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Fábio Alexandre Figueiredo Ramos

Thesis to obtain the Master of Science Degree in

Electrical and Computer Engineering
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Prof. Célia Maria Santos Cardoso de Jesus
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Abstract

This project consists in the creation of an athletics mobile application, which have different functionalities
implemented, where the main one is the continuous location tracking during the race through the GNSS
systems. Currently, there are already many applications of this kind, but there is none specific for
athletics focused on specific features such as the calculation of decathlon points, save personal bests,
training plans, ”Shadow Running” allowing you to repeat a previously done path and be notified if it is
slower or faster, news from the world of athletics, or even data from professional athletes, and, most
importantly, track constrained positioning, avoiding errors in distance and pace, as well as counting the
number of laps and time per lap. Therefore, this dissertation aims to improve the lives of athletes by
joining several features in a single application.

Keywords: GNSS; Global Positioning System (GPS); Android; Athletics
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Resumo

Este projeto consistiu na criação de uma aplicação móvel de atletismo, onde diferentes funcionalidades
foram implementadas, onde a principal é a localização contı́nua durante a corrida através dos sistemas
GNSS. Atualmente, já existem muitas aplicações deste género, porém não existe nenhuma especı́fica
mesmo para atletismo focada em funcionalidades especificas como o cálculo de pontos de decatlo,
guardar recordes pessoais, planos de treinos, ”Shadow Running” permitindo repetir um percurso feito
anteriormente e ser avisado se está mais lento ou mais rápido, notı́cias do mundo do atletismo ou até
mesmo dados de atletas profissionais, e a mais importante a correção do percurso enquanto se corre
em pista evitando erros na distância e no ritmo e contando o número de voltas e tempo por volta. Tendo
por isso esta dissertação como objetivo melhorar a vida dos atletas juntando várias funcionalidades
numa só aplicação.

Keywords: GNSS; GPS; Android; Atletismo
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Chapter 1

Introduction

The project “Development of a GNSS Sports Tracking Application for Android Systems”, presented here,

was developed within the scope of Dissertation in Electrical and Computer Engineering at Instituto Su-

perior Técnico. In the �rst part, it is presented on this dissertation the purpose of this solution. The

problems that give importance to the development of this system are also described, the structure of the

document is presented and a brief reference is made to the context in which this thesis was developed.

1.1 Topic overview

The Global Positioning System (GPS) has become an essential technology that is widely used in various

systems, ranging from advanced aeroplanes to smartphones. Although its use may not be universal, it

has a signi�cant presence in many parts of the world.

Several mobile applications use Global Navigation Satellite System (GNSS), not only GPS but also

Global Navigation Satellite System (GLONASS) or Galileo, to make people's lives easier and simpler.

Delivery, order tracking, and traf�c, are some examples of applications that bene�t from GNSS usage,

and the most relevant for this thesis, sports tracking applications.

It also exists a big variety of sports tracking applications which will be discussed and compared later.

Current running applications can detect the athlete's location and calculate the distance travelled, pace,

and calories burned, as well as save runs so that you can monitor your progress. Despite all these

existing products and features, some improvements can be made, such as the path correction when

running on a track.

1.2 Motivation and Objectives

As said before, although GPS has been extensively studied and used in many sports tracking applica-

tions, there is a lack of features that can be implemented. Thinking for all athletes, this project com-

prises incorporating unique features in order to make this application not just a running application with

the features explained in the previous subsection but a Track and Field application with athletics news,

combined events points calculator using of�cial formulas available online by the International Amateur

Athletic Federation (IAAF) [1], pace, time and distance calculator, storage of personal records of all of�-

cial events and many others described in detail below.
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The lack of some improvements to sports tracking applications speci�cally designed for athletes was

an important factor in the development of this thesis. Another compelling reason for committing to the

development of this project is the possibility to enhance athletes' and coaches' lives by creating an ap-

plication with particular features for a better understanding of athletes' weaknesses and strengths.

Given the problems, motivations and opportunities mentioned above, this work will result in a mobile

application and includes the following objectives:

• Develop an android application using a GNSS as a means to outline a continuous running route

with pace, distance, time, altitude, steps and calories calculation, activity and progress log with

pace and altitude graphs.

• Before starting tracking the user can activate a toggle to know if he's on a track and if so, in the

absence of some prede�ned point, the route automatically adjusts into the track without letting it

cut inside it. It displays the number of laps completed as well as the time per lap.

• Combined events points calculation using of�cial formulas available online by IAAF [1].

• Possibility to save personal records of the different events.

• Pace, time and distance calculator.

• News from the athletics world.

• Professional athletes statistics by country, event and gender. Database is updated manually.

• Sound noti�cations of pace, distance covered, elapsed time and if you are above or below the

pace set by the user. The user also has the possibility to decide whether or not to receive this

information and choose when he wants to receive it, from x in x time or from y in y distance or

when the pace is slower or faster than a prede�ned threshold.

• ”Shadow Running”. Save previously completed circuits and test yourself by running them again

against your shadow. Receive sound noti�cations if you are behind or in front of your shadow.

• Training plans by event.

• Chat feature so that users can �nd other runners nearby and schedule a run.

• The user may pick his favourite personal trainer from a list that includes anything from the amusing

one who yells ”move chicken” when you fall short of your targets to the tough one who will push

you to go higher every day to even the one who �irts with you because you're pretty.

• Section where users can make suggestions, donate and report bugs.

1.3 Organisation of the Document

This thesis is organised as follows:

Chapter 1 - Introduction. The motivations that led to the elaboration of this work and the proposed

objectives are presented.

Chapter 2 - State of art. It is made an analysis of the evolution of the Android operating system and a

review of the mobile applications already developed for running tracking and how this application will be

2



better.

Chapter 3 - Tools used in the application development. The many technologies employed are detailed,

from the GPS to the programming languages used in the development of the application.

Chapter 4 - Architecture of the proposed solution. The architecture of the proposed solution is provided,

as well as the overall structure of the system and the technology used in the application's development.

Chapter 5 - Implementation details. This chapter describes in detail the approach taken for the project's

execution and how the main functionalities work.

Chapter 7 - Conclusions and future work. Last but not least, this section exhibits the limitations of

the solution, proposals for future work and work-related conclusions.
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Chapter 2

State of art

This chapter starts with a brief description of the Android operating system and the importance of mo-

bile applications nowadays is provided, followed by a review of the sports tracking mobile applications

currently on the market.

2.1 The Android operating system's history and evolution

Android is a Linux-based operating system designed to be used on mobile devices. In October 2003 An-

droid Inc was founded in Palo Alto, California. by Andy Rubin, Rich Miner, Nick Sears and Chris White.

The intent of Android Inc. according to one of its founders Andy Rubin was “smarter mobile devices that

are more aware of its owner's location and preferences” [2].

Google purchased Android Inc. in June 2005, which was not a viable �rm at the time. Google's ob-

jective with this acquisition was to get access to the world of mobile devices, allowing them to promote

their products in an ever-expanding market [2].

Android devices aren't just for smartphones. This operating system is now supported by a variety of

devices, including tablets that have evolved to occupy a signi�cant market share, serving as a bridge

between a portable computer and a smartphone, netbooks, Internet-connected televisions and even

watches known as smartwatches.

Parallel to the evolution of mobile devices, Android has undergone signi�cant change, with several

versions of this operating system appearing since its �rst release. Table 2.1 shows multiple Android

versions, as well as the market share that each one has (data referring to November 2021 [3]).
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Table 2.1: Data from November 2021 on the percentage of users of distinct Android versions [3]

Version Codename Percentage

4.1 Jelly Bean 0.20%

4.2 Jelly Bean 0.30%

4.3 Jelly Bean 0.10%

4.4 KitKat 1.40%

5.0 Lollipop 0.70%

5.1 Lollipop 3.20%

6.0 Marshmallow 5.10%

7.0 Nougat 3.40%

7.1 Nougat 2.90%

8.0 Oreo 4.00%

8.1 Oreo 9.70%

9.0 Pie 18.20%

10.0 10 (Q) 26.50%

11.0 11 (R) 24.20%

According to Table 2.1, around 70% of Android devices on the market have version 9.0 or newer, the

most recent ones, indicating that as soon as a new release is available, if your phone allows it, it updates

for a new version or people easily quit phones with previous versions and get newer ones.

As shown in Figure 2.1 smartphones sales have been increasing by a lot since 2007 [4].

Figure 2.1: Number of smartphones sold to end users worldwide from 2007 to 2021 (in million units)

As illustrated above, around 1.54 billion smartphones were sold worldwide in 2021. Of these 1.54 billion,

1.11 billion were smartphones running the Android operating system, meaning Android dominates the

global market share, responsible for 72% of all smartphone users in 2021 [5,6].

It is therefore concluded that designing an app for the Android operating system is the ideal choice

because the system is now the market leader in Smartphones. While Windows Phone and iOS plat-

forms have far greater market decline quotas. If you want the mobile application to be commercialised,
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it will be available for the broadest market today. Maybe in the future, this application can be developed

for iOs as well. Nevertheless, if you are starting from scratch, developing for iOS may be easier than

developing for Android [7].

2.2 Mobile applications and their importance

Mobile applications are causing a paradigm shift in how consumers perceive technology and use their

mobile devices. People's daily lives are becoming more reliant on applications. They can be used for a

number of things, such as calling a cab, ordering food, and downloading and streaming �lms or music.

Undoubtedly, they are a fantastic way to make life more practical and to easily �nd leisure activities. It is

possible to access all the necessary information and everything at the distance of a few clicks.

These applications are even employed in the public sector, like banking and transportation informa-

tion such as schedules or ticket purchases. The usage of applications in society will be increasingly

relevant in the coming years even in an ageing society, according to the trend [8]. Companies and gov-

ernments that employ this technology correctly will undoubtedly get increasingly expressive outcomes

with their target audiences. These criteria demonstrate that mobility is a major driver of the development

and success of software enterprises today. According to a study conducted by the organisation Promon,

companies who make their tools mobile strengthen their market exposure by assisting and familiarising

customers with their everyday activities with your goods [9].

According to a Nielsen Holdings research conducted in 2010, 30% of the sample population had down-

loaded sports applications [10]. Later, in 2017, a similar survey was conducted, which revealed that

34% of smartphone usage was for sports [11]. According to another study, using smartphone sports

applications had a substantial signi�cant effect on promoting physical activity [12,13].

2.3 Sports tracking applications

There are currently numerous sports applications, as for running, but there is always room for improve-

ment or additional features, such as the computation of decathlon points. In this section, the advantages

and disadvantages of the present market applications will be analysed, as well as what on this applica-

tion will be better or equivalent. The most popular running applications are compared below.

2.3.1 Strava

This application is great for those who like to run off the beaten path and thrive with a little friendly

competition. It's a unique social media for athletes. The main great features of Strava, as well as their

absence, are shown below [14–16].
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Table 2.2: Advantages and disadvantages of Strava

Pros Cons

- Great for competitive runners;

- Syncs with Garmin watches;

- Follow friends trainining;

- See where you stack up against

other athletes who have completed

similar workouts in the area and be

”King of the Mountain”.

- Does not include music integration.

2.3.2 NikeRun

Application with very good design and possibility to share your results and challenge friends. The main

great features of NikeRun, as well as their absence, are shown below [17,18].

Table 2.3: Advantages and disadvantages of NikeRun

Pros Cons

- Nice design and large number display;

- Audio-guided running workouts;

- Personalized coaching plans;

- Syncs with music plataforms;

- Good stickers for pictures;

- Choose a ”power song” to give an extra

boost to your run.

- Imprecise GPS

When tracking outdoor activities, accuracy is critical to consider. Because of the specialised hardware

and software used, dedicated GPS units, such as watches, are often more accurate than smartphones.

Unlike smartphones, which share space with other components, GPS units have dedicated tracking

hardware. Furthermore, watches frequently record data points every quarter or half a second, whereas

smartphone apps record data every second or longer, affecting GPS track accuracy while conserving

battery life.

Tall buildings in urban areas or trees can interfere with GPS signals, making it dif�cult for devices to

obtain satellite readings. The signals may bounce off the buildings, adding distance to the run, but the

application may be unaware of this and without algorithms to correct these inaccuracies.

It's also important to consider the auto-pause feature of apps like Nike Run. While this feature may

be convenient, it can affect the accuracy of the reading. If you stop your run frequently, the readings may

not be very accurate.

Many users have reported a signi�cant discrepancy between the Nike Run application and other tracking

devices such as watches.
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2.3.3 ASICS Runkeeper

One of the �rst applications to be created, launched in 2008 [19]. The main great features of ASICS

Runkeeper, as well as their absence, are shown below [20–22].

Table 2.4: Advantages and disadvantages of ASICS Runkeeper

Pros Cons
- Easy-to-use;
- Simple settings;
- Export data to csv;
- Syncs with music plataforms.

- Small running community compared
to others;
- Imprecise GPS.

As previously mentioned, the imprecise GPS readings in certain applications can be attributed to at-

tempts to save battery life and the lack of algorithms to predict the route more accurately.

2.3.4 Adidas Running

The basic concept arose while working on a project at the University of Applied Sciences Upper Austria

to track sailboat competitions [23]. Later came to be bought by Adidas for 220 million euros [24]. The

main great features of Adidas Running, as well as their absence, are shown below [25,26].

Table 2.5: Advantages and disadvantages of Adidas Running

Pros Cons
- Links with Google Earth;
- Syncs with music platforms;
- Kilometres ran in each shoe;
- News feed;
- Friendly competition;
- Connects with Garmin or Polar.

- Battery demanding;
- You cannot modidy tranning plans;
- You cannot delete the voice;
- Issues with GPS signal (stops tracking)

Numerous users on the Google Play Store have reported that the Adidas Running app frequently stops

tracking for extended periods, resulting in signi�cant inaccuracies in the recorded distance.

2.3.5 PUMATRAC

Simple design with all the perks of a basic running app. However, what distinguishes it from the others is

the fact that it tells you what factors have the most in�uence on your performance, such as the weather,

time of day, music you listen to, and so on. The main great features of PUMATRAC, as well as their

absence, are shown below [27].

Table 2.6: Advantages and disadvantages of PUMATRAC

Pros Cons
- Smooth interface;
- Tells what impact your performance.

- Too simple with a lack of some features.

2.3.6 MapMyRun

This application will automatically generate a route for you. You can specify the distance, and it will

provide the ideal path for a pleasant run and sightseeing. The main great features of MapMyRun, as

well as their absence, are shown below [28,29].
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Table 2.7: Advantages and disadvantages of MapMyRun

Pros Cons
- Audio feedback;
- Find places to run nearby;
- Syncs with many wearables;
- If you wear Under Armour shoes, it
automatically track your run.

- Too many advertisements.

2.3.7 Couch to 5K

Very good application for new runners who want to improve and get a better time at 5K in nine weeks.

The main great features of Couch to 5K, as well as their absence, are shown below [30,31].

Table 2.8: Advantages and disadvantages of Couch To 5K

Pros Cons
- Choose from four different coaches;
- Each coach give you (audio) words of
encouragement and tips for improvement.

- Not ideal for competitive runners.

2.3.8 Zombies, Run!

If you get bored when running this might be the ideal app for you. You can choose from several missions

and it will be like if you are inside a game running from zombies and ”gathering supplies” and sometimes

you need to pick up the pace in order to escape. The main great features of Zombies, Run!, as well as

their absence, are shown below [32,33].

Table 2.9: Advantages and disadvantages of Zombies, Run!

Pros Cons
- ”Play” while running.
- Possibility of listening to music
while still receiving quest guidance.

- Not ideal for competitive runners.

2.3.9 Charity Miles

”Every mile matters” is their slogan. Each mile run equals to 25 cents given to a nonpro�t of your

choosing. You can check how much you've contributed over time. The main great features of Charity

Miles, as well as their absence, are shown below [34,35].

Table 2.10: Advantages and disadvantages of Charity Miles.

Pros Cons
- Help people in need while you running. - No social media sharing.
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2.3.10 Weight Loss Running

If your goal is to be �t, this might be your app, since it gives nutrition tips and speci�c training plans. The

main great features of Weight Loss Running, as well as their absence, are shown below [36,37].

Table 2.11: Advantages and disadvantages of Weight Loss Running.

Pros Cons
- Training plans and audio coaches;
- Syncs with Apple Health, Fitbit, Runkeeper
and MapMyRun;
- Running and nutrition tips.

- Good option if you are only looking
to lose weight.

2.3.11 Garmin Connect

Application of Garmin �tness wearable. You can track a lot of activities and daily routine as well, like

stress, sleep, amount of water drunk, among many others. The main great features of Garmin Connect,

as well as their absence, are shown below [38,39].

Table 2.12: Advantages and disadvantages of Garmin Connect.

Pros Cons
- Simple interface;
- Offers visually pleasing charts, graphs
and other statistics, like stress and
sleeping analysis;
- Allows social sharing through Garmin
community, Facebook and Twitter;
- Training plans of several activities.

- It only connects to Garmin watches.
- Quickly drains battery.

Garmin Connect is known to consume a signi�cant amount of battery life on a smartphone as it operates

in the background to maintain Bluetooth and location services. This is because the app needs to be

running constantly to stay connected to the Garmin watch, which can cause the battery to drain faster

than usual.

2.3.12 Conclusions

As seen above, each application has its own unique characteristics. In this project, some of the ad-

vantages of each were merged, like the coaches from ”Couch to 5k” and the news feed from ”Adidas

Running”. However, one of the most important factors when developing an application with a similar idea

is adding unique features, which is no exception in this project, where it was incorporated track&�eld-

speci�c elements such as combined event points calculation. Other features that no other program offers

include the ability to chat with other runners nearby, shadow running, and training plans. The second

most important factor is improving what is already done. One of the most signi�cant enhancements that

was done is path correction while running on the track. Although Garmin watches already do this, in

order to increase accuracy by stabilising the route, you must run some reconnaissance laps, whereas in

this application it's only be necessary to click a button on the start line.
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Chapter 3

Tools and systems used in the

application development

This chapter explains the technologies employed for the system's development and operation.

The various GNSS systems are �rstly presented. The operation of GPS technology is then described in

depth. Next, the technologies that allow the system's multiple devices to communicate with one another

are described. It's also made a quick overview of the programming languages used in the application's

development.

3.1 Global Navigation Satellite Systems

GNSS is a network of satellites that provides location and time information to the receivers. It allows

users with compatible devices to calculate their position, velocity and time in any area of the world, re-

gardless of weather conditions by analysing signals from a constellation of satellites. GNSS signals are

provided by a variety of satellite positioning systems, including global and regional constellations and

Satellite-Based Augmentation Systems, which are used to improve the navigation system's attributes,

such as accuracy, reliability, and availability.

Given that we are discussing widely-used applications with a global reach, in this section it will only

be provided a brief analysis of the global satellite constellations that enable these applications to func-

tion. The currently global constellations known are GPS from the United States, the �rst to be built,

which will be addressed in depth below, the Global Navigation Satellite System (GLONASS) from the

Russian Federation, Galileo from the European Union and �nally the BeiDou Navigation Satellite System

(BDS) from the People's Republic of China. Each of them has unique characteristics, but summarising,

even though Galileo is more accurate, positioning up to 1 meter, it is not 100% completed yet. European

satellites also offer better positioning services at higher latitudes compared to GPS, his is because the

Galileo constellation is tilted at an angle that provides better coverage at higher latitudes, such as in

northern Europe and Canada [40]. However, GPS tends to be more dependable in urban areas where

tall buildings can block satellite signals, as it uses a different frequency band and has been optimised for

urban environments. So, every systems have their strengths and weaknesses depending on the speci�c

use case and environment.
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3.2 Global Positioning System

The GPS tracking technology was developed for military purposes during the 1960s Cold War between

the United States and the erstwhile Union of Soviet Socialist Republics (USSR). The Navigation Satellite

with Time And Ranging (NAVSTAR) project, launched by the United States Department of Defense in

1960, served as the foundation for this development. NAVSTAR ultimately became completely opera-

tional in 1995, after various adjustments and improvements [41]. It's expected to reach 9.6 billion users

by 2029, which means more than one for every person on Earth [42].

GPS was a huge success, a reality that forced the United States to start making information avail-

able, previously solely for military use, for civilian use and for free. The GPS system is now widely used

for mapping, location, navigation, and other purposes.

As illustrated in Figure 3.1, the GNSS system consists of three segments: the space segment, the

control segment, and the user segment.

The space segment consists of a set of satellites in orbit. The control segment is composed of a base

station that collects data from several stations on the Earth's surface, which monitors all satellites in

space, evaluates the integrity of the signals emitted by the satellites, and maintains their orbital con�gu-

ration. Finally, the user segment includes all devices that use GNSS signals to determine their position.

Figure 3.1: The three components of the GPS system are represented
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3.2.1 Space segment

The constellation now has 31 satellites, however only 30 of them are operational [42]. As seen in �gure

3.2, the GPS satellites are distributed over six orbital planes, with each orbital plane containing four or

�ve satellites. Because the United States is committed to keeping at least 24 functioning GPS satellites

95% of the time, the minimum is four in each orbital plane.

Figure 3.2: GPS orbits [43]

In the scope of this application, it was tested how many satellites were on the line of sight on average

in the Athletics Track of Setúbal using the GnssLogger application developed by Google [44–46], and it

was found to be about 15, considering all GNSS systems. Figure 3.3 illustrates the satellites in line of

sight at a given time, where the centre corresponds to an elevation angle of 90°, the �rst circumference

to an angle of 60°, the second to 30° and the last to an angle of 0°.

Figure 3.3: Satellites in line of sight in the Athletics Track of Setúbal on 26/03/2023 at 10 am

As seen in the �gure above, there are no satellites to the west with an elevation lower than 30 degrees.

This occurred because the track stands are located to the west, and as shown in �gure 3.4, for the

satellite to be in the line of sight, the elevation angle must be more than 25.7 degrees.
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Figure 3.4: Measures of the Athletics Track of Setúbal and its stands to know the minimum angle for the
satellite to be in line of sight

3.2.2 Control segment

The control segment consists of a network of stations that control the satellites of the GPS. These

stations analyse the signals transmitted by the satellites and send information to them. Figure 3.5

depicts the location of these stations on the Earth's surface.

Figure 3.5: Distribution of the many stations that compose the control segment [47]

3.2.3 User segment

The user segment is the �nal phase in the GPS process, and it corresponds to the receivers responsible

for decoding the signals from each satellite in the space segment, allowing them to estimate the user's

location.
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