
 

  

Cardiff School of Sport 
DISSERTATION ASSESSMENT PROFORMA:  

Empirical 1 
 
 
Student name:                                                Student ID:  
 
Programme:    
 
 
Dissertation title:  
 
Supervisor:  
 
Comments Section 

 Title and Abstract (5%) 
 
Title to include: A concise indication of the research question/problem. 
Abstract to include: A concise summary of the empirical study undertaken.   

 Introduction and literature review (25%) 
 
To include: outline of context (theoretical/conceptual/applied) for the question; analysis of 
findings of previous related research including gaps in the literature and relevant contributions; 
logical flow to, and clear presentation of the research problem/ question; an indication of any 
research expectations, (i.e., hypotheses if applicable). 

 Methods and Research Design (15%) 
 
To include: details of the research design and justification for the methods applied; participant 
details; comprehensive replicable protocol. 

 Results and Analysis (15%) 2 
 
To include: description and justification of data treatment/ data analysis procedures; 
appropriate presentation of analysed data within text and in tables or figures; description of 
critical findings. 

 Discussion and Conclusions (30%) 2 
 
To include: collation of information and ideas and evaluation of those ideas relative to the 
extant literature/concept/theory and research question/problem; adoption of a personal 
position on the study by linking and combining different elements of the data reported; 
discussion of the real-life impact of your research findings for coaches and/or practitioners (i.e. 
practical implications); discussion of the limitations and a critical reflection of the 
approach/process adopted; and indication of potential improvements and future developments 
building on the study; and a conclusion which summarises the relationship between the 
research question and the major findings.   

 Presentation (10%) 
 
To include: academic writing style; depth, scope and accuracy of referencing in the text and 
final reference list; clarity in organisation, formatting and visual presentation 

 
                                                             
1 This form should be used for both quantitative and qualitative dissertations. The descriptors associated with both 
quantitative and qualitative dissertations should be referred to by both students and markers.  
2 There is scope within qualitative dissertations for the RESULTS and DISCUSSION sections to be presented as a 
combined section followed by an appropriate CONCLUSION. The mark distribution and criteria across these two 
sections should be aggregated in those circumstances.  

Arron Ackerman 20072084 

Sports Performance Analysis 

Reliability and Validation of GPS Units  in Calculating Geographical Positional 
Data 

Darrell Cobner 



CARDIFF METROPOLITAN UNIVERSITY 
Prifysgol Fetropolitan Caerdydd 

 
 

CARDIFF SCHOOL OF SPORT 
 
 
 

DEGREE OF BACHELOR OF SCIENCE (HONOURS) 
 
 

SPORT PERFORMANCE ANALYSIS 
 
 

2015-16 
 
 
 

Reliability and Validity of GPS Units in Calculating 
Geographical Positional Data 

 
 
 

Dissertation submitted under the Sports Performance 
Analysis area 

 
 
 

Arron Kenneth Ackerman 
 
 
 

20072084	
 

  



Cardiff Metropolitan University  

Prifysgol Fetropolitan Caerdydd 

 

Certificate of student  

By submitting this document, I certify that the whole of this work is the result of my individual 

effort, that all quotations from books and journals have been acknowledged, and that the 

word count given below is a true and accurate record of the words contained (omitting 

contents pages, acknowledgements, indices, tables, figures, plates, reference list and 

appendices).  I further certify that the work was either deemed to not need ethical approval 

or was entirely within the ethical approval granted under the code entered below. 

 

Ethical approval code: _____________________   (enter code or 'exempt') 

Word count:   8322 

Name:    Arron Kenneth Ackerman 

Date:    27th of May, 2016 

 

 

Certificate of Dissertation Supervisor responsible 

I am satisfied that this work is the result of the student’s own effort and was either deemed 

to not need ethical approval (as indicated by 'exempt' above) or was entirely within the 

ethical approval granted under the code entered above. 

I have received dissertation verification information from this student. 

 

Name:         

Date:          

 

Notes:  

The University owns the right to reprint all or part of this document.  

  
 
  



 

Table of Contents 

Chapter One: Introduction	.....................................................................................................	1	

1.1	 Global Positioning Systems (GPS)	...........................................................................	1	

1.2	 GPS in Sports Science	................................................................................................	1	

1.3	 Study Aim	......................................................................................................................	2	

1.4	 Study Limitations	.........................................................................................................	2	

1.5	 Study Delimitations	.....................................................................................................	2	

Chapter Two: Literature Review	...........................................................................................	4	

2.1	 Current Body of Literature Categories	.....................................................................	4	

2.2	 Public and commercial use of GPS	..........................................................................	5	

2.3 Movement Measurement	..................................................................................................	5	

2.4 Types of trackers available	.............................................................................................	6	

2.5 Additional Micro Sensors	................................................................................................	8	

2.6	 Alternative Tracking systems	..................................................................................	11	

2.7	 Justification	................................................................................................................	11	

Chapter Three: Methods	......................................................................................................	14	

3.1 Equipment	........................................................................................................................	14	

3.2 	 Study Environment	....................................................................................................	14	

Figure 2 - Dimensions of athletic track at Cardiff Metropolitan University	..................	15	

3.3	 Sample	.........................................................................................................................	15	

3.4	 Pilot Test	.....................................................................................................................	16	

3.5	 Data Collection	...........................................................................................................	16	

Figure 4- Start (S) and end (E) points on track for each section of path taken travelling 
anti clockwise	........................................................................................................................	18	

3.6	 Data Transfer	..............................................................................................................	19	



3.7	 Data Analysis	..............................................................................................................	19	

Figure 5 - Haversine Formula used in order to calculate distance against Long/Lat	20	

3.8	 Visual Validation	........................................................................................................	21	

Chapter Four: Results	..........................................................................................................	23	

4.1	 Results	.........................................................................................................................	23	

Chapter Five: Discussion	.....................................................................................................	36	

5.1	 Intra and Inter Statistics	............................................................................................	36	

5.2	 Study Limitations	.......................................................................................................	38	

5.3	 Alternative Technology	.............................................................................................	39	

5.4	 Study Implications	.....................................................................................................	40	

5.5	 Further Research	.......................................................................................................	40	

Chapter Six: Conclusion	......................................................................................................	43	

6.1	 Study Conclusion	......................................................................................................	43	

	

 

  



 

TABLE 1 - CATEGORIES OF TIME MOTION ANALYSIS 4 

TABLE 2 - DEVICE SPECIFICATION USED IN STUDY. 15 

TABLE 3 - INTRA AND INTER RELIABILITY: KEY STATISTICS ON RESIDUAL 
DISTANCE 23 

TABLE 4 - TOTAL DISTANCE RECORDED FOR EACH DEVICE 30 

 

 



FIGURE 1 - PLAYER LOAD CALCULATION USED IN ONE MANUFACTURED ATHLETE 
MONITORING SYSTEM 11 

FIGURE 2 - DIMENSIONS OF ATHLETIC TRACK AT CARDIFF METROPOLITAN 
UNIVERSITY 15 

FIGURE 3 - BESPOKE ENCLOSURE WITH 2 DEVICES FOR DISPLAY PURPOSES. 17 

FIGURE 4- START (S) AND END (E) POINTS ON TRACK FOR EACH SECTION OF PATH 
TAKEN TRAVELLING ANTI CLOCKWISE 18 

FIGURE 5 - HAVERSINE FORMULA USED IN ORDER TO CALCULATE DISTANCE 
AGAINST LONG/LAT 20 

FIGURE 6 - INTRA RESIDUAL DATA 25 

FIGURE 7 – INTER RESIDUAL VS DISTANCE 27 

FIGURE 8 - RESIDUAL DATA OVER DISTANCE EXCLUDING CATAPULT 2 DATA, 
HIGHLIGHTING PERIODS OF NO MOVEMENT 29 

FIGURE 9 - 100M DATA POINTS FOR ALL DEVICES AND DISPLACEMENT 31 

FIGURE 10 - 200M DATA POINTS FOR ALL DEVICES AND DISPLACEMENT 33 

FIGURE 11 - 400M DATA POINTS FOR ALL DEVICES AND DISPLACEMENT 34 

 

 

 

 

 

 



 

Acknowledgements 

I would like to thank the following for their support: 

Darrell Cobner – His expertise, not only through this process, but through the entire 

degree programme.  The challenges he’s set have been relevant to the progression 

needed in the industry and his vision on every project that I’ve been involved with have 

provided great opportunities and some fantastic results.  The support has been constant, 

and I will be forever grateful and inspired by your work with students. 

Adam Cullinane – His passion in every project that I’ve been involved with and providing 

great perspective on these.  Without some of our conversation I would not have had the 

confidence to do some of things that I’ve done. 

Huw Wilthsire – His knowledge of elite performance and advice on the industry has been 

invaluable and the advice that I’ve taken and applied has always out me in good positions 

with key stakeholders.  The foundation that you laid for me will be something that I will 

always remember. 

Sam Marshall – My brother in arms, and a truly great friend.  Our daily adventures and 

challenges have served us both well, I believe that you have truly left a legacy in your work 

this year and it’s been a pleasure to watch that happen. 

Michelle Ritter – The other half of me.  You’ve supported me no matter what in everything 

I’ve done, and these two years have been no different.  The constant encouragement and 

tolerance inspire me to always to better, but more important than all of this, the love that I 

feel from you every day.  I love you. 

 



 

Abstract 

The use of GPS is increasing within professional sport.  As this number rises, the demand 

from the devices also rises. More and more professional teams are looking to use the 

devices in order to make tactical decisions. In order to achieve this the accuracy of GPS 

location positioning needs to be valid and reliable, but little research has been conducted 

on this.  The aim of this study was to address this gap in the literature.  Six devices from 

three manufacturers were used to collect such data.  The data was analysed with regards 

to inter and intra reliability.  There was evidence of clear difference between inter and intra 

reliability. There was a wide variation in residual difference between the devices with some 

extreme measurements in the sample ranging from 0 up to 9.35m difference. The mean 

residual distance ranged between 1.04 ± 0.35 and 4.63m ± 1.35m however the margin of 

error around this was low.  The findings of the study suggest that the reliability of the GPS 

data with regards to position is poor when considering longitude-latitude coordinates alone. 

The study concludes that further research should be conducted into the use of additional 

micro sensor data to improve the accuracy. 
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Chapter One: Introduction 

1.1 Global Positioning Systems (GPS) 

Originally designed for military and intelligence agencies by the United States Department 

of Defence in the late 1960’s at the height of the cold war, the Global Positioning System 

(GPS) is a network of satellites that orbit the earth at fixed points. The potential for civilian 

use of GPS was announced in 1973 (Schroeer & Elena, 2000), but it wasn’t until 2000 that 

(the then president) Bill Clinton requested the U.S. Military to stop scrambling the signal for 

civilian access.  There are currently 24 satellites that orbit the earth, beaming signal to 

anyone with a GPS receiver (MiTAC, 2011).  

1.2 GPS in Sports Science 

As technology has improved and more and more sports start to adopt the devices, the types 

of data collected has increased their capabilities are being tested more in order to 

understand the ability to process and use this information to inform the practitioner, 

performer and coaches. 

To date the use of GPS in sports science has predominantly been used to monitor 

physiological conditions and performance, position, velocity, and movement patterns.  With 

FIFA permitting the use of GPS in games (Valcke, 2015) the uptake in technology has risen 

dramatically however teams continue to integrate GPS in to the field of play and decision 

making at a slower pace due to the lack of research.   

Injury prevention and detection has been key to their implementation in to sports such as 

Rugby and American Football, due to their ability to monitor impacts (McLellan, et al., 2011) 

Velocity, rotations and and total distances have also been metrics that have been used for 

many years.  From the basis of this, the data is analysed in many different ways, and usually 

sport specific. 

As more and more governing bodies permit the use of these devices, the more the 

competition will rise in the market, therefore, it’s imperative that the devices that are used 

are valid and reliable. 
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Recently, one major manufacturer added event data import to their software to compliment 

the early adoption of tactical analysis using the positional data, but little research has been 

conducted since. 

1.3 Study Aim 

Considering that there is little research into the use of GPS for positional information, partly 

due to lack of demand in this type of data to date, the aim of this study is to validate and 

measure reliability of GPS positional data using different GPS devices.  

1.4 Study Limitations 

Limitations of the study included: 

• Limited number of devices – Only a small sample size of units reducing the strength 

of the results. 

1.5 Study Delimitations 

The GPS data was collected around an athletic for ease in measuring the distances however 

the track is surrounded by buildings and foliage on the north side.  Johnson et al., (2011) 

stated that foliage and urban surrounding has a varying effect on GPS connections to 

satellite signals. 

Two of the GPS devices start recording data once sufficient connection to satellites is 

established therefor it was not possible to exactly synch the measurement times of all 

devices. 

Lack of direct access to the raw data from the Playertek devices resulted in them being 

withdrawn from the study. 
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Chapter Two: Literature Review 

2.1 Current Body of Literature Categories 

A systematic review (Cummins, et al., 2013) of current literature found that none of the 35 

manuscripts reviewed discussed the possibility of using GPS for tactical purposes in sport. 

While manufacturers actively promote their use for this purpose, little research has been 

conducted into the validity of GPS data for tactical purposes.  

Current research can be categorised as follows (Leser, et al., 2011); 

Table 1 - categories of time motion analysis 

Category Frequency Percentage 

Analysis of data on overall work rate 45 82 

Analysis on categories of movements 45 82 

Analysis of physical demands based on position 21 38 

Use of motion analysis in studies of fatigue 10 18 

Other uses of motion analysis 5 9 

 

Note that a large amount of the articles belong to a number of categories, therefore, the total 

percentage is higher than 100%. 

This demonstrates the concentration in physiological research and complete absence of any 

geographical positional research. 

The ability to quantify the demands of match play can aid the understanding of player loads 

which in turn can assist in player development and preperation (Di Salvo et al., 2007; 

Burgess et al,. 2012) 

The importance of reliability and validity cannot be underestimated, given that coaches and 

sports scientist will make decisions and interventions based on the results (O’Donoghue, 

2015).  Although, this can be said for the majority of research, due to the medical 

implications, the importance can perhaps be in higher regard. 
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2.2 Public and commercial use of GPS 

It took around 40 years for suggestion that GPS could be used to monitor and assess 

physical activity (Aughey, 2011), but this did take place before commercialisation of GPS 

access begun. Validation studies have varied dramatically across the array of available 

devices, from physical activity GPS watches to the latest GPS trackers, by companies such 

as GPSports, STATsport and Catapult. There have been varying accuracy levels recorded, 

with some concluding the effects of physical obstacles, such as buildings (Gorski, 2011).  

Early literature looked at using basic GPS devices that weren’t specifically designed for sport 

or physical activity (Schutz & Chambaz, 1997), to measure the accuracy while training under 

different scenarios on an athletic track.  The authors used chronometry to measure speed 

against GPS (76 tests).  In walking and running conditions of 2-20km/h, and cycling 

conditions of 20-40 km/h, they found a significant relationship between the speed assessed 

(r = 0.99, P < 0.0001), with a mean SD of ±0.8 km/h (Schutz & Chambaz, 1997).  At this 

early stage in the research the authors believed that the assessment of speed from GPS 

devices was promising, but at walking speed was insufficient for research, however more 

recent research suggests the opposite. 

Rodriguez et al. (2005) examined the feasibility of integrating GPS and accelerometer data 

to assess adult physical activity using two studies.  One study investigated the battery life, 

validity and reliability of a commercially available GPS watch, and a second study involved 

adult participants (n=35) wearing GPS (1Hz) units and Actigraph accelerometers 

simultaneously over three consecutive days in order to determine the amount of data 

recorded during normal daily activity. These studies concluded that there was a mean 

difference in GPS location co-ordinates of 3.02m (SD +-2.51). In sporting terms, a range of 

3.02m represents a relatively large area.   

 

2.3 Movement Measurement 

Movements measured through the use of the GPS sensor and its micro sensors are 

measured in Hz which represents the number of measurements per second.  The current 

body of literature indicates that the higher the sampling frequency, the greater the reliability 

of distance measured.  For instance, the majority of units record data at a sampling 



 
6 

frequency of either 5Hz or 10Hz, with one manufacturer recording data at a sampling 

frequency of 15Hz. However, this is calculated by supplementing a 10Hz sampling rate with 

accelerometer data (Johnston, et al., 2014).  This is produced using calculus, therefore there 

is a need for further research in order to determine its reliability and validity.  This study also 

suggested that a 10Hz unit had greater inter-unit reliability and validity than the 15Hz unit 

when measuring total distance, although both 10Hz and 15Hz devices have been repeatedly 

shown to be more reliable than 1Hz and 5Hz (Johnston, et al., 2014) 

In addition, a number of research papers have concluded that the slower the movement 

velocity of an athlete the more accurate the GPS devices have been, although the most 

recent research has found otherwise.  One main study found that devices were accurate at 

measuring player movements at speeds <20km/h, but became substantially less accurate 

>20km/h (Johnston, et al., 2012). These were specifically 5 Hz devices, although the total 

distances recorded were deemed acceptable (p>0.05, percentage typical error of 

measurement [%TEM] < 5%). 

Only a small amount of research has been conducted on complicated movement patterns 

that are more realistic mirrors of game-like scenarios (Vickery, et al., 2014).  Of the two main 

articles, one found that 1Hz and 5Hz devices had a high error percentage rate in calculating 

total distances at high speed movements in comparison to semi-automatic tracking 

cameras, technology that has been used much more regularly (until recently) (Duffield, et 

al., 2010).  The second study took place on small court based sports, looking at confined 

movement patterns again compared to a semi-automatic tracking camera.  The results 

indicated that both 1Hz and 5Hz devices under-calculated the total distance and speeds 

across all court based drills (Duffield, et al., 2010).  Advice around these devices has been 

to take caution, particularly with high speed actions, over short distances.   

 

2.4 Types of trackers available 

There are three types of trackers available to the civilian market, all targeted for different 

purposes.  GPS loggers are mainly used in the sport industry for tracking athlete movement. 

Data loggers record certain information, including GPS co-ordinates, accelerometer data 

etc, at different intervals.  These are the preferred type of tracking device in sports due to 
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their ability to collect a number of different types of data at once.  The majority of data loggers 

collect data to a memory/SD card or to internal memory, to be transferred at a later date and 

analysed.   

Recently the capability of seeing this data live has become common practice and is used to 

determine session workloads in training and games.  This data is transferred over Wi-Fi 

between the data logger itself and an external wireless receiver connected to a computer 

system pre-loaded with specific software.  GPsports claim to be able to monitor up to 50 

athletes at any given time (GPSports, 2013). 

In total the logger records the following locomotive variables for many of the latest devices: 

• Velocity (m/s) 

• Accelerations and Decelerations (m/s) 

• Changes of direction 

• Distance (m) 

How these variables are collected will be discussed in later sections of this paper. 

The second type of device are data pushers which are common with asset, personal and 

vehicle tracking.  These devices send out data at specific intervals, predominantly to a server 

to be instantly analysed.  Historically, a GPS data pusher and a mobile phone would connect 

in order to send this data over mobile network. 

The third type of device are data pullers, also known as GPS transponders. Unlike data 

pushers, that send out data at specific intervals, these devices can be queried at any given 

time.  The main use for these devices has traditionally been in freight and containers, where 

little power is available.  These can also be used in conjunction with a mobile phone and 

when sent a specific message will return with its location. 

The United States GPS system is currently the only fully functional satellite system 

(Maddison & Ni Mhurchu, 2009).  Currently, there are 24 satellites that orbit the earth at 

11,000 nautical miles transmitting information that allows the following to be calculated:  

Location, Direction, Distance and speed. 
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Some devices are able to connect to more satellites than others due to the types of GPS 

modules inside, therefore obtaining a stronger connection to the satellites.  This has been 

stated to potentially provide more accurate data (Maddison & Ni Mhurchu, 2009), but can 

be equally affected as other devices when there is heavy foliage, surrounded by dense 

building and potentially stadium environments.   

Using GPS in stadiums and indoor-type venues has been found to dramatically reduce 

connections to satellites, therefore, affecting the transmission of data correctly.  Some 

researchers have developed software to identify a drop in connection and provide 

calculations to deal with this (Chung & Shalaby, 2005), but there is no evidence from 

wearable tracking manufactures to suggest that these methods are used or whether these 

methods could be beneficial within a sporting context. 

Geometry of satellites can affect the accuracy of GPS.  This is known as Geometric Dilution 

of Precision (GDOP).  It is possible to check the quality of the positioning by reporting on 

the Position Dilution of Precision (PDOP) value (Langley, 1999); the lower the PDOP value, 

the stronger the accuracy. Currently, there are no athlete tracking systems that provide this 

information, however there is strong support for including this information in order to provide 

clarity and confidence in the data collected. 

 

2.5 Additional Micro Sensors 

Over the years, additional micro sensors have been added to these tracking devices.  Many 

contain the following: 

• Magnetometer 

• Heart Rate Monitor 

• 3 Dimensional Gyroscope 

• 3 Dimensional Gyroscope 

 

This raises the question that the devices being labelled as a GPS unit may be slightly 

outdated. It is also important to take in to consideration whether the data that these micro 

sensors collect add value and enhance player movement, tracking knowledge and research. 
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A magnetometer is an electronical compass that has the ability to detect “true north” in 

relation to the earth’s magnetic pulse.  This small device includes two axes, “true” north (y) 

and east (x), giving it the ability to determine it’s centre, and also it’s orientation (whether 

that be facing upwards or downwards).  In real world terms, this allows for the athlete’s 

orientation to be examined, especially when live tracking displayed on a digital field in order 

to track, create movement maps and heat maps (Science for Sport, 2016) 

Heart rate devices have been used in a number of ways for many years now (Nichols, et al., 

2009). In terms of their use alongside player tracking, they are connected to the tracking 

device via a Bluetooth connection and use the tracker once again to record the information.  

This data is normally collected at one second intervals.  Many player tracking device 

manufacturers have specific recommended Heart Rate Monitor belts to use, but in many 

cases, the majority follow the same connection protocols.  It is still also possible to collect 

this information separately via the on-board storage with many of these belts, but for ease 

of use, the ability to record this data at the same time as the other sensors reduces the risk 

of synchronisation issues at a later time and also allows this information to be monitored 

live. 

There is even less published research around the validity of these devices from a sporting 

context, although research has suggested that combining the data of the gyroscope and 

accelerometer data does improve the accuracy of movement class between 2-14% 

(Wundersitz et al., 2015; Bulling et al., 2014).  This heavily highlights the need for further 

research to combine data from more than two micro-sensors, or the need for better 

technological advancements. 

Gyroscopes are devices that use the gravity of the earth in order to establish the orientation 

of the object, or in this case an athlete.  Traditionally the design of a gyroscope is simply a 

free rotating disk mounted on to a spinning axis in the centre of a stable wheel. Three-

dimensional gyroscopes measure rotational acceleration in three axis; pitch, roll and yaw.  

Pitch measures rotation in the perpendicular axis, roll measures rotation in the longitudinal 

axis, and yaw measures rotation in the lateral axis.  

The vast majority of devices today include accelerometers (Boyd, et al., 2011) and have 

been incorporated to collect more specific detail around player movement and contact, such 

as a tackling in rugby (McLellan, et al., 2011).  Some GPS manufacturers use this data and 
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create algorithms to have specific metrics designed for their products.  ‘Player Load’ and 

“Dynamic Stress Load’ are just two examples of these (Chambers, et al., 2015). 

Accelerometers collect acceleration and G-forces in m/s2 and g respectively.  A single force 

is the equivalent 9.81 m/s.  The accelerometer only measures acceleration therefore; once 

maximum acceleration has been reached and becomes constant it begins to record the 

acceleration as zero.  The tri-axial accelerometer records data in three axes (x,y and z).  

Once the magnitude and frequency have been measured, the accelerometer is able to 

calculate the g-force an athlete is exposed too.  The calculations appear complicated, but 

are vital to understand in order to spot where errors may occur, and when data may be 

inaccurate, and why other micro sensors are incorporated (Science for Sport, 2016). 

Accelerometer data often is combined with the GPS data in order to try and improve 

reliability; currently there is no research to prove the validity or reliability using these devices 

in tandem.  A Johnston et al. (2014) study found that the 10Hz unit used was more reliable 

than the 15Hz model.  One area that the authors did not collect data on was the 

accelerations and deceleration given that they were already aware of an issue when 

measuring short distance and high intensity movement patterns.  Due to this, Science for 

Sport (2016) suggested that using this method to improve accuracy over short distance isn’t 

perhaps the best method, and this is an area for further research. 

A number of studies specifically assessing the reliability of tri-axial accelerometers in sport 

specific movement patterns have taken place in recent years (Colby et al., 2014: Boyd et 

al., 2013; Cormack et al., 2014; Boyd et al., 2011). One study specifically identified that this 

micro-sensor is able to collect data that repsresents locomotive movements in Australian 

Rules consistently over a season, yet one caution was around the ability to account for 

contact based activities (jumping, tackling, blocking) (Boyd et al., 2011). Therefore “Player 

Load” and “Body Load” variables that use the accelerometer data alone to calculate these 

loads could be questionable, as it may miss a large amount of data that falls in to these 

contact based activty movements. 
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Figure 1 - Player Load calculation used in one manufactured athlete monitoring system 

	
Again, there is little research around the contribution that gyroscope data adds to these 

“Player/Body Load” metrics (Figure 3), if it is used at all or if it is just used in isolation 

(Science for Sport, 2016).  Two studies in Australian Rules and Rugby League respectively 

that have used gyroscopes and accelerometer data to calculate collisions, but only used the 

gyroscope to detect whether a player was making a tackle based on the angle, indicated 

when a player was not standing up vertically (Gabbett, et al., 2010) (Gastin, et al., 2013).  

These papers have taken the research further, but questions still remain around combining 

rotational forces from gyroscopes in tandem with the perpendicular forces from the 

accelerometer in order to calculate G forces impact score. 

Further complexities arise around the algorithms to calculate these loads and the validity of 

those algorithms, but this is beyond the scope of this paper. 

2.6 Alternative Tracking systems 

There is a large amount of research on Time Motion Analysis (TMA) systems, but again, 

they are more specific to total distances and intensity bands.  Early computer based tracking 

systems involved an observer manually tracking therefore increasing the risk of observer 

error and subjectivity when manually tracking speed and movement pattern (Burgess et al., 

2012). A validation study of a real-time video analysis system for soccer found that the 

system validated against timing gates in recording speed were ≥ 0.99 ( P < 0.001), Pearson 

correlations (r).  This result demonstrated very good validity over soccer specific speeds 

(Redwood-Brown, et al., 2012).  This system has the capability of tracking the ball, referee 

and lineperson, which adds to the relevance of the data collected and its use for tactical 

analysis.  The vast amount of data, collected at 25 Hz, also fits with the notion that the higher 

frequency the more accurate the data as previously discussed.   

 

 2.7 Justification 
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To conclude this review of literature, it is clear that there is sufficent research to suggest that 

levels of reliability are good for a number of metrics, such as total distance, high intensity 

distances etc, but further research need to be conducted in order to validate and check 

reliability on specific movements patterns, and exact placement.  It is widely agreed that 

static is still an issue, and with a number of sports incorporating devices and it’s data to 

evaluate tactical decisions, a difference of 1.8m apart from each other would not meet the 

level of reliability needed, and would still be far less accurate than current semi automatic 

tracking system. 

	



 

 
 
 
 
 
 

Chapter III 
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Chapter Three: Methods 

A number of steps were taken in order to gather, analyse and present data for this 

study.  A system was designed in order to gather GPS data from six devices around 

a specific path on a running track.   

 

3.1 Equipment 

1. Realtrack Wimu GPS unit x2 

2. Playertek GPS Device x2 

3. Catapult MiniMaxX GPS Device x2 

4. Silverline Metric Measuring Wheel 

5. Aim Multichron Car Racing Stopwatch 

6. AXIS P56 PTZ Dome Network Camera 

7. AP Capture IP camera software 

 

3.2  Study Environment 

All data was collected on the 18th of May, 2016 between 18:00-19:30 at the Cardiff 

Metropolitan University Athletic Track, Cyncoed Campus, Cyncoed Road, Cardiff, UK 

(Figure 1). The track used was a six lane track and all movement was conducted on 
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the 4th lane inside track guide.   Ground temperature was 16ºC, with medium winds of 

17.4 – 23.6mph.  21 GPS satellites were available and in range being no higher than 

18,000km.  Cloud base was optimal at 300-600m. (Met Office, 2016)  These conditions 

were classified as optimal. 

	

Figure 2 - Dimensions of athletic track at Cardiff Metropolitan University 

3.3 Sample 

The sample used was of six player tracking devices, commonly known as GPS units.  

Three models from three different manufacturers were used. The technical 

specification of each device is set out below in Table 1. 

Table 2 - Device specification used in study. 

Manufacturer Model GPS 

(Hz) 

Accelerometer 

(Hz) 

Gyroscope 

(Hz) 

Manometer 

(Hz) 

Quantity 
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Realtrack Wimu 2.0 5Hz 100 Hz 100 Hz 100 Hz 2 

Catapult MiniMaxX S4 10Hz 100 Hz 100Hz 30 Hz 2 

Kodaplay Playertek 1.0 18Hz 100 Hz 100 Hz 100 Hz 2 

  

3.4 Pilot Test 

In line with Van Teijlingen and Hundley (2001), in order to evaluate implications that 

may occur during the data collection process, a pilot test was conducted to verify the 

data recording methods by each device.  Originally, the time between each segment 

was set to be 45 seconds.  On reviewing this data from the pilot study, 30 seconds 

was deemed a sufficient amount of time to gather enough data to analyse.  The test 

also clarified the best route to take and to use lane 4 as a guide for the purposes of 

clear video reference to be used later in the study, this does not impact the GPS use. 

 

3.5 Data Collection 

A bespoke enclosure was created in order to carry and hold each device in place 

(Figure 3)  to minimise the risk of distortions in the data due to the devices moving 

around within the box. Each device was separated by 12cm in width and 8cm in depth.  

Each device was set no deeper than 4cm into the foam in order to reduce the risk of 

affecting GPS signal.  Internal dimensions of enclosure: 37.5 x 31 x 9.1 cm. 
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Figure 3 - bespoke enclosure with 2 devices for display purposes. 

A Silverline metric measuring wheel was used to validate distance travelled, and to 

add stability when the enclosure was attached.  Given that total distance travelled 

during the study was 700m, it’s capability of 99,999m was deemed adequate.  This 

device was chosen based on recommendation from use in the field. 

The Aim Multichron Car Racing Stopwatch was used to time each segment of the 

route, the 30s intervals and the total time taken in order to help verify time taken to 

complete each distance measured. 

Using the enclosure with each device set in, the devices were turned on in order to 

lock on to the GPS satellites, at no time were they moved once they had been 

activated.  Two Wimu devices were started within 500 m/s of each other, while the 

MiniMaxX and Playertek devices began recording when signal connection with the 

GPS satellites was locked on.  The MiniMaxX devices began recording at 8mins 

33seconds and 11mins 14seonds, respectively.  The Playertek devices began 

recording at 7mins 8seconds and 4mins, respectively.  Times for these 4 devices were 

calculated from when they were turned on.  The Wimu devices locked on to their GPS 
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signal 11mins 1second and 14mins 46seconds, respectively.  The Wimu devices were 

set to record data 24mins 25seconds after being activated.  All manufacturers 

recommend all devices being positioned obstruction free and still for a minimum of 

20mins.  Once the Wimu device had been set to record data, the stopwatch was 

started for 20 seconds.  After 20 seconds, 100m along lane 4 inside line was made.  

This took 00:01:16.338 to complete, followed by 30 seconds rest.  200m were then 

made along the same path.  This took 00:02:30:637 to complete followed by another 

30 seconds rest.  A final distance of 400m was covered again, along the same path 

which completed in 00:04:58.111, followed by a 20 second rest and finish.   

In total this covered 700m, validated by the trundle wheel along path indicated (Figure 

2)  

	

Figure 4- Start (S) and end (E) points on track for each section of path taken travelling anti clockwise 

Start of 100m 
Start of 200m 
Start of 400m 
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3.6 Data Transfer 

In order to analyse the data, it first needed to be transferred from each respective 

devices.  The Wimu systems store their data on a Micro SD memory card, and the 

data was imported in to its software package before exporting the relevant GPS data.  

The MiniMaxX systems were connected to the Catapult hub, and synchronised with 

the Catapult Sprint software, again, in order to export relevant data. 

The data from both Wimu and MiniMaxX devices were in different formats, therefore 

were standardised in order to make the relevant calculations, merge, and synchronise 

data points. 

 

3.7 Data Analysis 

A number of adjustments to the data were required prior to performing any statistical 

analysis.  The adjustments were as follows:  

• Convert all data to 2 Hz frequency – both 5 Hz and 10 Hz devices were 

converted to 2 Hz by taking a mean of the readings every 0.5s.  This produced 

like for like data sets from which to determine the inter reliability (i.e., 5hz device 

1 vs 5hz device 2 and 10hz device 1 vs 10hz device 2) and intra reliability (i.e., 

5hz device 1 vs 10hz device 1, 5hz device 2 vs 10hz device 2 and 5hz device 

1 vs 10hz device 2, 5hz device 2 vs 10hz device 1). 



 
20 

• Combine 5 Hz data – the two 5 Hz device data sets were combined in order to 

create a pseudo 10 Hz data set which was compared against the 10 Hz GPS 

device to determine whether incorporating two GPS modules in one device 

improves the accuracy of the result compared to one.  

For each of these seven paired-samples of GPS data described above the difference 

in longitude and latitude for each reading was calculated.  This was converted to 

distance in metres using the Haversine formula. 

	

Figure 5 - Haversine Formula used in order to calculate distance against Long/Lat 

The calculated difference was checked against an independent source for a random 

sample of 10 co-ordinates to confirm that the formula was implemented correctly. 

For each of the paired-samples the following key summary statistics were calculated: 

• Mean distance: 
!"#$%&'())*+)*,
&   

• Minimum distance 

• Maximum distance 

• Sample standard deviation of the distances: 
!"#$%&'()	./(%& 0	)*+)*,

&.1  

• Confidence Coefficient (based on chosen confidence level) 

• Margin of error: 
23∗56&7"!(&'(	56(77"'"(&$

&  

• Upper bound: 89:; +8:=>?;	@A	B==@= 

• Lower bound: 89:; −8:=>?;	@A	B==@= 

Where t = each time point and n = number of readings in the sample. 
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95% upper limit location differences were calculated. The residual distances and total 

distance travelled at each time point were plotted on a graph. 

 

3.8 Visual Validation 

A random sample of 10 data points were selected to visually validate the co-ordinates 

against the synchronised video.  This involved using timestamps of footage, 

synchronised with the Wimu data through the Quiko software package, and then 

selecting the same timestamp from the Catapult data in order to compare their co-

ordinates over Google earth maps alongside the equivalent timestamped video. 

To visualize the data, Tableau was deemed an appropriate tool due to its ability to 

visualise GPS co-ordinates.  Data was ordered correctly to meet the data 

specifications in of Tableau.  A number of different dashboards were then created to 

analyse the visual results. 
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Chapter Four: Results 

4.1 Results 

Table 3 - Intra and Inter reliability: Key statistics on residual distance 

 

Intra Reliability 
 

Inter Reliability 
 

 Wimu Catapult 

Wimu 1 vs 

Catapult 1 

Wimu 1 vs 

Catapult 2 

Wimu 2 vs 

Catapult 1 

Wimu 2 vs 

Catapult 2 

Mean 2.32 ± 0.93 3.51 ± 1.00 1.04 ± 0.35 3.82 ± 1.23 1.49 ± 0.74 4.63 ± 1.35 

Sample Size 1284 1284 1284 1284 1284 1284 

Confidence Coff 1.96 1.96 1.96 1.96 1.96 1.96 

Margin of Error 0.05 0.05 0.02 0.07 0.04 0.07 

Upper Bound 2.37 3.57 1.07 3.88 1.53 4.71 

Lower Bound 2.27 3.46 1.02 3.75 1.45 4.56 

Min 0.33 0.34 0.00 0.45 0.00 0.88 

Max 4.96 6.72 2.54 7.25 5.46 9.35 

 

Table 3 demonstrates the intra and inter reliability of all devices used in the study by considering key statistics relating to the 

residual distances between GPS location measurements.  Lower values indicate a higher level of accuracy between devices. 
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There	is	no	clear	difference	or	trend in	the	results	of	the reliability within manufacturer (inter reliability) compared to between different 

manufacturers (intra reliability). Generally, the mean difference in distance is less than 2m and standard deviation around 1m 

however, mean distance differences are significantly higher when featuring Catapult 2. This should be investigated further to 

determine possible reasons for this behaviour.  

Based on the chosen confidence coefficient the residual distance should be within the upper bound with a 95% confidence level i.e. 

the distance should be within this range 19 out of 20 times. The highest upper bound observed was 4.71m between Wimu 2 and 

Catapult 2, more than double the upper bound observed between Wimu 1 and Catapult 1. 

The maximum distance demonstrates that the GPS location can vary by up to as much as 7.25m. 

Attention should be drawn to the margin of error, specifically Wimu 1 vs Catapult 1 which is very low at 0.02%. 
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Figure 6 - Intra residual data
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Figure 6 shows the intra distance difference over time and against total distance 

travelled. This shows the erratic behaviour of the difference between the two 

Catapult devices.  In contrast, the intra reliability of the Wimu devices are more 

stable and appear closer together in relative distance at each given data point, the 

largest peak being 5m within the first 100m. 

There are no clear trends or relationship with distance travelled, in particular at the 

point where the devices were stationary (indicated by the plateaus in distance 

travelled).
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Figure 7 – Inter residual vs distance
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In a similar fashion Figure 7 shows the inter residual data plotted over time and total 

distance. This very clearly highlights the inconsistent behaviour of Catapult 2 data 

with both samples involving Catapult 2 displaying significantly higher variance in 

results.  The Catapult 1 data sets display fairly consistent residual distances over the 

entire distance which are almost always below the Catapult 2 data. This again 

highlights the need for further investigation into the behaviour and accuracy of the 

Catapult 2 measurements.
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Figure 8 - Residual data over distance excluding Catapult 2 data, highlighting periods of no movement
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In Figure 8 the Catapult 2 data has been excluded in order to remove any possible 

distortions. The sections where the devices where held stationary have been 

highlighted in green in order to examine whether there is any relationship between 

stability of measurement and being stationary. For all dataset the residual 

differences do appear to be smaller over the stationary intervals. 

Another trend visible form Figure 8 are the initial spikes in all three sample within the 

first 100m meters. 

 

Table 4 - Total distance recorded for each device 

Device Total Distance Recorded (m) Ratio to True Distance 

Wimu 1 705.06 100.72% 

Wimu 2 699.67 99.95% 

Catapult 1 702.30 100.33% 

Catapult 2 705.82 100.83% 

PlayerTek	1	 704.91	 100.70%	
PlayerTek	2	 1206.73	 172.39%	

Table 4 compares the total distance recorded for each device against the true 

distance of 700m.  This shows a very low margin of error (< 1%) for the total 

distance recorded
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Figure 9 - 100m data points for all devices and displacement
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Figure 9 provides a visual representation of the location readings from each device 

over the first 100m section. The more accurate the measurements, the closer the 

data points should be. The area highlighted shows a significant variance in 

placement towards the end of 100m section.
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Figure 10 - 200m data points for all devices and displacement 

Figure 10 confirms the clear displacement between the location measurements of Catapult 2 compared to the other devices 

observed in Figure 10. 
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Figure 11 - 400m data points for all devices and displacement 

Figure 11 again shows the Catapult 2 measurements to be consistently north of the other device measurements. 



 

 
 
 
 
 

Chapter V 
Discussion 
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Chapter Five: Discussion 

Based on the data collected, results of statistical analysis and previous research, there 

is clearly a need for further research in positional data of GPS devices.  This research 

has pushed a little further towards gaining a better understanding of the the data 

collected and its implications when analysed in isolation.  Some of the key findings are 

clear in determining the level of expectations when using these devices to monitor 

spatial positioning, and also some modifications that could be explored in order gain 

better accuracy from these devices.   

The GPS data was collected at a minimum of 2Hz therefore the sample size for each 

device is sufficiently large for the results of any statistical analysis to be statistically 
credible. 

There is a good rationale as to why these devices can be used for monitoring distances 

and work rates however there should be caution when using for positional analysis as 

even when the devices become static there is still a level of error, albeit lower than 

when moving.  From the current body of literature available it is also clear that the 

alternative competing technologies such as TMA and LPS systems will provide better 

accuracy from a positional perspective. 

5.1 Intra and Inter Statistics 

The results for the total distance recorded show that, in line with current research for 

total distances, these devices performed very well with <1% margin of error for the 

Wimu and Catapult devices in terms of accurate measurements of distance over a 

longer period. Playertek devices were withdrawn from the study due its inability to 

provide raw data making validation of location measurements during the period 

impossible.  While measuring total distances was not the focus of the study, this does 

give some confidence in the reliability of the devices and confirm their appropriateness 

for use in physiological analysis.   

There is no clear improvement in reliability within manufacturer (inter reliability) 

compared to between different manufacturers (intra reliability) (Table 4).  It could be 
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expected that there would be closer reliability results within manufacturers given that 

they will be using the same components and calibration.  A recent publication 

suggested that athlete should wear the same unit (Scott, et al., 2016), but this study 

would suggest that this isn’t necessary, for TD and GPS Co-ordinate. 

The mean residual distances (Table 4) suggest that there is wide variation between 

devices with only one inter reliability result being close to always being within 1m of 

each other.  However, it should be considered whether even an accuracy level of 1m 

is sufficient enough? 

The margins of error from the mean are very low, and suggest that there is a 95% of 

the location measurements being at most 7cm form the average measurement. This 

would perhaps be more acceptable if there wasn’t such a large mean difference. 

Looking over the entire data sample there were instances where two devices read the 

same co-ordinates or within 50cm at the same time, but this was at a low percentage 

<10%. In some cases, residual distances between two devices were >9m (Table 4). 

Looking at the precise location that this difference corresponds to it can be seen that 

this reading was given while being within 5m of foliage on the north side of the track.  

This is a caution that manufacturers do provide when using devices, but at 9m, with 

only a small risk of interference in this study, this still represents a significant level of 

error.  

The results showing the individual positional data suggest that there are clearly issues 

in the precise geographical accuracy of GPS co-ordinate readings.  In visually plotting 

the data points (Figures 9-11), there is a significant amount of variation in the co-

ordinates measured, predominantly with Catapult 2. Figure 10 suggests a possible 

difference in calibration between Catapult 2 compared to the others, with the positional 

measurements appearing to be shifted consistently north of the other devices. 

However, even when excluding Catapult 2 (Figure 8) the difference in distances is still 

significant enough to question the appropriateness of these devices for use in 

monitoring field positioning in a sport context.  Although there were relatively low 

residual distances between devices that didn’t include Catapult 2, what distance can 

be deemed adequate?  
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Given that the Catapult 2 device data appears erratic, it would be beneficial to re-

collect Catapult data in order to determine if this was an anomaly or a genuine result.  

If these are the genuine results, possible corrective algorithms could be designed in 

order to align this data. 

In reference to Figure 8, the residual distance when the devices are static is lower than 

when moving as we might expect. Nevertheless, the data is still recording movement 

over the stationary intervals as seen from the fluctuations in residual difference over 

these periods with up to 3m difference in some the measurements. Another 

observation relating to the stationary intervals are the sudden increases in residual 

distances immediately after each period of no movement.  There is no logical 

explanation for this, and this is something that needs to be investigated further. It 

would therefore be appropriate, based on these findings, to measure residual distance 

against velocity in the future.  This would also clarify GPS capabilities on calculating 

change of direction.  

As evident in Figure 11, it is clear that the distance between devices becomes larger 

on the curves of the track.  One possible explanation for this could be that the tilt in 

body position when rounding corners could be having an effect on the devices’ ability 

to have the strongest satellite connection. However, given that the devices were kept 

upright throughout the whole study, this seems unlikely.   

As discussed in the literature review, a clear satellite connection is vital in collecting 

reliable data.  The Wimu device has the capability of recording the amount of satellites 

it is connected to at each given time, whereas the Catapult device doesn’t.  Analysing 

this information would further enhance this study, as it would allow the researcher to 

cross reference these data points.  This would perhaps give indication as to what has 

potentially happened with Catapult, if there was an issue. 

5.2 Study Limitations 

The biggest limitation of this study was the requirement to reduce the data to 2hz in 

order to align and compare the data for each given point in time.  This was achieved 

by averaging the GPS co-ordinates every 0.5 seconds. This can introduce error into 

the data due to distorting effects on the average of anomalous data e.g. if one location 
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point within a period of time dramatically changes, this will significantly impact the 

average position effectively reducing the contribution of the other data points within 

that period which may have been more accurate. 

Another limitation of the study was the start synching points of when the data started 

recording.  Due to the way the manufacturers have decided to record their data, the 

study was reliant on the GPS recording times within each device being accurate, and 

synced consistently with satellites. This meant that it was not possible to get location 

measurements at exactly the same time point from any of the devices resulting in the 

need to reduce the data frequency to get comparable time points (as described 

above). 

Emphasis could be put on the need for more devices to be used in future studies.  

Data was collected for six devices covering three manufacturers, but due to the 

availability of raw data from one set of devices these had to be withdrawn from the 

study leaving only 4 devices.  More devices from each manufacturer and additional 

manufacturers would help provide a better understanding of the inter and intra 

reliability. This would also be a more realistic reflection of the amount of devices that 

would be recording within a certain distance of each other on the field of play. 

The final limitation is related to the path taken. Although the whole track was covered 

over the cumulative 700m distance, it would be better to start and stop in the same 

place. This could be done by marking the exact start position on the track and then 

completing a lap and returning to this exact spot. This would enable readings to be 

calculated and compared for the exact same position to give an indication of the 

accuracy. 

5.3 Alternative Technology 

In comparison to Local Positioning Systems (LPS) a study in 2012 found that absolute 

positioning from static measurements for both indoor and outdoor venues had a mean 

error of 12.1 and 11.9 respectively (Sathyan, et al., 2012).  This is significantly more 

accurate than the <2m for GPS devices in this study.  Based on those measurements 

recommendations would have to be set for the use of these devices in absolute 

positioning data.  Another study (Frencken, et al., 2010) The static accuracy (SD of 



 
40 

the mean) is 1 cm for devices put on the pitch and 2–3 cm when worn by participants.  

The limitation of this technology is the cost, but as it develops with newer systems 

being released on a frequent basis, this should make these devices more affordable. 

5.4 Study Implications 

The implications of the study findings in a sporting context are relatively stark.  If there 

were two team based players on the field that could only be calculated within an 

average 3m of each other based on GPS data alone, this would be deemed insufficient 

by a coach to be used to inform any tactical decisions with any confidence as the 

margin of error is too great. 

5.5 Further Research 

Although this study has produced beneficial data related to GPS positional accuracy, 

there are still a number of other methods that could be adopted: 

1. Sport specific movement patterns, but with the focus on the same principal as 

this study 

2. The use of video in match scenario to validate positional queries 

3. Extending the sample size 

4. Comparison against LPS system that also include additional sensors 

Exploring the data at its original sampling frequency woudd be highly beneficial to the 

study, but a new system design would need to be put in place in order to sync data 

points to the 1000/second. 

Further research could be conducted in order to investigate the possibilities of using 

the additional micro sensors to increase accuracy of GPS.  The mathematical 

algorithms that have been suggested previously (Johnston, et al., 2014), and as 

suggested there, these algorithms would also need to be validated before conducting 

such a study. 

Previous research has suggested that GPS devices are capable of recording accurate 

data within a stadium environment when calculating TD, velocities and intensities, with 
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a slight decrease in accuracy.  It raises the question whether this would be relative 

with its positional data 

 



 

 

 

 

 

 

Chapter VI 

Conclusion 
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Chapter Six: Conclusion 

6.1 Study Conclusion 

The aim of the current study was to assess the validity and reliability of GPS devices 

when recording location data, while taking in to consideration previous research that 

had been undertaken. 

The final results of this study suggest that the reliability of GPS position data alone is 

poor in terms of accurately measuring location.  More research is needed to assess 

the potential improvements in accuracy through incorporating data from the other 

additional sensors that are contained within the devices. 

In addition, this study looked at simple movement patterns therefore cannot be used 

to conclude on accuracy in a sporting context.  A more appropriate athlete tracking 

system would be the LPS system given that it’s accuracy in measuring positional over 

multiple research studies which include complex movement has been shown to be 

very low. 
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