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Abstract

An affordable player monitoring solution could make the evalua-
tion of external loading more accessible across multiple levels of
football (soccer). The present study aimed to determine the accu-
racy of a newly designed and low-cost Global Positioning System
(GPS) whilst performing match-specific movement patterns. Six-
teen professional male football players (24 + 3 years) were as-
signed a GPS device (TTO01, Tracktics GmbH, Hotheim, Ger-
many) and completed two experimental trials. In each trial, a con-
tinuous protocol including seven movements (sideways corner-
ing, diagonal cornering, accelerating, decelerating, backwards
jogging, shuttle running, and skipping) adding up to 500 m, was
completed. Time-motion data was compared with criterion dis-
tance and velocity (photo-cell timing gates and radar). Validity
was assessed through the standard error of the estimate (SEE) and
reliability through the coefficient of variation (CV; both with 95%
confidence limits). For the total distance covered during the pro-
tocol, the system was found to be valid (SEE = 3.1% [2.2; 5.8])
and reliable (intra-device CV = 2.0% [1.2; 7.6]). Similar results
were found for velocity (SEE = 3.4% [2.6; 4.8], CV =4.7% [3.2;
8.5]). In conclusion, the present GPS system, a low-cost solution,
was found to be a valid and reliable tool for measuring physical
loading during football-specific movements.

Key words: Soccer, team sports, external load, precision, motion
analysis.

Introduction

The use of Global Positioning Systems (GPS) within asso-
ciation football (soccer) has grown in recent years (Malone
et al., 2017). GPS systems are regarded as an easy-to-ad-
minister tracking technology, which is not bound by instal-
ment on a single pitch (Buchheit et al., 2014). Prior to July
2015, the use of this technology was restricted to training
and friendly matches. It is only after this date, that the
world governing body (Fédération Internationale de Foot-
ball Association; FIFA) permitted the use of wearable tech-
nology during official matches. Consequently, this has led
to an increase of investigations describing external player
load during match play using GPS-monitoring (Martin-
Garcia et al., 2018; Torreno et al., 2016).

Most of these reports are based on data collected
within professional teams (Trewin et al., 2017). This may
possibly be due to financial restrictions of sub-elite teams,
who may not be able to afford GPS systems. However,
since a greater number of sub-elite players are active in
comparison with elite players, a higher standard of (scien-
tific) practice across multiple levels may further develop
the sport. In other words, coaches across different levels

could be offered objective information to improve match
preparation and player selection, ultimately improving the
quality of the players.

Although technological developments have led to
more advanced tracking solutions within elite environ-
ments, they also decreased the costs for basic hardware.
This potentially allows for the collection of useful data
with less advanced systems in team sport environments
(Scott et al., 2016). In order to appropriately interpret the
data from such systems, its accuracy has to be tested in eco-
logically valid situations, independent of the level of the
intended users (Malone et al., 2017). This is of particular
importance considering that errors were still found to be-
come larger with increasing velocities, despite a greater
overall precision for higher sampling rates (Rampinini et
al., 2015; Scott et al., 2016).

Subsequently, the aim of the present study was to
determine the accuracy of a newly designed and low-cost
GPS system. Both time-motion and reference data for dis-
tance and velocity were recorded during established foot-
ball-specific movements.

Methods

Design

Similar to previous studies (Coutts and Duffield, 2010;
Hoppe et al., 2018), a continuous protocol including foot-
ball-specific movements and two criterion measures was
performed to analyse the validity and reliability of the col-
lected time-motion data from a GPS system.

Participants

Sixteen male football players (24 + 3 years, 1.80 + 0.03 m,
78 + 4 kg) playing for a professional fourth division team,
participated in the study and provided informed consent af-
ter the risks and benefits of the study had been explained.
The study was ethically approved by the local Human Re-
search Ethics Committee (Arztekammer Saarland; ref:
23/17) and performed according to the Declaration of Hel-
sinki.

Procedures
The complete study consisted of three different trials. First,
a familiarisation trial was performed, followed by two ex-
perimental trials to measure validity and reliability. The ex-
perimental trials were separated by 14 days, however nor-
mal training continued in between.

The protocol consisted of seven types of move-
ments over a 60 m course (see Figure 1), which proportion-
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Figure 1. Overview of the validation protocol, involving seven different movements executed back and forth over a 60-
m course of which the first and last 5 m are covered walking. A: sideways shuffling with five 60-degree and five 90-
degree turns; B: diagonal jogging with five 90-degree and five 60-degree turns; C: 20 m maximal acceleration and 30
m gradual deceleration; D: 45 m gradual acceleration with 5 m maximal deceleration; E: 50 m backwards jogging; F:
90 m shuttle running with six 180-degree turns; G: four 10 m sideways skipping ladders while alternating side facing
and total of 10 m walking in between. Black dots represent timing gates, white dots cornering poles or gates, crossed
dots start points, black squares with “R” the radar gun and grey lines the movement direction.

ally simulated the activity previously observed during
competitive football, both in style as well as the intensity
of locomotion [see Table 1; (Bloomfield et al., 2007)]. The
movements of the experimental trials were interspersed by
short periods of static behaviour (5-10 s). These were in-
cluded to enhance the ecologically validity of the protocol,
as players are stationary for approximately 5% of playing
time (Bloomfield et al., 2007). Each trial involved the con-
tinuous execution of the different movements and since
some involved cornering or turns, a total distance of 500 m
was covered per session (see Table 1). To ensure partici-
pants followed the planned course accurately, vertical pole
gates and slalom poles were used which the participants
had to cross and round as closely as possible.

Measurements
The GPS devices provided by the manufacturer (TTOIL,
Tracktics GmbH, Hofheim, Germany; firmware version
1.7) collected positional data at a frequency of 5 Hz and
triaxial accelerometer data at 200 Hz. Initially, the raw ve-
locity data from the GPS-chip was computed onboard us-
ing two methods: positional differentiation and the Dop-
pler-shift method. The final data describing distance, ve-
locity and acceleration followed from the integration of in-
put provided by all onboard components, such as the GPS-
chip and accelerometer. These automated computations
had been designed to continuously determine the most
likely movement trajectory, depending on the quality of the
available data.

The GPS tracker was designed to be worn centred
on the lower abdomen, within a specifically designed belt
below the elastic band of the shorts (see Figure 2A and 2B).

The belt moves the tracker in a forward-tilted position, op-
timising antenna functionality (see Figure 2C). Each par-
ticipant was assigned a personal device, which was used
throughout the study in order to minimise inter-unit varia-
bility. The devices were activated in advance, to ensure a
sufficient satellite fix, indicated by a LED light on the de-
vices, prior to each trial.

Table 1. Distribution of distances covered for various styles of
locomotion during seven types of movements.

Exercise A B C D E F G Total
Walking 20 20 10 10 5 5 5 75
Jogging 50 15 50 40 155
Running 25 25 50
Sprinting 20 5 25
Skipping 40 40
Shuffling 50 50
Other 10 10 30 5 5 30 15 105
Total 80 80 60 60 60 100 60 500

Distances are reported in m. Movements: A=sideways shuffling with five
60-degree and five 90-degree turns; B=diagonal jogging with five 90-de-
gree and five 60-degree turns; C=20 m maximal acceleration; D=45 m
gradual acceleration with maximal deceleration; E=50 m backwards jog-
ging; F=shuttle running with six 180-degree turns; G=four 10 m sideways
skipping ladders while alternating side facing.

The average number of satellites connected to the
devices during the first trial was 13.3 + 1.2 and for the sec-
ond trial 13.5 + 1.3. Furthermore, the average horizontal
dilution of precision (HDOP), which describes the arrange-
ment of the connected satellites across the sky, was 0.78 +
0.05 and 0.75 £ 0.06 for the first and second trial, respec-
tively. As it has been described that a connection to more
than six satellites and HDOP values below 1 describe ideal
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conditions, the collected data was deemed suitable for anal-
ysis (Malone et al., 2017). As the GPS devices created en-
crypted data files, the time series of distance and velocity
data were provided by the manufacturer, who was blinded
to the testing protocol. These time series consisted of com-
puted raw data, taking all input and metadata into account.
No smoothing filters were applied at any time during the
analyses within the current study. This data was then syn-
chronised based on the time stamps of the criterion
measures and the start of the GPS data was set for the first
acceleration where a velocity >2 m-s' was reached after a
10 s period of static behaviour prior to the first section of
the protocol (Hoppe et al., 2018).

Actual distance as well as average and peak velocity
were included as criterion measures and recorded using a
measuring tape, single-beam timing gates (TC PhotoGate,
Brower Timing, Draper, USA), and a hand-held radar gun
(ATS-II, Stalker Sport, Richardson, USA). The timing
gates were placed along the course to measure average ve-
locity over intervals ranging from 20 to 50 m (Earp and
Newton, 2012; Haugen et al., 2014). Peak velocity was
measured for six players during sections C and D (see Fig-
ure 1; (Beato et al., 2018).

Figure 2. Abdominal positioning of the GPS device. The
top image (A) shows the specifically designed belt wherein
the GPS device is secured by sliding it in from the top. The
middle image (B) shows the final wearing situation, where
the belt and device are concealed and secured by the
shorts of the player. The bottom image (C) shows the side
view, where the device (depicted in grey) is tilted forward,
and improving satellite reception.

Statistical analysis

Outcomes are displayed, where appropriately, as mean +
standard deviation (SD) and prior to analysis, all data was
checked for normality using the Shapiro-Wilk test. Confi-
dence limits (CL) were reported within square brackets.
The standard error of the estimate (SEE) was calculated to
determine the validity of the system for all different move-
ments within the protocol (Petersen et al., 2009). The SEE

is the standard deviation (reported along with 95% CL) of
the %-difference between the GPS's time-motion data and
criterion measures. The percentage difference was reported
as the bias of the devices.

To determine the reliability of the GPS devices,
both absolute errors (typical error; TE) and those expressed
as a percentage (coefficient of variation; CV) were deter-
mined for distance and peak velocity (Jennings et al.,
2010). The CV was rated qualitatively as good (<5%),
moderate (5-10%), or poor (>10%) (Duthie et al., 2003;
Scott et al., 2016). For the distance covered within the com-
plete session, the true between-device SD was calculated
using a linear mixed model. Within the model, trial was
included as the fixed effect, whilst the device, device-by-
trial interaction and the residual error were random effects.

Furthermore, as the timing gates only provide aver-
age velocity, the GPS data was averaged for the corre-
sponding section of the course and separated into four dif-
ferent speed zones: walking (<7.2 km-h), jogging (7.2-
14.4 km-h!), high-speed running (14.4-21.6 km-h™!), and
very high-speed running (>21.6 km-h!) (Dwyer and Gab-
bett, 2012). The same zones were also used to describe the
intensity of the protocol, by separating the recorded GPS
data. Both instances and distances per speed zone were
based on a minimum duration of 0.6 s above the threshold
speeds. Pearson correlations (r) were calculated to deter-
mine the validity of the speed values derived from the GPS
and criterion measure, as well as the relationship between
the error and average speed measures. The magnitude of
correlation was assessed using the following thresholds:
<0.1, trivial; 0.1 to 0.3, small; 0.3 to 0.5, moderate; 0.5 to
0.7, large; 0.7 to 0.9, very large; and 0.9 to 1.0, almost per-
fect (Hopkins et al., 2009). All statistical methods were
conducted using the statistical software package SPSS
(Version 24; SPSS Inc., Chicago, IL, USA).

Results

The average distribution within the four speed zones
throughout the protocol is presented in Table 2.

Table 2. Average distribution of distance and instances
amongst four different speed zones within one session of the
protocol.
Speed zone Walking Jogging High-Speed Very High-
Running Speed Running
Distance (m) 144.0 240.1 87.5 28.4
Instances 27 30 7 2

Speed zones are separated into walking (<7.2km/h), jogging (7.2-
14.4km/h), high-speed running (14.4-21.6km/h), and very high-speed
running (>21.6km/h).

Validity
The precision of the GPS system during all movements of
the validation protocol is presented in Table 3.

The SEE of the average velocity during the move-
ments was found to be 5.4% [5.0; 5.9], with the average
velocity measured by the timing gates and GPS indicating
a significant and almost perfect correlation (r = 0.98 [0.97;
0.98], p <0.01). The SEE for the speed zones was found to
be 12.3%[10.5; 14.7] for walking, 9.3% [8.4; 10.4] for jog-
ging, 6.0% [5.1; 7.3] for high-speed running, and 5.0%
[3.4; 9.6] for very high-speed running. Here, a significant
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Table 3. Validity and reliability of the GPS-system for each movement and the complete session including stationary phases.

Exercise Distance Bias Distance Within-device distance Within-device distance
(%) SEE (% [CL]) TE (m [CL]) CV (% [CL))
Sideways 24 4.9 [3.8;6.9] 3.2[2.0;7.1] 7.3[4.7;16.2]
Diagonal -1.0 5.6 [4.2; 8.6] 3.6 [2.2; 8.7] 8.8 [5.5;21.6]
Acceleration -4.0 5.4[4.3;74] 2.8[1.9;5.3] 8.6 [5.8; 16.6]
Deceleration 0.0 4.3 [3.4; 6.0] 1.7 [1.2; 3.3] 4.9 [3.3;9.4]
Backwards -8.0 6.0 [4.6; 8.6] 3.412.2;7.6] 10.9 [7.0; 24.1]
Shuttle 2.5 3.4[2.7;4.6] 2.7[1.9;4.7] 4.6 [3.2; 8.1]
Skipping -3.1 8.6 [6.6; 12.1] 5.41[3.6;11.0] 17.411.5; 35.4]
Session 0.8 3.1[2.2;5.8] 6.7 [3.8; 25.1] 2.0[1.2;7.6]
SEE = standard error of the estimate; CL = 95% confidence limits; TE = typical error; CV = coefficient of variation.
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Figure 3. Bland-Altman plot for the test-retest error in peak velocity (in mes). Black dots represent acceleration runs and

white dots deceleration runs.

and almost perfect correlation between SEE and the
different ranges of velocity was found, describing a greater
accuracy at higher speeds (r = 0.96 [0.88; 0.99]; p = 0.04).
No significant correlation was found between the average
velocity of the seven sections and the absolute error (r = -
0.29 [-0.86; 0.59], p = 0.26).

The SEE of the peak speed was found to be 3.4%
[2.6; 4.8], with no significant difference in the errors dur-
ing movement C (maximal acceleration) and D (maximal
deceleration; p = 0.39). Finally, a significant and very large
correlation was found between peak speed measured by
GPS and radar (r=0.79 [0.57; 0.91], p <0.01).

The system was found to both over- and underesti-
mate criterion distance for different movements within the
protocol, resulting in a small overestimation bias for the
complete session (0.8%). A systematic underestimation of
criterion velocity was recorded, with an underestimating
bias of 7.2%.

Reliability

The highest variation, as can be seen in Table 3, was found
during skipping movements involving 180-degree turns
while moving sideways. Collectively, the total distance of
the session indicated a good reliability (<5%), the reliabil-
ity for five of the drills was moderate (5-10% CV), whilst
backward and skipping movements indicated poor reliabil-
ity (>*10% CV). Furthermore, a TE of 0.25 m's™! [0.17;
0.46] was found for the test-retest error within peak speed,
leading to a CV 0f 4.7% [3.2; 8.5] of the error between the
trials. A Bland-Altman analysis also revealed agreement
within the intra-unit differences (see Figure 3).

Mixed model

An observed 78.8% of the variance in total distance cov-
ered was due to the individual device. Since each player
was assigned a specific device, the variance describes a
players' variation in the execution of the trial. A further



130

Validating low-cost GPS for football

20.8% of variance was explained by the interaction be-
tween the device and trial. Finally, merely 0.4% was ex-
plained by random errors. The true between-device SD, the
intercept of the model, was found to be 2.9% for the com-
plete session, which translates to 14.5 m over the 500 m
course.

Discussion

The present study aimed to determine the accuracy of a
newly designed low-cost GPS system. Time-motion data
was gathered during a continuous protocol involving dif-
ferent movements specific to match-play in football and
compared with two criterion measures (distance and veloc-
ity). The repeated execution of the protocol allowed for the
calculation of the system's reliability. Overall, good accu-
racy was found for the distance covered during the com-
plete protocol, with a SEE of 3.1% [2.2; 5.8] for validity
and a CV of 2.0% [1.2; 7.6] for intra-unit reliability. For
peak velocity, despite a systematic underestimation, simi-
lar results were found, where a SEE of 3.4% [2.6; 4.8] and
a CV of 4.7% [3.2; 8.5] indicate appropriate validity and
reliability. Errors and variance increased when movements
deviated from a straight line, however remained within pre-
viously reported ranges of acceptability (<10%; (Scott et
al., 2016). Furthermore, variations in change of direction
ability may lead to differences between individuals execut-
ing the identical course, leading to the largest portion of
variance. However, the overall true between-device SD
was found acceptable (2.9%).

Interestingly, where previous studies have often
found GPS systems to become less accurate with increas-
ing velocities, the results of the current study indicated a
small correlation between average velocity and the associ-
ated error (Coutts and Duffield, 2010; Jennings et al., 2010;
Johnston et al., 2014). Relative to the velocity itself, the
error was found to decrease with increasing average speeds
over sections of the course. This effect was not due to
changes of direction, which would decrease the average ve-
locity, since no significant correlation between movement
velocity and error was found. Additionally, the lowest ac-
curacy was found for moving backwards in a straight line,
whilst the greatest accuracy was found for shuttle running,
which included four 180 degree turns. As such, high-speed
movements, regardless of the direction of movement, may
be confidently measured with the current GPS system. The
significance of this finding lies with the notion that high-
speed activities are considered highly important when ana-
lysing running behaviour in football (Carling et al., 2012;
Faude et al., 2012).

Whilst the GPS devices used in the previously men-
tioned studies are designed to be worn in between the scap-
ulae for improved satellite reception, the devices used in
the present study are worn on the lower abdomen (see Fig-
ure 1). A placement close to the centre of mass (COM) has
been proposed as more sensitive to changes in human gait
in comparison to a “standard” placement on the upper back
(Barrett et al., 2016). This may be explained by biomechan-
ics, which defines positional tracking as the displacement
of an individual's COM (Floor-Westerdijk et al., 2012). As
such, the differences between the displacement and

rotation of the COM and that of the shoulders whilst run-
ning are vastly different (Seay et al., 2011). With increas-
ing velocities, arm swing becomes more pronounced and
the greater displacement of the shoulders could increase
noise for devices positioned in between the shoulder blades
(Barrett et al., 2016). The same reasoning may explain the
relatively limited accuracy of the current system when
moving at lower velocities, sideways or backwards. When
standing still, moving slowly, or not in a forward direction,
movements of the abdomen and hips, unrelated to forward
locomotion, might impact the accelerometer data. As intro-
duced, this input plays a vital role in the final calculations
of the time-motion data. Therefore, the positional data, oth-
erwise relying on a relatively low sampling frequency of 5
Hz, may be greater affected. With increasing velocities, the
movements around the COM will be predominately due to
the locomotion itself, thereby possibly lowering the noise
within the measurements and improving data accuracy. As
such, this reduces the requirements for the hardware. For
example, the current system features SHz GPS units in
comparison with 15 Hz units in advanced systems used in
elite environments. Consequently, the costs of the system
can be minimised, increasing its availability across an array
of competitive standards.

To further identify the effect of wearing positions,
being in between the shoulder blades or on the lower abdo-
men, devices should be tested more intensively. However,
this proves difficult with commercial GPS systems, since
the devices are designed to be worn due to the manufac-
turer’s specifications. The input from the GPS-chip and ac-
celerometer are converged in such a way, that the final
time-motion data is most accurate when the tracker is worn
in its intended location. Therefore, wearing a second device
in an unintended position and comparing the results would
be unrelated to the accuracy and specificity of the system.
Comparisons of performance data collected by systems
worn in different positions should also be avoided until fur-
ther studies have been performed regarding the effect of
device placement.

Because even when wearing two devices simultane-
ously close to their intended location, to calculate inter-unit
variability (Rampinini et al., 2015), difficulties may arise.
It has been found for different devices, that a certain dis-
tance should be present in between two devices, in order to
exclude noise generated by the devices themselves (Hoppe
et al., 2018). For the current system, it was deemed impos-
sible to wear two devices on the designed location without
affecting satellite reception, data or natural movements. It
is because of these considerations, that the current study
did not compare simultaneously worn units. However, the
repeated use of the criterion measures provides an appro-
priate measure of intra-unit reliability (Beato et al., 2016).
In order to allow for this intensified use of the criterion
measures, the current study did not replicate previously
performed protocols. Studies validating GPS systems for
use in football have often performed a team sport running
circuit (Bishop et al., 2001; Jennings et al., 2010). This pro-
tocol, however, only measures velocity over a short dis-
tance and thus, provides limited data on the variability of
velocity.

The criterion measures for velocity should,
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however, be discussed, as both single-beam timing systems
and hand-held radar were used in the present study to meas-
ure average and peak velocity, respectively. For such tim-
ing systems, larger errors have been found for small inter-
gate distances (Earp and Newton, 2012). Therefore, the
gates were placed at least 20 m apart and hand-held radar
was used to measure peak velocity whilst accelerating and
decelerating (Haugen and Buchheit, 2016). This meant dif-
ferent references were used, both with their specific errors
of measurement. A possible solution would be the use of a
high-resolution multi-camera motion analysis system, ca-
pable of accurately measuring instant velocity, regardless
of the running direction (Duffield et al., 2010). Moreover,
the use of such a reference system could provide the vali-
dation of more complex motions, like jumps or accelera-
tions and decelerations. This would be advantageous as
such short and explosive actions are deemed highly influ-
ential on player load (Harper and Kiely, 2018). Accurately
providing such information would further increase the im-
pact of any tracking system. However, although desirable,
this validation technique is costly and not easily accessible.
Nonetheless, it could be attempted by future studies to use
such a high-speed motion analysis video system to prefer-
ably validate a variety of tracking systems (Hoppe et al.,
2018; Linke et al., 2018). Moreover, this may also lead to
direct comparisons of the effect of wearing position, like
the current abdominal solution and that of previously vali-
dated GPS systems, worn between the scapulae.
Nevertheless, comprehensive data was collected
through the protocol performed within the present study.
The largest errors were found for sideways skipping and
backwards jogging, which were found to be the least com-
mon types of locomotion during football matches (4.4%
and 6.5% of time in motion, respectively; Bloomfield et al.,
2007). Although better accuracy for all types of move-
ments would be optimal, these errors do not seem to dimin-
ish the acceptable results for total distance and velocity.

Practical applications

Prior to the implementation of a tracking system into prac-
tice, the characteristics of the data they collect should be
understood, regardless of the population of players
(Buchheit et al., 2014). The GPS system in the current
study was found to provide accurate and valid movement
data. These findings are of particular importance due to the
devices being designed to be more accessible and available
for sub-elite teams; extending its applicability across a
broader spectrum of coaches and practitioners. Potentially
improving the scientific standard across all levels of the
sport, for both performance as well as medical applications,
allowing for better monitoring of athletes.

The accuracy of the current system, with a true-de-
vice SD of 2.9%, was deemed acceptable to indicate prac-
tically meaningful changes within the running load of play-
ers. For describing high-speed actions, considered highly
important in football, the current system also shows to be
a suitable tool, as acceptable accuracy was found for peak
speed during sprinting and for average velocity within
higher speed zones. Although no device-specific bias was
found, the assignment of a specific device per player is

advised, since no simultaneous tests were performed in the
current study. Finally, practitioners should refrain from
comparing training or match data from systems with
different device placements, until further studies have been
performed.

Conclusion

Taken together, the newly-designed GPS system used in
the present study was shown to be sufficiently valid and
reliable, and can thus be used with confidence for measur-
ing running load in football. For the distance covered dur-
ing the complete session, good validity, as well as intra-
unit reliability was found. Peak velocity was found to be
valid and reliable, since the systematic underestimation
was determined unsubstantial. When changes in direction
and style of locomotion were introduced, the accuracy de-
creased, however remained within previously published
ranges of acceptability (<10%). Since the system relies on
more affordable hardware components, it offers a lower fi-
nancial burden which makes it available for sub-elite
teams. This allows for a higher practical as well as scien-
tific standard across multiple levels. Coaches and sport sci-
entists may improve their monitoring and analyses, ulti-
mately aiding the on-field performance. From a scientific
standpoint, low-cost GPS devices like the currently vali-
dated systems may increase the numbers of studies per-
formed, with greater sample sizes leading to a greater pool
of data; providing novel insights into various aspects of
football which elite teams may not be inclined to provide.
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Key points

e A newly designed and low-cost GPS system was
found to provide reliable and valid data describing
physical loading during football-specific movements.

e The system showed accurate measurements at higher
running velocities, potentially due to different posi-
tioning of the devices on the body.

e The system relies on more affordable hardware com-
ponents, offering a lower financial burden and making
it available across a wider range of teams.
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