where all requirements are named and described 
accordingly. 
 

Table 3: Functional requirements for the prototype system in no particular order 

Requirement Description 
Air pollution data Using some kind of gas-sensors, data 

about air pollution levels should be 
obtained in a unit which is 
understandable.  

Mobility The final solution should be small 
enough in size for an individual to 
carry while walking or biking around. 

Battery powered The final solution should be powered 
by batteries and not be dependent on 
a permanent power source. 

Network connectivity The final solution should be able to 
send data collected from the sensors 
over the Internet to a destination.  
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Storage solution The data from the sensors should be 
stored in a permanent storage 
solution for future use. 

Locational awareness The final solution should be able to 
determine the user’s location as 
accurately as possible, preferably 
utilizing Galileo positioning. 

MQTT protocol The MQTT protocol should be used 
for sending measurement data from 
the prototype to a broker. 

 
With the functional requirements defined, the non-functional requirements 
can be discussed based on the knowledge derived thus far. Non-functional 
requirements are those which include quality characteristics of a system, for 
example; time it should take to perform a task or ease of use of the system. By 
combining verbal discussions with use-cases defined in project documents 
written by the EC, new requirements, which were not thought of in the initial 
discussion are unearthed and combined with the existing requirements. The 
collection of non-functional requirements defined for the project can be found 
in Table 4. 
 

Table 4: Non-functional requirements for the prototype system in no particular order 

Requirement Description 
Simplicity The system should be easy to use in a 

“plug-and-play” like manner without 
much effort made by the user.  

Low latency From the reading of the sensor data, 
the result should be available in the 
storage solution in a reasonably short 
time. 

Scalability The storage solution should be able to 
handle high throughput of data. 

Integrity No personal data should be handled 
by the system with the exception of 
locational data.  

Accuracy The measured values should have a 
reasonable accuracy. 

 
After the initial requirements, both functional and non-functional are defined, 
the implementation can begin. The project follows an agile way of working, 
meaning that the requirements are allowed to change during the 
implementation if anything is found missing or if any of the requirements do 
not meet the goals of the overall purpose of the system.  

5.2 Choosing components 
Since this project consists of developing a physical device which is not solely 
based on software, decisions of what components to use is important for the 
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final result. The decisions are mainly based on the functional requirements 
found in Table 3 and the availability of hardware but will also be influenced by 
who is conducting the project, since personal experiences and preferences are 
important to consider.  
 
The components, both hardware and in software, which make up the 
prototype are described in the remainder of this subsection. This includes the 
sensors used for measuring air pollution levels, the hardware used for 
processing sensor data, deciding location of the device and communication 
protocols for sending the data to a storage solution.  

5.2.1 Sensors 
There exists a variety of sensors available for measuring different types of 
pollutants in the air. Many are too large in size to fit in a mobile setting as the 
one this project aims to develop, and others are too expensive looking at those 
used in the measurement stations across Stockholm. Furthermore, many 
products already existing on the market, such as [93], are made for indoor use 
and doesn’t disclose what sensors were used, only what measurements are 
made available. The sensor(s) chosen in this project must therefore meet the 
following requirements:  
 

1. Accessible - there should exist an interface by which readable data can 
be obtained  

2. Size - small enough to fit in a mobile setting  
3. Relevance - measure air pollutant(s) which are of interest for the 

project  
 
Mainly two categories of sensors exist with the desired properties described 
above, either being analog or digital. The difference between the two is mainly 
how the output is presented to the user [94]. An analog signal will produce an 
output proportional to what is measured meaning that it can produce a result 
in an infinite range of possibilities. Digital sensors on the other hand include a 
conversion of the raw data to a fixed range of possible values made directly 
available as an output [95]. The latter means that the user can always expect 
the output to be within an interval and thus interpret the values easier. 
 
After researching different possibilities, the decision of an initial choice of 
sensor landed on a set of digital electrochemical gas sensors from Spec 
Sensors. Their developer kit [96] includes a variety of eight gas sensors, each 
measuring different types of gases. Of these, NO2, SO2, O3 and CO are of most 
interest since these are some of the more harmful pollutants. The kit comes 
with a UART to USB adapter to which a sensor is mounted. This adapter is 
configurable and used for changing sensors and calibrating them according to 
the factory settings differing from sensor to sensor. An illustration of the 
development kit with the included components can be found in Figure 4. 
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Figure 4: The developer kit from Spec Sensors showing the included sensors (top) and the 

adapter with one of the sensors mounted on it (bottom). 

 
There are multiple reasons behind choosing these sensors for the prototype. 
The fact that they are compatible with a serial output in the form of USB 
means that the data from the various sensors is easily accessible via software 
in multiple programming languages. Furthermore, measuring in at merely 8 
cm in length, 2 cm in width and 1,5 cm in height makes the profile of the 
entire package very small in both weight and size. The sensors are also 
relatively cheap compared to other available options. Finally, the availability 
when it comes to both documentation and that anyone can order the platform 
directly from the manufacturer motivated the decision strongly. 

5.2.2 Platform 
In the case of this project, the choice of sensors is the component which 
decides what platform is used for reading the data made available by the 
sensors. This is the reason behind why the choice of sensors comes first in 
picking components. Since the chosen sensor uses a serial port for 
communicating measurement data, the platform used needs to support either 
USB directly or expose an interface compatible with digital devices. 
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Two platforms which are considered for the prototype is the Arduino UNO 
and Raspberry Pi 3 model B, both which are previously introduced in Chapter 
2. These two are the candidates mainly for the previous experience and 
knowledge of the capabilities and shortcomings of them both. Also, the fact 
that they are ideal for prototyping projects, where results are expected quickly, 
compared to designing a custom printed circuit board further motivates the 
choice.  
 
The Arduino UNO does not come with on-board USB-ports which would 
mean that the chosen sensor would need to be wired directly to the digital pins 
of the device along with power and ground. In this case the Raspberry Pi has 
the upper hand since it comes with four full-sized USB-ports technically 
allowing four different sensors to be used simultaneously. Looking at other 
features, the Raspberry Pi as a standalone board without additional 
components provides the most complete system. It contains built in WiFi, 
Bluetooth, Ethernet and USB-ports and when it comes to the choice of 
programming language, the possibilities are only limited by the architecture of 
the processing unit.  
 
Comparing the Arduino and Raspberry-Pi might not be fair since the former is 
not a fully-fledged computer with an operating system as the other one is. This 
removes a lot of configuration possibilities with the Arduino since its only task 
is to interpret the code written to it and act accordingly. At the same time, less 
configuration and installation of packages and software on the device means 
less time spent to get the system up and running at the same time as it 
consumes less power. 
 
Looking at the specific use-case of the platform in this project, the tasks 
include reading data from sensors, interpret the data and communicate it in a 
specific format via a communication protocol to be stored for later use. This 
might sound trivial but the fact that positional information needs to be added 
to the data and the availability of an active network connection is required to 
send the messages requires more pieces of the puzzle to fit together in order to 
provide a reliable system. For this reason, along with the arguments raised 
earlier, the choice of platform for the prototype falls on the Raspberry Pi. 
Since it already contains the necessary I/O and extensions to be compatible 
with the main features included in this project makes it the candidate better 
suited for the overall purpose. 

5.2.3 Smartphone for missing functionality 
The last pieces needed for realizing the prototype is the choice of technology 
for communicating the measurements from the platform to be stored and 
obtaining the position of the device. Since the Raspberry Pi only contains 
networking capabilities in the form of WiFi and wired Ethernet, it coulde 
singlehandedly perform all tasks of the system with the prerequisites that an 
active network connection is available at all times. This would however require 
a local area network or the addition of a GSM shield such as [97] providing a 



 
 
 
 
 

32 

mobile network connection. For location services, further extensions in form 
of a GNSS receiver with Galileo support would be needed.  
 
An alternative to all the additional extensions needed, to provide the desired 
features, is to look closer at what is missing. This includes an active network 
connection and navigational services for deciding position. A piece of 
technology already including both of these features is a regular smartphone 
which could be used as a gateway between the Raspberry Pi and network, 
receiving sensor data and forwarding it. Using a smartphone, much 
computational work could be moved from the mobile platform to the phone, 
also providing the network connection and locational services. This means 
that the Raspberry Pi would be solely responsible for reading sensor data, 
receiving and acting upon commands and broadcasting data to the phone. 
 
The connection between Raspberry Pi and smartphone can be achieved using 
the Bluetooth protocol since it is supported by both devices. Using the 
network provider of the SIM-card, a connection to online services can be 
established. In addition to containing the basic features of network 
capabilities and Bluetooth, the phone should also contain a navigation chip 
supporting Galileo in order to utilize the precise positioning capabilities it 
features.  
 
In order to get the measurement data from the phone to be stored in a 
database, a means of transportation is needed. This is the only component in 
the prototype where the decision of which technology to use comes directly 
from the project owner. In this case, the MQTT protocol is requested to be 
used since compatible components already exist within the company, ready to 
handle messages received in a specific format. 

5.3 Implementation of the mobile platform 
After the choice of components for the initial prototype are made, the 
implementation of the underlying scripts and applications, adding logic to the 
system can begin. Following the agile working process, each part of the system 
is first developed independently in order to prove functionality and later 
combined in order to produce the final product. During this process, each 
subsystem produced is presented and demonstrated for feedback which helps 
to decide if additional features need to be added or if it meets the expectations 
of the feature in focus. This subsection describes the implementation choices 
and steps made in developing the components which together make up the 
system as a whole. 

5.3.1 Measuring gases in the air 
The first component made available in the project are the gas sensors from 
Spec Sensors and therefore the first subsystem implemented is the program 
reading the measurements from the sensors. This process also includes an 
initial configuration of the Raspberry Pi by flashing Raspbian to a SD-card 
and performing the steps needed to prepare the system for development.  
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The documentation provided with the sensors [98] reveals that the adapter, 
which the sensors are plugged in with, is discoverable and configurable via a 
serial interface. This means that data can be read and written by 
communicating with serial ports. The functionality is first tested using the 
screen command [99] which creates a physical terminal between processes. In 
this case it involves creating a serial connection to the port used by the sensor. 
Using a baud rate of 9600 (the number of bits the serial port can transfer per 
second) per instruction of the documentation and passing the “-L” flag, 
meaning that any output is caught and displayed, a connection to the serial 
port is established. 
 
There are several commands which can be sent to the serial port in order to 
trigger different behaviors. Of these, the commands for causing a 
measurement to be emitted and reconfiguring the platform for using a 
different sensor is of interest. Measurements are triggered by sending a return 
carriage character (enter) where the response is a measurement string 
containing several fields of information. A summary of the output can be 
found in Table 5, where the fields have the following meaning; [Serial number, 
Gas concentration in parts per billion, Temperature in Celsius, Relative 
humidity, Gas sensor measurement (ADC counts), Temperature Sensor 
Measurement (ADC counts), Relative humidity sensor measurement (ADC 
counts), Days elapsed, Hours elapsed, Minutes elapsed, Seconds elapsed]. 
This is returned by the serial port as a comma-separated string. 
 

Table 5: The format of the output string produced by sending a carriage return command to 
the serial port.  

SN PPB T(°C) RH(%) ADC Raw T Raw RH Raw Day Hour Minute Second 

 
Since this data can be received by communicating with a serial port via a 
terminal, it means that it can also be controlled via software or a script. The 
language chosen for implementing the Raspberry Pi side of the system is 
Python, mainly for previous experience in developing similar applications and 
since Python is fully supported by the platform. For communicating with 
serial ports, pySerial [100], a library encapsulating the access to serial ports, is 
used. The library contains a serial object, where the port, baud rate, parity, 
stop-bits and byte-size is set to the specifications of the documentation. When 
creating the object, the port is opened, thus enabling commands to be written 
directly to the port, and the response captured. 
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Listing 1: Minimalistic example on how to receive a measurement from a connected sensor. 

 
For testing that the serial communication works as intended, a script is first 
produced only implementing this functionality. The code found in Listing 1 
shows an example of the minimal amount of code needed to trigger a 
measurement output. Checking that the received string from the serial port 
contains all the fields proves that data can successfully be read off the sensor. 

5.3.2 Bluetooth on the Raspberry Pi 
With the serial communication set up, the remainder of the Raspberry Pi side 
of the system can be implemented, primarily including preparation of the 
device to connect to another Bluetooth device. In Python, Bluetooth 
programming is performed following the socket programming model. This 
means that there exist a client and a server who establish a connection to each 
other in order to transfer data. In this case the Raspberry Pi acts as the server 
since it’s the one providing the service of broadcasting measurements. 
 
In order to access Bluetooth on the Raspberry Pi using Python, a 
BluetoothSocket object is created, part of the PyBluez library [101]. The socket 
is bound to the address of the local Bluetooth adapter and a port number to 
listen on. Finding the address is done automatically using the method since 
only one adapter exists on the device.  
 
The simplest way to initiate connection between two devices using this model 
is having the client directly connect to the server using its address and port 
number requiring these to be known. An alternative is to let the server 
advertise its service for nearby devices and let a client connect using the 
address and port number found in the broadcasted service’s name, which is 
the better solution in the general case. 
 
When a client initiates a connection to the server, the address used for 
returning the communication is obtained. As long as there is a client 
connected, data from the sensor should be broadcasted in a set interval. The 
data provided by the Raspberry Pi is; measured gas type, measurement in ppb, 
temperature, time of measurement and unique serial number of the current 
sensor. The temperature (provided by the adapter) is used for converting the 
gas levels from ppb to µg/m3 and the serial number is used for uniquely 
identifying each roaming sensor. 

import serial 
 
ser = serial.Serial( 
    port = '/dev/ttyUSB0', baudrate = 9600, 
    parity = serial.PARITY_NONE, stopbits = serial.STOPBITS_ONE, 
    bytesize = serial.EIGHTBITS 
) 
 
cmd = '\r' 
ser.write(cmd.encode('ascii')) 
res = ser.readline().decode() 
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5.4 Android application 
The second component of the system is an Android phone providing 
navigational services and network capabilities to the prototype. For this, the 
Aquarix X [102] from the Spanish manufacturer BQ is provided by a 
representative from the company also participating in the GOEASY project 
[23]. The device runs Android Nougat version 7.1.1 which is the second to 
latest Android version at the time of writing. The phone also contains a Galileo 
enabled navigational chip, adding Galileo satellites in the calculation of the 
position. In order to access the different functionality of the phone, an 
application must be written encapsulating everything.  

5.4.1 Application basics 
Google provides an integrated development platform for creating applications, 
Android Studio, which provides the Android SDK needed to write a working 
application. Applications are written mainly in the Java programming 
language where the appearance is defined using XML. Each Android 
application installed on a device works like a separate user in a Linux based 
system, having its own privileges and permissions encapsulated in virtual 
machines completely isolated from each other [103].  
 
As default, each application only gets access to the bare minimum of 
components required for it to run. If the user does not give explicit 
permissions to use features like internet access or locational services to the 
application, these cannot be accessed. In the case of the application developed 
for this project, the main features requiring permissions include Bluetooth, 
Internet and access to location services. Any permissions required by an 
application are defined in the mandatory manifest file containing information 
such as the structure of the application, services used and permissions among 
other information. 
 
The application consists of one activity, a view with a user interface, 
containing a button to start and stop communication along with text areas to 
display relevant information. When the application is started, the onCreate 
method is automatically executed as it is the entry point to each activity. Here, 
the preparing functionality is located, which needs to be executed before 
allowing the user to interact with the application. This includes checking that 
the correct permissions are defined in the manifest and if not already allowed, 
prompt the user to allow access as well as registering listeners to the available 
buttons. 

5.4.2 Android Bluetooth 
The main purpose of the application is to establish a Bluetooth connection to 
the Raspberry Pi and process the received data before sending it to be stored. 
As mentioned earlier, the Raspberry Pi advertises its Bluetooth service which 
is discoverable by potential clients. Pairing the Raspberry Pi in the Bluetooth 
settings of the phone allows it to be found by software. Using the 
BluetoothAdapter class, part of the Android Bluetooth library, the phone’s 
Bluetooth adapter is exposed, and a list of bounded devices can be obtained. 
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Checking that the name of a bounded device matches the one given to the 
Raspberry Pi, the address used for establishing connection can be found.  
 
Pressing the “Receive Values” button starts a separate thread used only for 
Bluetooth communication. When started, a RFCOMM socket is created to the 
address previously obtained from the list of bounded devices. The connection 
made to the Raspberry Pi triggers it to start broadcasting sensor data together 
with the other fields previously mentioned. As long as the thread lives, and the 
socket is connected, an input stream is created which listens to any data sent 
from the paired device. While there are bytes available, these are read one byte 
at a time and placed in a buffer which, when a delimiter is hit, is saved as a 
readable string. For the delimiter, the character ‘!’ is used indicating the end of 
the message. The socket is closed, and thread terminated, by pressing the 
“Stop” button telling the mobile platform to temporarily end the transmission 
of data until requested again. 

5.4.3 Obtaining locational data 
Obtaining locational data is done using the LocationManager class which 
provides updates of the device’s geographical location. By registering for 
location updates, a callback is executed each time the device’s position 
changes. In this callback method, the newly created location object is passed 
as an argument which contains information such as current latitude, longitude 
and postal address of the device. The updated location is saved to a global 
variable making it available at all times. The updated location object can 
thereby be accessed whenever the position of a measurement needs to be 
obtained. 
 
The rate of which the location objects are updated can be controlled by code 
and is initially set to update each five second or if the device has moved more 
than five meters. However, this showed to not provide good enough accuracy. 
Drifting in position was present and new location objects were not obtained 
frequently enough. The parameters were instead changed to update the 
location whenever the device has moved one meter together with a function 
which validated a newly captured position.  
 
The validation compares the new location with the old and calculates a 
theoretic time it would take to travel between the two points compared to the 
actual time it took. For this, the distance is divided with the average speed 
between the two location updates in order to obtain a theoretical time. The 
actual time is then calculated by comparing the timestamps of the two and if 
the actual time (plus a buffer to give it some slack) is less than the theoretical 
time, the new location is not considered valid and is instead discarded. 

5.4.4 Generating MQTT payload 
The data received over Bluetooth from the Raspberry Pi is saved locally to a 
buffer on the phone until it fills up. When full, an average of the values stored 
is calculated which is used together with the latest known location of the 
device to form a message to be sent to the storage solution. The message is 
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inspired by following the Open Geospatial Consortium (OGC) SensorThings 
format [104] based on JSON. The reason this format is chosen is compatibility 
with existing data used in the AsthmaWatch application [26], which will also 
be accessing the data generated by the platform. The fact that JSON is very 
compact and cheap when it comes to parsing as well as being easily readable 
by humans further motivates the choice. 
 
The JSON object is constructed using the Java JSON library and the result is a 
string containing multiple fields unique for each message. These include the 
serial number of the sensor used for the measurement in question, the current 
latitude and longitude of the device, timestamps for the measurement and 
creation of the message and finally the value of the sensor. An example of the 
full message format can be found in Listing 2 where the unique fields are 
marked with red boxes. 
 

 
Listing 2: The message format used for sending JSON data to the MQTT broker where the red 

boxes indicate the unique values for each message. 

 
After the message is created, it is published to a topic using the MQTT 
protocol introduced in Chapter 2. This requires the Android phone to act as a 
publisher and establish a connection to an MQTT broker. Since the 
communication is made over the Internet, the application needs to have the 
corresponding permissions declared in the manifest. Furthermore, to prevent 
having to explicitly make continuous connections to the broker, a service is 
registered in the manifest. A service is a component in an Android application 
which continues to run in the background as long as the application is not 

{ 
    "@iot.id"           : serialNr, 
    "@iot.selflink"     : "brokerAddress", 
    "FeatureOfInterest" : { 
        "iot.id"     : serialNr, 
        "description": "description", 
        "feature"    : { 
            "type" : "point", 
            "coordinates": [ 
                latitude, 
                longitude 
            ] 
        }, 
        "Datastream": { 
            "@iot.id": serialNr 
        }, 
        "phenomenonTime": timestamp, 
        "resultTime"    : timestamp, 
        "result"        : { 
            "Value": sensorValue 
        } 
    } 
} 
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terminated. By using the service, the application will automatically attempt to 
reconnect to the broker in case the network connection is lost.  
 
Each time the application is started, an initial connection is made to the 
broker using its public URI. Callback methods are also registered in order to 
handle eventual connection failures and logging of received messages. With 
these preparations made, the messages generated by the application can be 
published to the specified topic. If the connection fails, new attempts are made 
until successful. Meanwhile, data can be read, but will not be sent to get 
stored. 

5.5 Storage solution 
The MQTT protocol only handles transportation of messages and does not as 
default provide a persistent storage solution. Therefore, there needs to be 
some sort of database set up which handles the messages sent from the device 
and stores them for future use. For this purpose, a storage solution provided 
by CNet [25] is used which currently handles other traffic from various 
sources. The storage solution uses MongoDB [105], which is customized for 
handling the time-series data generated by the system. Data is stored in 
documents which are the equivalent of rows or records in traditional 
relational databases. The database is of the NoSQL kind which allows 
unstructured tables not following a pre-defined schema and provides the 
scalability which a modern application comes with. Since the data generated 
by the system developed in this project differs in structure from other sources, 
not being forced to follow a scheme allows for custom formats to be used.    
 
For the time-series data, wide-column stores are used, designed for handling 
queries over large datasets, and stores data in columns instead of rows. This 
allows columns in the same table to have different formats which traditionally 
is not allowed in relational databases. Each document in the collection 
contains a number of fields received from the message posted to the broker. 
There also exists an entry with the latest value for the specific data-stream id 
for optimization purposes since it’s the most frequently asked query to the 
database.  
 
In addition to MongoDB, three services are used together with the database in 
order to populate and manage it. An overview of all components which make 
up the communication can be found in Figure 5. The first service, called 
Receiver, is responsible for receiving data from the MQTT broker by 
subscribing to the topic for sensor data. The received data is placed in a queue 
based on the advanced messaging queue protocol (AMQP) built on top of the 
broker used which in this case is RabbitMQ. This queue is configured to scale 
depending on how much data is received. Multiple queues can dynamically be 
created in order to parallelize the process and thus removing a potential 
bottleneck. 
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Figure 5: The components used in the storage solution and how they interact with each other 

and the MQTT broker (Source: CNet Svenska AB [25]). 

 
An Archiver service is responsible for collecting data from the queue and place 
it in the database. For a more efficient use of resources, it collects data in 
batches which results in less network connections being made. Using an API 
provided by MongoDB, the collections are populated with the bulks of data 
received from the queue. Once again, if there is a lot of data in the queue, 
multiple Archivers are used in order to parallelize the process. Updating the 
database in parallel only using one message queue is costly since the Archivers 
need to fight for resources. Multiple message queues with data intended for 
different parts of the database helps solving this race condition problem and 
parallelization of populating the database is less costly. 
 
Finally, a Query-API service exists for fetching data from the database. The 
API is a mix of self-defined as well as pre-defined queries implemented by 
MongoDB used to fetch stored data from the collections of the database. This 
is what currently is used by AsthmaWatch [26] for populating the map 
showing the different measurements available throughout Stockholm.  
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6 A mobile platform for sensing air pollution 

The implementation of the mobile platform and associated Android 
application resulted in a system able to receive measurements from a 
connected sensor, process them and publish them to a storage solution. 
Complementing the sensor data is timely information about measurements 
and positional data, accurately showing where the device is located at the time 
of sensing. Together, the system enables anyone to walk around collecting air 
quality data and contributing to the overall information made publicly 
available. A sequence diagram illustrating the overall communication between 
components in the system can be found in Figure 6. 
 

 
 

Figure 6: Sequence diagram showing the resulting functionality of the complete system and 
the communication between the components. 

 
This chapter covers the resulting functionality of the different components in 
the system and presents results of the tests performed in order to evaluate the 
implemented solution. Finally, a summary of how the implemented platform 
meets the requirements is discussed. 
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6.1 The mobile platform 
Composed by a Raspberry Pi 3 model B and the Spec Sensor development kit 
together with a TP-Link 15600mAh power-bank providing electricity, the 
package is small enough to either be carried around or mounted on a bike or 
similar. The Raspberry Pi is configured to work “headless”, meaning that it 
only requires power in order to start executing its tasks. This is possible by 
using cron, a job scheduler available in Unix based systems. The script 
responsible for running the logic is scheduled to be run each time the system 
boots. Adding a small delay for the serial ports to get ready proved necessary 
during testing which results in the system being ready thirty seconds after 
power is provided. Defining the script in the cron scheduler makes it 
automatically run whenever the system is booted which is required in the 
mobile platform’s environment, not having access to screen, keyboard or its 
own network.  
 
When the platform boots, a script is automatically executed as mentioned. The 
serial port used by the connected sensor is automatically detected which 
allows it to be plugged into any of the four USB-ports. If a sensor is connected, 
a serial connection is established to the port in question where the gas type of 
the sensor used is determined by triggering an EEPROM output. This reads 
the contents of the electrically erasable programmable read-only memory 
containing information about the current configuration of the sensor, 
including sensor type and serial number among other parameters.  
 
When the initial configuration steps are completed, a Bluetooth socket is 
opened using the RFCOMM protocol, broadcasting the service for nearby 
devices to pick up on, after which the mobile platform awaits an incoming 
connection. The Bluetooth communication is run in two separate threads, one 
used for sending data and one for receiving commands. The reason behind 
this is that the listening method is blocking, meaning that both sending and 
receiving data is not possible if run in the same thread.  
 
Whenever an incoming connection is detected the clients address and socket 
is received which can be used to respond with data. The sending thread starts 
to poll the sensor serial port for a measurement once a second, which is the 
fastest rate possible. Each measurement received from the sensor is a 
composition of ten measurements and the fast rate of sending data is used in 
order to get a larger base for calculating a mean. Together with the gas type, 
temperature and serial number of the connected sensor, a message is 
composed and sent to the connected client. Ending the message with a special 
delimiter character allows the receiving end to easily detect the end of the 
message. 
 
The listening thread continuously listens to incoming data whenever a client is 
connected. Currently only one command is supported which is a shutdown 
command. This is used so the Raspberry Pi can power off safely meaning that 
it goes into hibernation mode before power is cut. Doing this reduces the risk 
of corrupting the file system which can happen if power is abruptly cut off 
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without terminating running services. If the client disconnects, the mobile 
platform awaits a new connection and the procedure is restarted. 
 

 
Figure 7: The final assembly of the mobile platform composed of the Raspberry Pi 3 model B, 

Spec sensor development platform with a NO2 sensor attached together with a TP-Link 
15600mAh power-bank. 

 
Figure 7 shows the final composition of the mobile platform. The Raspberry Pi 
is mounted in a protecting case and attached to a power-bank which in this 
case is the TP-Link 15600mAh. The sensor platform is connected to one of the 
USB ports of the Raspberry Pi and for the sake of the prototype only one 
sensor at a time is used. However, support for multiple sensors exists for 
future expansion. As one can see the power-bank constitutes most of the size 
of the mobile platform. This is a component which could be easily exchanged 
for something with a smaller profile. 
 
As a whole, the mobile platform measures to 15 cm in length, 6 cm in width 
and 5 cm in height at the largest points. Weighing in at 460 grams, where the 
power bank constitutes about 340 grams of the total weight, this is the 
component which is most beneficial of being reduced in size. 

6.2 Application 
The implemented Android application does not contain a visual experience as 
much as it provides the underlying functionality used to operate the system. 
When started, the user is greeted by a screen with mainly one button used for 
starting the communication with the mobile platform and receive values from 
the connected sensor. When pressed, a RCOMM socket is opened using the 
Bluetooth adapter of the device, prompting the mobile platform to broadcast 
messages approximately once per second.  
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Visually, the application displays relevant information used for debugging 
including the connected sensor, the latest received value and information 
regarding the position of the device in the form of latitude, longitude and 
postal address. Together with buttons used to start/stop communication and 
one for powering off the mobile platform, this concludes the front-end of the 
application. The final result of the screen greeting the user when starting and 
using the application can be found in Figure 8.  
 

 
Figure 8: To the left; the initial view greeting the user when opening the application. To the 
right; the view when the “receive values” button has been pressed and data is received from 

the mobile platform. Some information has been blurred out for privacy reasons. 

 
The back-end of the application is responsible for the rest of the tasks 
including sending and receiving data from and to the mobile platform and 
composing messages to be sent to the MQTT broker. When receiving data 
from the Raspberry Pi, the values are stored in a buffer. For every ten 
measurements received, an average is calculated in order to take into account 
variations in the sensor data. Using an average showed to represent the reality 
better than only relying on single values since sudden spikes could appear 
occasionally.  
 
When an average value has been calculated, a JSON message is constructed. 
From the locationManager, the most updated location object is obtained and 
coordinates in the form of latitude and longitude can be extracted and added 
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to the message. Since the location has been configured to be updated each 
time the device has moved one meter, this object is constantly updated as long 
as there exists navigational satellites in sight. After the message is 
constructed, it is published to a topic unique for the serial number of the 
sensor used, making them distinguishable. On success, a debug message with 
the contents are displayed in the application. If not successful, the message is 
discarded, and another is constructed based on new values from the mobile 
platform. 

6.3 Evaluation 
As the final step in the development phase of the project, an evaluation of the 
system is done by combining results obtained from testing with experiences 
and knowledge gained in order to prove the potential and usability of the 
implemented system. Tests of the prototype system is performed by running 
each component through unit tests, both by testing each component 
separately and running everything together using integration tests both in a 
controlled environment and by performing field tests.  

6.3.1 Results of unit-tests 
Looking at the components of the system, these can be divided into the 
following functional modules to be separately tested:  
 

1. Reading sensor data 
2. Broadcasting Bluetooth services from the Raspberry Pi 
3. Establishing a connection to the Raspberry Pi from the Android device 
4. Sending data from the Raspberry Pi to the Android device 
5. Sending commands from the Android device to the Raspberry Pi 
6. Generating JSON messages based on the data received 
7. Sending JSON formatted messages via MQTT to a broker 
8. Storing the data received on a topic in the database 

 
The testbed for the sensor side of the system is Raspbian Stretch kernel 
version 4.14 running on a Raspberry Pi 3 model B and Android Nougat 7.1.1 
running on an Aquaris X phone. Each test set up is using data in a format 
which is known (where applicable) used for determining that correct messages 
are received by the various parts of the system. For the sensor measurements, 
the result is compared with the specifications of the format as well as 
comparing the serial number in the result string with the one printed on the 
physical sensor.  
 
The unit-tests are set up in order to test that the overall functionality of the 
system resulted in the sought-after behaviour of the various components. 
Sensor data can be read, but the tests show that the values varied a lot both 
between switching sensors and while reading measurements from one sensor 
for an extended time. This is believed to be the result of not providing power 
to the sensor at all time and the fact that the sensor platform needs time in 
order to calibrate once power is available. The phenomenon is known as 
power-on stabilisation and is dependent on the sensor type and what the 



 
 
 
 
 

45 

desired accuracy of the measurements are sought after. The real effect this will 
have on the overall sensing of pollutants in the system will be determined 
when performing the field-tests. 
 
When it comes to the communication between the mobile platform and 
smartphone, pairing of the Raspberry Pi as a Bluetooth device can be 
performed successfully and, when initiating connection, data is able to be 
transmitted in both directions. The message received from either side matches 
what is sent both in length and byte order which can successfully be read and 
processed. 
 
MQTT messages are sent to a test topic on the broker which is monitored with 
an application which connects to the broker and subscribes to the same topic. 
When a message is sent from the Android phone, the monitoring application 
receives the same message sent which proves that it was successfully sent and 
delivered. This test also validates the formatting of the JSON data sent since 
the application used for monitoring MQTT traffic also checks for formatting of 
the message received on a topic. Each message received is identified by the 
application as a valid JSON string, showing that the formatting of messages is 
correct.  

6.3.2 Accuracy of sensors 
After ensuring that each component produces the expected result, these can 
be combined into a complete system. Field tests are performed by exposing 
the system to its intended environment, the outside. The tests conducted out 
on the field include determining the accuracy of the sensors used. During 
testing, an observed phenomenon was that the initial values obtained shortly 
after powering the mobile platform are very high after which they decrease 
over time before becoming stable. Therefore, the time it takes for the sensor to 
stabilize after being idle without power is of interest. A test is set up where all 
values from the sensor are reported from the second the mobile platform 
boots. The result is visualized in Figure 9, where the sensor value is plotted 
over time.  
 
The test summarizes the observed behavior very well and shows that the 
sensor needs time to stabilize when power has not been provided for some 
time. The longer power has been cut off, the longer the stabilization time will 
take according to the manufacturer. According to the plotted result and 
observations made during testing of the various sensors, the time it takes for a 
sensor to stabilize is approximately five minutes in this particular case. This 
applies when power has been off for an extended time (approximately 24 
hours) and decreases between shorter breaks. Once stabilized, the sensor 
keeps outputting stable readings. 
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Figure 9: An example of the time it takes for a sensor to stabilize from the moment power is 

provided after being inactive for a while. The sensor used in this test is NO2. 

 
By comparing the measurements received from a sensor to one of the stations 
available in Stockholm, an approximation of the accuracy can be determined. 
The results are compared to the data available at two different sources who 
report the levels in two different units, AQI and µg/m3. This is done in order 
to determine if the sensors chosen work well in the intended solution or not. 
 
The experiment is conducted at Hornsgatan in Stockholm, next to a station 
measuring NO2. The data from the station is obtained from the Swedish 
environmental protection agency [106] which is updated once per hour and 
the world air quality website [16], also updated hourly. By exposing the mobile 
platform equipped with a sensor measuring the same gas as the station (NO2) 
for an extended period of time, in this case two hours, captured data can be 
compared with the data posted online. The result is saved as a time-series data 
of measurements captured during the experiment. Once again, the result show 
signs of initial power-on stabilization, which at the time of testing took 
approximately 20 minutes. These values are discarded in the comparison as 
they are considered as noise and does not reflect the reality correctly.  
 
Values obtained from the Swedish environmental protection agency are 
measured in µg/m3, requiring the ppb values to be converted. One ppb is 
equivalent to 1.88µg/m3 meaning that each value needs to be multiplied by 
1.88 to be comparable. The collected measurements resulted in the 
parameters presented in Table 6. At the time of measurement, the average 
value posted by the Swedish environmental protection agency was about 54 
µg/m3 compared to 238,76 µg/m3 measured by the mobile platform with the 
connected NO2 sensor. 
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Table 6: Measurements from the test at Hornsgatan in ppb and corresponding values in 
µg/m3 while measuring NO2. 

Unit Min Max Average 
ppb 28 278 127 
µg/m3 54,64 522,64 238,76 
 
 
The world air quality webpage presents the level of pollutants in an AQI unit. 
The formula used for this is the one previously presented in Section 3.3.1 
which is the US way of converting the levels of pollution to a more readable 
unit. Since this equation requires an average concentration over a longer 
period, data from the entire duration of the test will be used for this 
calculation resulting in one AQI compared to the information posted online. 
From the table showing AQI values, Table 1, the last two parameters are 
obtained which gives a calculated AQI of 26. The AQI posted online by the 
measuring station at the same time-period was 2.  
 
Although the data collected by the mobile platform differed from the 
measuring station at Hornsgatan, the test is still considered a success. There 
are many factors to consider when comparing the two which all can affect the 
final result. One example is that the station uses data collected during a longer 
period to base the calculation of the current situation. This data can also 
include other types of pollutants. Other things to take into consideration is the 
fact that the mobile platform and its connected sensor were directly exposed 
to the ground level air, while the sensors in the station are mounted at a 
higher elevation. Not being protected from small dust particles interfering 
with the sensor might also play a part in the results as well as wind. Also seen 
as the hardware used in the measuring systems most likely is more advanced, 
the obtained result using the mobile platform is still considered to be in an 
acceptable range of the “actual result”. 
 
The obtained result might even represent a more accurate representation of 
the current level of pollution since it is captured at ground level. Given the 
arguments above, which all could affect the result, a more extensive evaluation 
regarding the sensors needs to be conducted. One example would be using a 
reference sensor producing reliable numerical data and compare it with the 
measurements from the sensor used in order to investigate the validity.  

6.3.3 Determining position 
Accurately determining the position of a roaming mobile platform is one of 
the key requirements of the project. For testing how well the implemented 
navigation performs, the following test is set up. A pre-determined path is 
defined which the mobile platform and smartphone are transported along. By 
running the system, messages including locational data are sent to the storage 
solution which are then extracted and plotted on a map. The coordinates are 
compared with the actual path in order to determine to which extent the 
captured locational data is accurate or if navigation drifting is present. 
Furthermore, the time it takes for the location to get an acceptable accuracy is 
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noted in order to determine when reporting can confidently begin. This is 
done to ensure that as few errors are reported to the system as possible. 
 
Initial tests, which used both the navigational chip of the Android phone and 
location from the network provider, resulted in overall good accuracy of the 
coordinates captured, but deviated a lot from the route in some cases. The 
application displays that is has received a lock on the position after a couple of 
seconds when starting the application from a terminated state, showing that if 
navigation is available this is quickly obtained. In order to further improve the 
accuracy of the coordinates, modifications to the application were made as 
mentioned previously. By requiring more frequent updates of the location and 
exchanging the network provider’s location estimation for the navigational 
chip, the overall accuracy of the reported location was improved. For 
illustration, Figure 10 shows the result of the tests where both variants of 
localization were used. 
 

 
Figure 10: Results of the navigation accuracy test. The grey path is the actual route that was 

taken. The red dots represent the location captured using the network provider and the green 
dots only using the navigational chip on the phone. 

 
The results show that determining the position using the navigation chip of 
the Android phone is very accurate. The updates also occur more frequently 
compared to using the network provider, as is illustrated in Figure 10, where 
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the green dots are distributed evenly around the route (the distance of the 
gaps are dependent on the speed). Looking at the red dots, they represent the 
exact same route, but where the location is determined with the help of the 
network provider of the phone. These coordinates are sparser, since updates 
of the location occur less frequently when approximating position using 
cellular towers. Furthermore, some red dots deviate quite a lot from the route 
which shows occurrences of drifting.  
 
It can be determined that for the sake of the system, frequent updates are to 
be preferred, thus providing an updated location object better representing 
the actual position of the device. This might however impact the battery life of 
the Android device negatively, since a more frequent access to the navigation 
chip requires more energy of the device. The built-in duty-cycle in Android 
helps with this a bit, but fine tuning of the update frequency might be needed 
for optimizing the energy consumption of the application. 

6.3.4 Power consumption 
Finally, since the system is meant to run as a mobile solution, it requires a 
mobile source of power. The capability of the chosen power-source is tested by 
observing the time it takes for the mobile platform to drain the power of the 
TP-Link 15 600mAh power bank. This is tested with the usual operation of the 
mobile platform, by continuously reading measurements from a connected 
sensor and transmitting data via Bluetooth. After running multiple tests using 
the power-bank, the battery indicator barely shows signs of power being 
drawn. During six hours of running the mobile platform, only about 20% of 
the power-bank has been used indicating a low power consumption. 
 
Disabling those services running as default on the Raspberry Pi, which are not 
needed, such as WiFi, DHCP-client and other networking daemons would 
decrease the CPU-usage and thereby consume less power. Stripping the 
mobile platform down to only using the services which are needed to provide 
the desired functionality would further help to lower the power consumption 
and thereby requiring a power source with less capacity. 

6.3.5 Fulfilment of requirements 
Included in the evaluation of the implemented system is comparing it with the 
requirements which were set up for the project to see in what extent they were 
achieved. The following is a summary of the requirements, both functional 
and non-functional, with a description of how and if they were achieved in the 
implementation. For more information about the different requirements, see 
Table 3 and Table 4 in Section 5.1.  
 
Air pollution data The mobile platform can be equipped with gas 

sensors via USB which provide data about the 
gas levels in ppb. The mobile platform is 
developed to be compatible with many types of 
sensors, not only being restrained to air 
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pollution. 

Mobility The final solution has a small enough profile to 
be carried around, either holding it or mounting 
it on a bike or similar. It weighs less than one 
kilogram. Further decreasing the size and weight 
is possible with components brought up in the 
discussion. 

Battery powered Using a power source, such as a power-bank 
with enough output capacity, the mobile 
platform can operate for an extensive amount of 
time. As long as it outputs the 2.4 Amperes 
required to power the Raspberry Pi it will work. 

Network connectivity Using a smartphone containing a SIM-card with 
an active network plan, data can be sent over the 
GSM network whenever available. 

Storage solution All the messages sent from the smartphone are 
received by the MQTT broker and saved in a 
permanent storage solution configured for the 
time-series data produced by the system. This is 
stored for use in future applications. 

Locational awareness The smartphone’s navigational chip is used to 
determine the users position when active. Since 
the chip has Galileo support, the Galileo 
satellites will help to provide accuracy when 
available. 

MQTT protocol The smartphone application is capable of 
connecting to a MQTT broker as a publisher and 
post messages to a topic using the MQTT 
protocol. The Broker successfully receives 
messages posted to different topics which are 
delivered to subscribers. 

Simplicity The only interaction required from the user is 
the following: 

• Provide power to the mobile platform  
• Pair the Android phone with the 

Raspberry Pi via Bluetooth 
• Opening the application and pressing a 

button to start or stop receiving values 
Which is considered to be simple. 

Low latency Messages sent from the Android phone are 
stored after a couple of milliseconds when 
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comparing the timestamp of message creation 
with the timestamp of the entry in the database. 

Scalability The storage solution used can adapt to high 
throughput of data and divide the data stream 
into multiple message queues to be handled 
simultaneously. 

Integrity The only personal data handled in the system is 
the coordinates of the device and sensor serial 
number being communicated to the broker via 
MQTT. 

Accuracy The used sensor platform has an acceptable 
accuracy when it has had time to stabilize when 
powered on. However, other alternatives could 
be used to further improve this. 
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7 Conclusions and future work 

The thesis project presents the implementation and evaluation of a system 
resulting in a mobile platform and connected Android application. With the 
help of connected sensors different pollutants can be measured and, combined 
with navigational data, made publicly available. The implemented prototype 
allows anyone to walk around and automatically collect data regarding 
pollution levels around a city anywhere the device is located. Utilizing the 
navigational capabilities of a Galileo enabled Android phone allows very 
precise localization when satellites are in range of the device. Summed up, the 
result of the thesis project enables more information to be collected, from 
locations previously not covered by the stationary measurements available at 
the moment.  
 
As a result, more information is made available for the public, thereby giving 
individuals with respiratory diseases such as asthma the ability to obtain up to 
date information about the current situation. By reducing the time people are 
exposed to heavily polluted areas, the risk of them suffering from attacks 
reduces significantly which has a positive effect on the society. 
 
Deploying the system as a whole, consisting of the mobile platform and 
Android application, a new source of information is created. The data 
produced by the system can thereby complement the information already 
available from measurement stations and observation services. The format of 
the data stored, with data tied together with location and time allows to 
visually see what the pollution levels are around the city. Making people more 
aware and interested might help to steer them into making more 
environmental-friendly decisions thus helping to reduce pollutants. The data 
can also be used to calculate forecasts using historical data and looking at 
trends among other applications. 
 
Looking at the research question defined in section 1.2, the goal is to 
investigate how a mobile platform could, with the help of connected sensors, 
increase the available information and awareness regarding air quality. With 
the results of the implementation and discussion of its contribution, one can 
confidently determine that the question has been answered. Allowing anyone 
to walk around and thereby collect information about pollution levels, the 
available information increases and allows the society to become more aware. 
The fact that information is available in the system only seconds after being 
measured triumphs over other available sources which are updated at an 
hourly rate. Enabling future use of the collected data to be used in different 
applications further improves the possibilities of how the information is 
distributed and presented. 
 
The mobile platform is developed on a Raspberry Pi meaning that by cloning 
the SD-card, the platform can be duplicated and thereby mass-produced. The 
same goes with the Android application. Making it available in the 
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marketplace for applications allows anyone to download it to their phone, 
however, requiring the mobile platform in order to function.  
 
During the process of the thesis project, different hardware and technologies 
have been considered and researched for use in the prototype. The final 
choices proved to demonstrate the potential and capabilities of the project’s 
goals well. However, modifications could be made in order to further improve 
the solution. Observing the implemented system as a whole, the functionality 
is in-line with the purpose of the thesis project. Offering the society a mobile 
platform reporting navigationally accurate air quality data and thus making 
information more available, successfully meets the goals of the project. There 
are always improvements to be made and the potential of this project is seen 
as big and worthwhile pursuing to make sure it makes it to the market. 

7.1 Discussion 
Developing a completely new system without an old solution to base it on 
gives both freedom of independently deciding upon the course of action but 
simultaneously requiring more underlying work in order to get everything 
running. When it comes to the choice of methods, these have proved to work 
well in the given thesis project. Since no quantifiable data from an existing 
system was available, the choice of qualitative methods, used to derive 
knowledge from the conclusions formed by observations, was a natural choice.  
 
Not having the possibility to evaluate the implemented solution by comparing 
it to an existing one in order to show improvements proved to be challenging. 
The tests set up to evaluate the system therefore tried to both show the 
prototype’s potential by collecting quantifiable results and thus prove it 
functional. These results were combined with a discussion of advantages and 
drawbacks derived from observations and tests made during the project. 
Together, the overall impact of the system regarding its contribution to the 
real world were derived proving to be successful. 
 
Using an agile working method in a project conducted by a single person has 
proven to work well. This has allowed one module of the system to be fully 
implemented and tested before moving on to the next. Receiving feedback 
during the course of the project have shown to be valuable and allowed the 
work to flow without missing out on important functionality. Continuously 
demonstrating the prototype with the implemented modules allows the 
product owner to give constructive feedback and open a discussion for 
improvement. 
 
If the project were to be redone, the first major change made would be 
attempting to remove the smartphone used if possible. This would mean 
moving all computations together with networking and navigation to the 
mobile platform, thus requiring almost no interaction of the user. Making the 
mobile platform next to autonomous could make the solution more attractive 
to the user, by not being dependent on a smartphone. This would, however, 
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require more components needed to fit together, making the whole platform 
larger whilst drawing more power. 
 
The main focus of this project has been the mobile platform itself, which has 
turned out to deliver the intended functionality. Different types of sensors can 
be connected to it with the outcome being dependent on the sensor used. The 
sensors used in this project have shown to work well as long as time is given 
for them to stabilize after not being powered for a while. Depending on how 
the platform is used, the impact of this reality differs. In the case of starting 
the mobile platform once and running it until the power source runs out, the 
power-on stabilization time can be discarded. If the mobile platform is 
powered off each time it’s not being used, the resulting data will contain more 
noisy data impacted by the stabilization phase. Therefore, other options of 
sensors used in the system would be of interest.  

7.2 Future work 
Since this thesis project is part of a larger project, there is still a lot of work to 
be done before deploying it to be used in the field. Looking at the 
improvements which can be made, it would primarily be focused on 
improving the measurements obtained from the sensors, both in accuracy and 
time. This could be done either by fine-tuning the parameters of the chosen 
sensors, making sure they work well each time, or simply by looking at other 
available options of sensors. The main interest would be looking at sensors 
measuring smaller particles, PM2.5 or PM10.  
 
Thanks to the mobile platform not being dependent of one type of sensor 
enables using it for other purposes as well, not only regarding air quality. One 
example discussed as an extension is equipping the mobile platform with 
sound-sensors to detect noise pollution. These would be positioned around 
concerts in cities and thereby obtaining a model on how sound levels change 
throughout different parts of the city.   
 
Since Galileo [49] is not yet fully supported at the time of writing, the full 
capabilities the system provides could unfortunately not be used. The 
positioning used by the smartphone does use Galileo satellites when 
determining location, if available, but could be improved further when 
support exists. One way is to utilize raw GNSS measurements which is starting 
to gain support in the latest Android phones. This would allow calculation of 
pseudoranges used to pinpoint the current location with a very high accuracy. 
When the commercial services are available, protection against spoofing a 
location and further improving the reliability of the navigation in the system 
can be achieved. This will allow additions such as a reward system which 
tracks the contribution of users moving around with the mobile platform, 
simultaneously preventing cheating the system.  
 
Rewarding the contributors of data in the system is a potential extension 
which would motivate people to walk around and measuring the air. For this a 
system which keeps track of who contributed with what would be 
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implemented. This would add handling of personal information which 
requires security measures to be in focus in order to prevent it getting in the 
wrong hands. As mentioned, countermeasures for cheating the system by 
faking contributions would also be considered to prevent malicious behavior.     
 
The mobile platform developed in the thesis project could further be reduced 
in weight and size by exchanging some of the components. As mentioned it 
measures to 15*6*5 cm and weighing 460 grams. This might not be optimal 
for the mobility factor it is supposed to offer making it clunky to comfortably 
carry around.  
 
Reducing the overall size could be done by using a Raspberry Pi Zero W which 
is less than a third of the size of the Raspberry Pi 3 model B while still 
containing the functionality needed for the mobile platform. The Raspberry Pi 
Zero is also more energy efficient, requiring a power-source with less capacity, 
thus potentially helping to reduce the weight and profile of the overall package 
even further. Custom printing a case fitting all components would add 
compactness of the system while also providing protection for the sensor. At 
the moment, the sensor risks being damaged by being exposed to dust and 
rain which both can harm and affect the readings. 
 
Future work also includes extending the data collected by the roaming 
platforms and making it available to the public. For this, the idea is to 
primarily use the AsthmaWatch [26] application which already collects and 
displays data and complementing it with data from the mobile platform. Since 
the stored data already has the correct formatting, known to AsthmaWatch, 
not much work should be needed in order to realize this. Furthermore, 
filtering of unreasonable measurements and locations would allow for more 
precise data to be submitted to the storage.  
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