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Abstract

This study aimed to investigate the validity and reliability of global (GPS) and local (LPS)
positioning systems for measuring distances covered and sprint mechanical properties in
team sports. Here, we evaluated two recently released 18 Hz GPS and 20 Hz LPS technolo-
gies together with one established 10 Hz GPS technology. Six male athletes (age: 27+2
years; VO,max: 48.8+4.7 ml/min/kg) performed outdoors on 10 trials of a team sport-spe-
cific circuit that was equipped with double-light timing gates. The circuit included various
walking, jogging, and sprinting sections that were performed either in straight-lines or with
changes of direction. During the circuit, athletes wore two devices of each positioning sys-
tem. From the reported and filtered velocity data, the distances covered and sprint mechani-
cal properties (i.e., the theoretical maximal horizontal velocity, force, and power output)
were computed. The sprint mechanical properties were modeled via an inverse dynamic
approach applied to the center of mass. The validity was determined by comparing the mea-
sured and criterion data via the typical error of estimate (TEE), whereas the reliability was
examined by comparing the two devices of each technology (i.e., the between-device reli-
ability) via the coefficient of variation (CV). Outliers due to measurement errors were statisti-
cally identified and excluded from validity and reliability analyses. The 18 Hz GPS showed
better validity and reliability for determining the distances covered (TEE: 1.6-8.0%; CV:
1.1-5.1%) and sprint mechanical properties (TEE: 4.5—14.3%; CV: 3.1-7.5%) than the 10
Hz GPS (TEE: 3.0-12.9%; CV: 2.5—-13.0% and TEE: 4.1-23.1%; CV: 3.3—20.0%). How-
ever, the 20 Hz LPS demonstrated superior validity and reliability overall (TEE: 1.0-6.0%;
CV:0.7-5.0% and TEE: 2.1-9.2%; CV: 1.6—7.3%). For the 10 Hz GPS, 18 Hz GPS, and 20
Hz LPS, the relative loss of data sets due to measurement errors was 10.0%, 20.0%, and
15.8%, respectively. This study shows that 18 Hz GPS has enhanced validity and reliability
for determining movement patterns in team sports compared to 10 Hz GPS, whereas 20 Hz
LPS had superior validity and reliability overall. However, compared to 10 Hz GPS, 18 Hz
GPS and 20 Hz LPS technologies had more outliers due to measurement errors, which lim-
its their practical applications at this time.
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Introduction

In recent years, the tracking of team sport players has switched away from camera-based tech-
nology, which requires manual player labeling [1] and has problems with overlapping players,
dress colors, and changes in light and shadow conditions [2]. As a replacement, global (GPS)
[3] and also local (LPS) [4] positioning systems have become standard tools for determining
movement patterns during matches and training sessions [5, 6]. While investigations of
matches are useful to establish performance profiles and provide a framework to design train-
ing and testing procedures, the analysis of training sessions permits a periodization on a daily
basis [6]. However, to allow a meaningful interpretation of GPS and LPS data for the afore-
mentioned practical applications, knowledge of the validity and reliability of the technologies
for measuring the data of interest is essential [7]. In this context, previous studies have focused
on distances covered and velocity measurements (e.g., instantaneous, mean, or peak) using
known distances combined with timing gates [6, 8] and theodolites [9], motion capture system
[4, 10], or laser/radar [2, 11] derived velocities as the criterion measure.

Presently, there is one review that summarizes the evidence from the many studies that
evaluated available GPS devices operating at 1-15 Hz for determining movement patterns in
team sports [12]. Overall, 1-15 Hz devices all permit a valid and reliable determination of the
total distance covered. However, low sample rate 1-5 Hz devices have limitations for measur-
ing distances covered during high velocity runs, accelerated runs over short distances, and
velocity measures, especially when changes of direction (CODs) are performed. While 10 Hz
devices overcome most of these limitations, 15 Hz devices show no superior validity and reli-
ability [12]. Notably, the 15 Hz devices investigated [10, 13-15] merely up-sample a 5 Hz signal
[14]. Consequently, further research is necessary to determine whether a true sampling rate
above 10 Hz provides further improvement in the validity and reliability of GPS for measuring
team sport-specific movement patterns [16].

Unlike GPS, where numerous validation studies exist [12], there are relatively few studies
that have evaluated LPS for determining the movement patterns in team sports [1, 2, 4, 6, 8,
17]. Compared to GPS, LPS uses a locally deployed infrastructure [1], which offers the follow-
ing advantages: (a) higher sampling rates [8], potentially increasing the validity and reliability
for determining team sport-specific movement patterns [4]; (b) allowing measures not only
indoors [8] but also in large stadia [6]; (c) more accurately detecting the actual player position
[17]; (d) miniaturization of the devices, possibly also enabling ball tracking [18]; and based on
both latter points (e) supporting tactical analyses [17]. However, due to different methodolo-
gies [6], it is difficult to compare the validity and reliability between the GPS and LPS from
the literature. To date, there is only one study directly comparing the validity and reliability
between both technologies for determining team sport-specific movement patterns [6]. Since
the respective findings are impacted by some methodological limitations, including: (a) the
use of low sample rate 4 Hz and 5 Hz GPS devices [12]; (b) data collection in a stadium in
which the use of GPS is biased [19]; and (c) a lack of essential information concerning the
GPS signal quality (i.e., horizontal dilution of precision) and data processing procedures (e.g.,
filtering techniques applied to the raw data) [16], more research comparing the validity and
reliability between GPS and LPS for determining team sport-specific movement patterns is
required [6].

Recently, a promising macroscopic biomechanical model for determining sprint mechani-
cal properties during straight-line accelerated runs, based on an inverse dynamic approach
applied to the center of mass, was proposed [20]. Using anthropometric and distance-time or
velocity-time data, the theoretical maximal horizontal running velocity (V ,.x), force (Fiax),
and power output (P,,,) can be estimated [20]. Therefore, it is possible to compute linear
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force-velocity and parabolic power-velocity profiles that reflect the entire neuromuscular
capacities to produce external force and power in a horizontal plane as a function of the under-
lying velocity [21]. For team sport athletes, these profiles may be useful to optimize their accel-
eration and sprint capacities via more individualized training drills [22]. While it has been
shown in the original validation study (when compared to force plates) that timing gates allow
a valid estimation of sprint mechanical properties during field conditions [20], one recent
study reported poor validity for both 5 Hz and recently released 18 Hz GPS devices [23]. How-
ever, in this latter study, no timing gates but rather laser/radar derived velocities were used as
the criterion measure [23].Therefore, and due to the potential superior data quality of LPS
compared to GPS [17, 24], more research evaluating both technologies for estimating sprint
mechanical properties during field conditions is warranted [23].

This study aimed to test the validity and reliability of GPS and LPS for measuring distances
covered and sprint mechanical properties in team sports. Here, we evaluated two recently
released 18 Hz GPS and 20 Hz LPS technologies together with one 10 Hz GPS technology for
which the validity and reliability in team sports has been established [12]. The defined dis-
tances covered combined with the timing gates were used as the criterion measure: (a) to allow
a comparison with numerous existing GPS/LPS validation studies, which used the same meth-
odological approach [1, 6, 8, 12]; and (b) also because timing gates are the only available tool
that has been directly validated against force plates to measure sprint mechanical properties
during field conditions [20].

Materials and methods

Participants and ethics statement

Six male team sport athletes (age: 27+2 years, stature: 1.77+0.04 m, and body mass: 80.0+2.8
kg, 3-4 training sessions per week) took part in the study. The athletes were further character-
ized by the following performance data that were assessed as previously described [25]: body
fat: 14.5+3.4%; maximum oxygen uptake: 48.8+4.7 ml/min/kg; and counter movement jump
height: 38.9+3.9 cm. The athletes were informed of the purposes, procedures, and potential
risks of the study and provided written consent of their approval to participate. All of the pro-
cedures were pre-approved by the Ethics Committee of the University of Wuppertal and were
conducted in accordance with the Declaration of Helsinki.

Experimental design

In line with previous studies [13, 26, 27], the validity and reliability of the positioning systems
were examined by a circuit that was designed to mimic the fundamental movement patterns of
most team sports in a standardized manner. The circuit consisted of various walking, jogging,
and sprinting sections that were performed either in straight-lines or with CODs. Since move-
ment patterns in many team sports also involve jumps [28, 29], a horizontal jump over 1 m
and performed as high as possible was included in one jogging section to better understand

the influence of jumps on GPS and LPS derived distance measures, which has been overlooked
by previous studies. To simulate the intermittent nature of team sports and to facilitate the
data processing, standing periods over 5 s and 10 s were also included. The design of the circuit
is shown in Fig 1.

The circuit was conducted outdoors on a dry artificial-turf soccer field in suitable weather
conditions (i.e., 20.8°C temperature, 41.4% humidity, and a completely clear sky). After self-
paced warm-up procedures for 15 min and one familiarization trail, each athlete performed 10
repetitions of the circuit, which resulted in a total of 60 measures. For each repetition, the ath-
letes were instructed: (a) to follow the marked path of the circuit as accurately as possible; (b)
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Fig 1. The design of the circuit and the setup of the LPS. LPS = Local positioning system. The particular sections that
were used for determining the distances covered and sprint mechanical properties were numbered to allow a better
assignment of the results provided in the tables and figures.

https://doi.org/10.1371/journal.pone.0192708.9001

to maximally perform all of the sprints and jumps; (c) to reproduce the walking and jogging
velocities; and (d) to stand still without upper body movements during the corresponding
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stationary periods. A 2 min passive recovery period separated each repetition. The duration of
each standing and recovery period was acoustically controlled. Whilst the effort of the athletes
was monitored by physiological measures during (i.e., via the heart rate) and after each repeti-
tion (i.e., via the capillary blood lactate concentration and rating of perceived exertion), using
methods described elsewhere [30], the capacities-skills to reproduce the circuit was assessed
via timing gate measures (i.e., via the time to complete the entire circuit and each separate
sprinting section).

During the circuit, the athletes wore two devices of each positioning system between the
scapula in a custom-made sport-shirt. Beneath the sport-shirt, they also wore a tight-fitting
compression-shirt to minimize uncontrolled device movements [16]. To exclude noise
induced by the electronic radiation of the devices [16], pilot tests showed that a between-device
distance of at least 7 cm was required. Consequently, all of the devices were separated on the
sport-shirt by 10 cm to eliminate this error source, which is a crucial technical aspect that has
not been considered by previous GPS studies [16].

To evaluate the validity of the positioning systems, defined distances combined with timing
gates were used as the criterion measures. Therefore, within the circuit, all of the distances that
were performed in a straight-line were measured with a measuring tape. For the sprinting sec-
tion with CODs (Fig 1, section 1), 10 repeated trundle wheel measures were used to correct the
theoretical distance (i.e., 22 m) for the additional distance covered through the four CODs
[25], which was 3.1+0.1 m. Thus, the distance of the sprinting section with CODs was cor-
rected to 25.1 m. For the data processing, all of the sprinting sections (Fig 1, section 1 and 6-9)
were equipped with double-light timing gates (Werthner Sport Consulting, TDS, Linz, Aus-
tria) positioned at 85 cm and 105 cm above the ground, respectively. For the sprinting sections,
after standing still without upper body movements for 5 s, the athletes started 0.5 m before the
first gate (Fig 1) as previously described [22].

To evaluate the reliability of the positioning systems, the differences between the two
devices of each system were investigated (i.e., the between-device reliability) as previously per-
formed in many GPS studies [12] but not investigated in any LPS study to date. To eliminate
systematic biases grounded on the left or right positioning of the devices on the body, espe-
cially during the sprinting section with CODs, their positions were balanced through the entire
data assessment (i.e., within the athletes).

GPS and LPS technologies

To show potential progress, and in particular, to determine whether a true sampling rate above
10 Hz further improves the validity and reliability of the GPS [12], recently released 18 Hz
devices (EXELIO srl, GPEXE PRO, version M03, Udine, Italy) [31] were evaluated together
with established 10 Hz devices (Catapult Innovations, MinimaxX S4, version 6.71, Melbourne,
Australia) [32]. While the exact sampling rate of the recently released GPS devices is 18.18 Hz,
we rounded the sampling rate to 18 Hz for allowing a more fluid reading. The 10 Hz devices
were chosen as a representative GPS standard because these devices are frequently used in
team sport practice and applied studies [33] and in numerous previous validation studies [12],
which collectively showed that these devices currently allow the most valid and reliable GPS
assessment of team sport specific measures [12]. In accordance with previous studies [10, 34],
all GPS devices were activated 15 min prior to the data collection to allow for satellite lock, and
the signal quality was determined via both the number of connected satellites and horizontal
dilution of precision [16]. Both GPS technologies measured the instantaneous velocity via the
Doppler-shift (i.e., from the changes in the time signals emitted by the satellites) [16] as
reported by the manufactures [31, 32].
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To compare the validity and reliability between LPS and GPS technologies [6], one recently
released LPS (KINEXON Precision Technologies, KINEXON ONE, version 1.0, Munich, Ger-
many) [35] was selected. This LPS was chosen because it operates at 20 Hz and allows (from
this technical aspect) a comparison with the latest GPS using a similar sampling rate. The LPS
was installed, calibrated, and checked for its accuracy by one technician from the manufac-
turer. Four meters around the circuit, 12 antennae and one base station were positioned at
four meters above the ground. The devices worn by the athletes transmitted time signals via
radio-technology to the antennae, which sent the signals forward via a wide local area network
(WLAN) to the base station. Using all of the signals, the base station then calculated the actual
x,y position of the devices within the circuit [35]. Subsequently, instantaneous velocities were
computed by positional differentiation (i.e., distance over time, whereas the distance was
obtained from the changes in the x,y positions within each signal) [16]. According to previous
LPS studies [4, 8] and for simulating the data traffic, for example, of two soccer teams, 20
devices randomly placed on the ground within the circuit were additionally activated during
the data collection. The setup of the LPS is also shown in Fig 1.

Data processing

All data processing procedures were applied to the reported velocity data and measured split
times derived by the positioning systems and timing gates, respectively, using custom-made
spreadsheets incorporating macro-based calculations (Microsoft, Excel 2016, Redmond, WA,
USA).

First, all velocity data, reported by the respective proprietary softwares (10 Hz GPS: Cata-
pult Innovations, Sprint, version 5.1.4, Melbourne, Australia; 18 Hz GPS: EXELIO srl, GPEXE
Web Application, version 2.7.34, Udine, Italy; 20 Hz LPS: KINEXON Precision Technologies,
Kinexon Web Application, version 3.2.6, Munich, Germany), were passed through a low-pass
Butterworth digital filter to eliminate noise.The filter was applied with a 1 Hz cut-off frequency
and two passes as previously applied in GPS [36] and LPS [4] studies. Due to the large impact
of the filtering techniques and also due to the unknown filtering specifications of the manufac-
turers [16], all reported velocity data were consistently manually filtered to allow a fair com-
parison between the technologies [4] and replication by other researchers [16].

From the filtered velocity data and their integration over the time, the distances covered dur-
ing each single section of interest within the circuit were computed. Therefore, a velocity thresh-
old of 0.2 m/s was used to detect the start and end of the walking and jogging sections (Fig 1,
section 2-5) as previously suggested [37, 38], whereas a threshold of 2.0 m/s was applied to deter-
mine the start of the sprinting sections (Fig 1, section 1 and 6-9). The 2.0 m/s threshold was cho-
sen because our athletes covered 48+1 cm before reaching this threshold (as measured on average
by all positioning systems), thus allowing us to correct for the 0.5 m distances covered from the
beginning of the sprints until the first timing gate, which has not been considered by previous
studies. The end of each sprinting section was obtained from the timing gate information.

However, visual inspection of the GPS and LPS derived velocity data showed that there was
considerable noise during standing, which resulted in a false accumulation of the distance cov-
ered. Therefore, the entire distance covered was calculated via two approaches: (a) from the
start until the end of the circuit using the velocity threshold of 0.2 m/s; and (b) through the
summation of the distances covered during each single section involving walking, jogging, and
sprinting (i.e., without the standing phases). Through the differences between these two
approaches, it was possible to quantify the observed noise during standing, which has not been
previously reported. Three exemplary plots of the filtered velocity data and the resulting dis-
tance covered measured by the positioning systems during the circuit are presented in Fig 2.
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Fig 2. Exemplary plots of the filtered velocity data and resulting distances covered as measured by the positioning
systems during the circuit. GPS = Global positioning system; LPS = local positioning system. While the number in
brackets presents the section of the measurement within the circuit, the colored points show the standing phases(Fig
1). The vertical lines indicate the thresholds that were used to detect the start and end of the section within the circuit
(see text). The entire distance covered was calculated twice: from the start to the end of the circuit (10) and through the
summation of the single walking, jogging, and sprinting sections to correct for the noise observed during standing
(10%).

https://doi.org/10.1371/journal.pone.0192708.9002

Finally, the sprint mechanical properties measured by the positioning systems and those
assessed by the timing gates for comparisons were modeled as previously described in detail
[20]. Therefore, the filtered velocity data and split times assessed during the sprinting section,
which was performed in a straight-line (Fig 1, section 6-9), were analyzed. The following basic
acceleration- (Eq 1), velocity- (Eq 2), and distance-time (Eq 3) functions were used [20]:

alt) = (M) et (1)

x(t)=V, . - (t —T+71- e’%)7 (3)

where V., is the theoretical maximal horizontal running velocity reached at the end of the
acceleration phase and 7 is the acceleration time constant.

For the positioning systems, the filtered velocity data were fitted by the following function
derived from Eq (2):

W(t) = Vo (1= 00, (4)

Then, the V,,,,x and t were determined by the least-square regression method. Since it is
known that velocity data during the initial acceleration phase are less reliable [39], and in line
with our velocity threshold to determine sprinting distances covered, only data with a velocity
>2.0 m/s (i.e., vo in Eq 4) were included in the fitting procedure. Importantly, the missing

PLOS ONE | https://doi.org/10.1371/journal.pone.0192708 February 8, 2018 7/21


https://doi.org/10.1371/journal.pone.0192708.g002
https://doi.org/10.1371/journal.pone.0192708

@° PLOS | ONE

Validity and reliability of GPS and LPS in team sports

velocity data from 2 m/s to 0 m/s were interpolated. This procedure was necessary to consider
for the unknown start times. For the timing gates and in consideration that our athletes cov-
ered 0.5 m before reaching the first gate (i.e., to in Eq 5), the measured split times were cor-
rected to determine the unknown start times, and distances covered were fitted based on Eq
(3) accordingly:

X t+ty

x(t+1¢,) = - (t+ty—t+T-e7 ). (5)
[ y )

0
tlhb—T+7-e7

Then, the to and T were again determined by the least-square regression method using the
known distances at 5.5 m, 10.5 m, 20.5 m, and 30.5 m and split times (i.e., t;-t;) as inputs.
Finally, the V ,,.x was defined as the mean of the velocity at t,-t, using Eq (3).

For the positioning systems and timing gates, all of the velocity data were finally computed
from 0 s to 5 s using Eq (2). Thereon, the theorectical horizontal force (F) over time was mod-
eled as follows [20]:

F(t) = m - a(t) + Fopr (1), (6)

where m is the measured body mass and F,,, is the required aerodynamic drag force to over-
come during sprinting. The instantaneous F,.,, was calculated based on the measured environ-
mental conditions during the data assessment,body height, and underlying running velocity as
previously reported [20]. Then, the theoretical horizontal power output (P) at each instance
was computed as follows [20]:

P(t) = (1) - (). (7)

For statistical analyses, the theorectical maximal horizontal velocity (Vay), force (Fiax), and
power output (P,,,,) were analyzed. The applied data processing for modelling the sprint
mechanical properties from the filtered velocity data and split times is visually summarized in
Fig 3. For each technology, an exemplary plot for the filtered velocity data, modeled velocity
data, and derived sprint mechanical properties is also shown.

Statistical analysis

For all statistical analyses, pre-built spreadsheets (Microsoft, Excel 2016, Redmond, WA, USA)
for calculating measures of validity and reliability [40] as well as differences in means [41]
were used.

First, outliers due to measurement errors (e.g., caused by empty batteries or poor signal
strengths) were excluded from the data sets. Outliers were defined as those values that
were > the mean =+ the two-fold pooled standard deviation as previously performed in a GPS
validation study [10]. Then, the descriptive data were calculated as the mean and 90% confi-
dence interval (CI) for each single device and also for each positioning system by combining
the results from both devices. Validity calculations were performed for the two pooled devices
in comparison with the criterion measure, whereas reliability computations required an inves-
tigation of the differences between both devices of each positioning system (i.e., the between-
device reliability).

While differences were consistently analyzed to detect systematic biases, the typical error of
estimate (TEE) and typical error (TE) were computed for validity and reliability purposes,
respectively [7]. To allow a comparison of our data not only between but also within each posi-
tioning system, the biases were consistently calculated in relative terms, whereas the TEE and
TE were determined in both absolute and relative units. The relative TE was calculated as a
coefficient of the variation (CV) [7]. Presently, there is no consensus regarding statistical
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Fig 3. Exemplary plots for our applied data processing to model the sprint mechanical properties via the filtered velocity data and split times measured by the
positioning systems and timing gates, respectively (B). For each technology, an exemplary plot for the filtered velocity data (A), modeled velocity data (C), and
derived sprint mechanical properties (D) is also shown. GPS = Global positioning system; LPS = local positioning system. In (B), the grey functions show the data
processing procedures applied to the filtered velocity data (A) measured by the positioning systems (i.e., exemplary shown for the LPS), whereas the black data
represent the procedures applied to the split times assessed by the timing gates (see text). In (D), the theoretical horizontal force and power output is plotted over the
modeled velocity (C) to exemplary show linear force-velocity and parabolic power-velocity profiles.

https://doi.org/10.1371/journal.pone.0192708.9003

thresholds that would indicate acceptable validity and reliability in this field of research [12].
However, as suggested in a recent review summarizing the evidence of all of the available GPS
evaluating studies, the relative measures of validity and reliability were rated as good (TEE or
CV: 0 to <5%), moderate (TEE or CV: 5 to <10%), and poor (TEE or CV: >10%) [12]. The
trial-to-trial reliability of the athletes to reproduce the movement patterns within the circuit
was also expressed and rated by the magnitude of the CV.

To potentially increase the understanding of our calculated validity and reliability measures,
the signal quality indices and noise levels between both GPS and all positioning systems,
respectively, were also compared. The differences in the number of satellites, horizontal dilu-
tion of precision, and distances covered during standing were analyzed by magnitude based
inferences as described in detail elsewhere [7]. Briefly, the dispositions of the 90% ClIs for the
mean differences in relation to the smallest worthwhile differences (i.e., the pooled standard
deviations multiplied by 0.2) were analyzed. Then, the likelihoods for the mean of one posi-
tioning system being higher, similar, or lower than the mean of the other positioning system
were determined and qualitatively described using the following probabilistic scale: <1%, most
unlikely; 1 to <5%, very unlikely; 5 to <25%, unlikely; 25 to <75%, possibly; 75 to <95%, likely;
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95 to <99%, very likely, and >99%, most likely. If the likelihoods for being both higher and
lower were >5%, the differences were described as unclear. Otherwise, the differences were
interpreted according to the observed likelihoods [7]. To clarify the meaningfulness of the dif-
ferences, effect sizes according to Cohen’s d were calculated and interpreted accordingly: 0.0
to <0.2, trivial; 0.2 to <0.6, small; 0.6 to <1.2, medium; 1.2 to <2.0, large; 2.0 to <4.0, very
large; and >4.0, extremely large [7].

Results
Physiological effort and trial-to-trial reliability

During the circuit, the mean heart rate of the athletes was 85.6+2.6% of their maximum. The
mean capillary blood lactate concentration and rating of the perceived exertion was 10.2+2.9
mmol/l and 14.4+0.6, respectively.

Overall, there was a good trial-to-trial reliability of the athletes to reproduce the movement
patterns within the circuit as determined by their times for completing the entire circuit and
each separate sprinting section (Fig 1). The CVs of the times for completing the entire circuit
over 129.6 m and sprinting over 25.1 m with CODs were 1.6£0.7% and 1.6+0.8%, respectively.
The CVs of the times for sprinting over 5 m, 10 m, 20 m, and 30 m were 2.9£1.7%, 2.2+1.1%,
3.1£3.2%, and 1.6+0.8%, respectively.

Number of outliers

For the 10 Hz GPS, 18 Hz GPS, and 20 Hz LPS, 12, 24, and 19 data files were classified as outli-
ers, respectively. Therefore, and considering that 120 data files were collected in total for each
positioning system, the relative loss of data sets due to measurement errors was 10.0%, 20.0%,
and 15.8%, respectively.

GPS signal quality

During the data collection and across both devices, the 10 Hz devices were connected to most
likely a greater number of satellites (12.5+0.5) than the 18 Hz devices (9.6£0.5). The effect size
of this difference was extremely large (d = 5.6). The difference in the horizontal dilution of pre-
cision between the two GPS technologies was trivial (10 Hz: 1.0+0.1; 18 Hz: 1.0£0.1; small
effect size, d = 0.4). Between the two devices for each technology, all of the differences in
regards to the number of satellites and horizontal dilution of precision were trivial along with
trivial effect sizes (d<0.1).

Noise during standing

As quantified by the distances covered during standing (Fig 2), the 20 Hz LPS (6.9+0.5 m) had
most likely more noise than either GPS technologies (18 Hz GPS: 3.9£0.7 m; 10 Hz GPS: 3.5
+1.8 m) along with very large effect sizes (d = 2.4-3.6). Furthermore, the 18 Hz GPS had very
likely more noise compared to the 10 Hz GPS; however, the effect size was small (d = 0.3).
Relating to the entire distance covered over 129.6 m, the relative noises for the 10 Hz GPS, 18
Hz GPS, and 20 Hz LPS were 2.7+1.4%, 3.0+0.6%, and 5.3+0.7%, respectively.

Descriptive data

Table 1 shows the descriptive data expressed as the means+90% Cls of the positioning systems
for determining the distances covered and sprint mechanical properties. The data of the crite-
rion measures are also presented.
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Table 1. Descriptive data (mean+90% CI) of the positioning systems for determining the distances covered and sprint mechanical properties.

Criterion variables$ 10 Hz GPS 18 Hz GPS 20 Hz LPS

(section of measurement #1(n=49) | #2 (n=49)  #1&2 (n=108) | #1 (n=43)  #2(n=43) | #1&2 (n=96) | #1 (n=46) | #2 (n=46)  #1&2 (n=101)
within the circuit; Fig 1)

25.1 m sprinting with CODs (1) 22.0+£0.3 22.1+£0.2 22.0+£0.2 22.6%0.1 22.8+0.1 22.7+0.1 24.6%0.1 24.5+0.1 24.6+0.1
10 m walking with COD (2) 9.31£0.2 9.6£0.1 9.5£0.1 9.8+0.0 9.8+0.1 9.8+£0.0 10.6+0.1 10.60.1 10.6+0.0
10 m jogging with jump (3) 10.1£0.3 10.4+0.2 10.2+0.2 10.1+0.1 10.2+0.1 10.2+0.0 10.4+0.0 10.4+0.0 10.4£0.0
10 m jogging (4) 9.5+£0.2 9.940.1 9.7£0.1 9.3+0.2 9.5£0.1 9.4+0.1 10.5+0.1 10.7+0.2 10.6+0.1
10 m walking (5) 9.410.2 9.5£0.1 9.5£0.1 9.7+0.1 9.9+0.1 9.8+0.0 10.8+0.2 10.9+0.1 10.8+0.1
5 m sprinting (6) 4.3+0.1 4.410.1 4.310.1 4.4+0.1 4.4+0.1 4.4+0.1 4.910.1 4.910.1 4.910.0
10 m sprinting (7) 8.910.2 8.71£0.2 8.840.1 8.9+0.1 9.0£0.1 8.9+0.1 10.1+0.1 10.1+0.1 10.1+0.0
20 m sprinting (8) 18.4£0.2 18.1+0.2 18.2+0.2 18.3+£0.2 18.4+0.2 18.2+0.2 20.4£0.1 20.4+0.1 20.4+0.1
30 m sprinting (9) 28.1+£0.2 27.8+£0.3 27.9+0.2 28.0+£0.3 28.1+£0.2 27.9+0.2 30.4+0.1 30.4+0.1 30.5+0.1
129.6 m entire circuit (10) 125.7+0.9 128.3+£0.6 126.9+0.6 127.0+£0.4 128.4+0.4 127.6+0.3 138.5+0.6 139.6+0.4 139.0+0.3
129.6 m entire circuit (10') | 1220410 | 1251207 | 1234807 | 1237404 | 1244205 | 123703 | 1319404 | 1325603 | 1321303
1.1+0.0 s for T (6-9) 1.3£0.0 1.3£0.0 1.3£0.0 1.3£0.1 1.3£0.0 1.3£0.0 1.0£0.0 1.0£0.0 1.0£0.0
8.2+0.1 m/s for V., (6-9) 8.3+0.1 8.2+0.1 8.2+0.1 8.2+0.2 8.2+0.1 8.2+0.1 8.4+0.1 8.5+0.1 8.4+0.1
7.740.1 N/kg for F,,x (6-9) 6.410.3 6.2+0.2 6.31£0.2 6.2+0.2 6.31£0.2 6.2+0.1 8.9+0.2 8.9+0.2 8.9+0.1
16.1+0.4 W/kg for P,,,., (6-9) 13.6+0.8 12.9+0.5 13.2+0.4 13.0+0.5 13.2+0.6 13.0+0.4 19.1+0.7 19.0£0.5 18.9+0.4

GPS = Global positioning system; LPS = Local positioning system; #1 = Device 1; #2 = Device 2; CI = Confidence interval; COD = Change of direction; T = Acceleration
time constant; V., = Theoretical maximal running velocity; Fy,.x = Theoretical maximal horizontal force; P,,,x = Theoretical maximal horizontal power output.

§ = The criterion data for the distances covered and sprint mechanical properties are reported as the true distances and overall means+90% Cls across all trials,
respectively.

* = Entire distance covered calculated through the summation of the single sections of the circuit (i.e., without the noise during standing; Fig 2).

https://doi.org/10.1371/journal.pone.0192708.t001

Validity for distances covered and sprint mechanical properties

Table 2 summarizes the calculated relative biases and absolute TEEs that were computed to
quantify the validity of the positioning systems for determining the distances covered and
sprint mechanical properties. Excluding jogging over 10 m with a jump and T, there were nega-
tive biases of both GPS technologies, whereas positive biases was found for the LPS with the
exception of sprinting over 25.1 m with CODs, sprinting over 5 m, and t. Overall, for the 10
Hz GPS, there were larger biases and TEEs followed by the 18 Hz GPS and 20 Hz LPS. These
findings were most evident for the entire distance covered over 129.6 m, sprinting over 25.1 m
with CODs, and sprinting over 5-30 m as well as theoretical F,,,; and P ., in consideration of
only the TEEs.

Figs 4A and 5A show the relative TEEs that were used to qualitatively rate the validity of the
positioning systems. All positioning systems showed good validity for the entire distance cov-
ered over 129.6 m, sprinting over 25.1 m with CODs, and sprinting over 30 m. The 20 Hz LPS
demonstrated good validity for sprinting over 5-20 m. Conversely, the 18 Hz GPS showed
moderate validity for sprinting over 5-10 m and good validity over 20 m, whereas the 10 Hz
GPS demonstrated poor and moderate validity, respectively. The 18 Hz GPS and 20 Hz LPS
showed good validity for walking over 10 m with a COD and jogging over 10 m with a jump,
whereas the 10 Hz GPS showed moderate and poor validity, respectively. All positioning sys-
tems demonstrated a moderate validity for jogging and walking over 10 m each with the excep-
tion of the 18 Hz GPS that showed good validity for the latter (Fig 4A).

All positioning systems demonstrated good validity for theoretical V... While the 20 Hz
LPS demonstrated moderate validity for theoretical F,,, and P, both GPS technologies
showed poor validity for these measures (Fig 5A).
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Table 2. Validity (relative biases and absolute TEEs) of the positioning systems for determining the distances covered and sprint mechanical properties.

Criterion variables$
(section of measurement
within the circuit; Fig 1)

25.1 m sprinting with CODs (1)
10 m walking with COD (2)
10 m jogging with jump (3)
10 m jogging (4)

10 m walking (5)

5 m sprinting (6)

10 m sprinting (7)

20 m sprinting (8)

30 m sprinting (9)

129.6 m entire circuit (10)
129.6 m entire circuit (10%)
1.1+0.0 s for t (6-9)
8.2+0.1 m/s for V ., (6-9)
7.740.1 N/kg for F,,,, (6-9)

10 Hz GPS 18 Hz GPS 20 Hz LPS
#1&2 (n = 108) #1&2 (n = 96) #1&2 (n = 101)
Bias (%)+90% CI | TEE (Unit)£90% CI | Bias (%)+90% CI | TEE (Unit)+90% CI | Bias (%)+90% CI | TEE (Unit)+90% CI
-11.7+0.7 1.0+0.1 -9.2+0.3 0.5+0.1 -2.1£0.3 0.4+0.1
-5.0+1.2 0.7£0.1 -1.9+0.3 0.2+0.0 +6.1+£0.4 0.2+0.0
+1.9£1.7 1.0+0.1 +1.8+£0.4 0.3+0.0 +4.2+0.3 0.2+0.0
-3.3x1.2 0.7£0.1 -6.1£1.0 0.5+0.1 +5.7£1.0 0.6+0.1
-5.5+1.0 0.6+0.1 -2.2+0.5 0.3+£0.0 +8.4+1.0 0.60.1
-13.0+1.6 0.5+0.1 -11.8+1.1 0.3+0.0 -1.6£0.7 0.20.0
-11.9+1.3 0.8+0.1 -10.6+£0.9 0.5£0.1 +1.3£0.5 0.3+£0.0
-8.9+£0.9 1.1£0.1 -8.8+1.0 1.0£0.1 +2.0£0.3 0.4£0.0
-6.810.6 1.1+0.1 -6.7+0.6 1.0£0.1 +1.5+£0.2 0.3+0.0
-2.1+0.4 3.6+£0.4 -1.6+0.3 1.91£0.2 +6.2+0.2 1.940.2
129.6 m entire circuit (10') | 47305 | 42:05 | AS5H3 19802 19302 | 16802
+24.7+4.1 0.2+0.0 +25.4+3.1 0.2+0.0 -10.0£1.5 0.1+0.0
0.0+£0.6 0.3+£0.0 -0.2£0.7 0.4+0.0 +2.1£0.3 0.2+0.0
-16.6+2.5 1.3+0.2 -17.0£1.7 0.9+0.1 +15.1+1.6 0.7+0.1
-16.3+£2.3 2.5£0.3 -16.9+1.5 1.5+0.2 +17.7+1.3 1.3+0.1

16.1+0.4 W/kg for P,y (6-9)

GPS = Global positioning system; LPS = Local positioning system; #1 = Device 1; #2 = Device 2; TEE = Typical error of estimate; CI = Confidence interval;

COD = Change of direction; T = Acceleration time constant; V ., = Theoretical maximal running velocity; F,,, = Theoretical maximal horizontal force; P, =

Theoretical maximal horizontal power output.

§ = The criterion data for the distances covered and sprint mechanical properties are reported as the true distances and overall means+90% Cls across all trials,

respectively.

* = Entire distance covered calculated through the summation of the single sections of the circuit (i.e., without the noise during standing; Fig 2).

https://doi.org/10.1371/journal.pone.0192708.t002

Reliability for distances covered and sprint mechanical properties

Table 3 summarizes all calculated relative biases and absolute TEs that were computed to
express the reliability of the positioning systems for determining the distances covered and
sprint mechanical properties. Collectively, the 10 Hz GPS showed larger biases and TEs than
the 18 Hz GPS and 20 Hz LPS. Again, these results were most clear for the entire distance cov-
ered over 129.6 m, sprinting over 25.1 m with CODs, sprinting over 5-30 m as well as theoreti-
cal F . and P,y

Figs 4B and 5B show the CV's that were calculated to qualitatively rate the reliability of the
positioning systems. All positioning systems showed good reliability for the entire distance
covered over 129.6 m, sprinting over 25.1 m with CODs, and sprinting over 30 m. The 20 Hz
LPS showed good reliability for sprinting over 5-20 m. While the reliability of the 18 Hz GPS
was moderate for sprinting over 5 m and good over 10-20 m, the reliability of the 10 Hz GPS
was poor over 5-10 m and moderate over 20 m. The 18 Hz GPS and 20 Hz LPS showed a good
reliability for walking over 10 m with a COD, jogging over 10 m with a jump, and jogging and
walking over 10 m each. The reliability of the 10 Hz GPS was poor for jogging over 10 m with a
jump as well as moderate for walking over 10 m with a COD and jogging and walking over 10
m each (Fig 4A).

All positioning systems demonstrated good reliability for theoretical V ;5. The 18 Hz GPS
and 20 Hz LPS showed good reliability for theorectical F,,., and P ., whereas the 10 Hz GPS
demonstrated poor reliability for both measures (Fig 5B).
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Fig 4. Validity (relative TEEs; A) and reliability (relative TEs presented as CVs; B) of the positioning systems for
determining the distances covered. GPS = Global positioning system; LPS = local positioning system; TEE = Typical
error of estimate; TE = Typical error; CV = Coefficient of variation; CI = Confidence interval; COD = Change of
direction. The numbers in the brackets present the section of measurement within the circuit (Fig 1).

https://doi.org/10.1371/journal.pone.0192708.g004

Discussion

In response to the circuit, the mean heart rates, lactate concentrations, and ratings of perceived
exertion of our athletes were comparable to those observed during match play in various team
sports such as soccer [42], handball [29], rugby [43], basketball [44], and field hockey [45].
Since the CVs of the times for completing the entire circuit and each single sprinting section
were all <5.0%, it can be concluded that our athletes showed high efforts [46] and were able to
reproduce the movement patterns involved in the circuit [7]. Overall, this indicates that our
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Fig 5. Validity (relative TEEs; A) and reliability (relative TEs presented as CVs; B) of the positioning systems for
determining the sprint mechanical properties. GPS = Global positioning system; LPS = local positioning system;
TEE = Typical error of estimate; TE = Typical error; CV = Coefficient of variation; CI = Confidence interval; V,.x =
Theoretical maximal running velocity; Fp,,.x = Theoretical maximal horizontal force; P, = Theoretical maximal
horizontal power. The numbers in the brackets present the section of measurement within the circuit (Fig 1).

https://doi.org/10.1371/journal.pone.0192708.9005

circuit was appropriately designed to simulate fundamental movement patterns of team sports
in a standardized manner, which is important to allow external valid conclusions for the posi-
tioning systems evaluated here.

Although different methodological approaches were used, our validity and reliability mea-
sures of the 10 Hz GPS and 20 Hz LPS for determining distances covered were comparable to
those reported in previous GPS [11, 13, 47] and LPS studies [1, 8]. However, our statistical out-
comes of the 18 Hz GPS for determining sprint mechanical properties were worse than those
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Table 3. Reliability (relative biases and absolute TEs) of the positioning systems for determining the distances covered and sprint mechanical properties.

Criterion variables$ 10 Hz GPS 18 Hz GPS 20 Hz LPS

(section of measurement #1vs.2 (n = 49) #1vs.2 (n = 43) #1vs.2 (n = 46)

within the circuit; Fig 1) Bias (%)£90% CI | TE (Unit)+90% CI | Bias (%)+90% CI = TE (Unit)+90% CI | Bias (%)£90% CI | TE (Unit)+90% CI
25.1 m sprinting with CODs (1) 0.5£1.3 0.920.1 -0.820.5 0.30.1 +0.1£0.2 0.20.0
10 m walking with COD (2) -3.042.1 0.620.1 -0.320.5 0.1£0.0 -0.3+0.6 0.2+0.0
10 m jogging with jump (3) -2.1£3.2 1.0+0.2 -0.2+0.6 0.2+0.0 -0.1+0.3 0.1+0.0
10 m jogging (4) 41222 0.7+0.1 2.6+1.6 0.4+0.1 -1.6£1.5 0.5+0.1
10 m walking (5) -1.4%1.8 0.520.1 -1.620.8 0.240.0 0.8+1.7 0.5+0.1
5 m sprinting (6) -1.1+4.1 0.5+0.1 -1.2+1.8 0.2+0.0 +0.4+1.1 0.2+0.0
10 m sprinting (7) +2.543.5 0.90.2 0.6£1.6 0.4+0.1 +0.140.7 0.240.0
20 m sprinting (8) +2.242.2 1.240.2 0.241.1 0.5+0.1 0.0£0.4 0.2+0.0
30 m sprinting (9) +1.241.3 1.1£0.2 -0.720.8 0.6+0.1 0.0£0.3 0.20.0
129.6 m entire circuit (10) -2.0+0.8 3.0+0.5 -1.1+0.4 1.4+0.3 -0.8+0.4 1.7+0.3
129.6 m entire circuit (107) | 24209 | 3406 | .. 0904 | . L5803 04204 | 14202
1.1£0.0 s for T (6-9) +2.947.2 0.220.0 +2.7£3.1 0.1£0.0 0.242.8 0.1£0.0
8.2+0.1 m/s for V,,,, (6-9) +1.4£1.1 0.30.0 +0.6£1.1 0.3£0.0 -0.420.5 0.1£0.0
7.740.1 N/kg for Fppyy (6-9) +6.346.8 1.340.2 -1.0£2.5 0.5+0.1 +1.0£2.5 0.6+0.1
16.1+0.4 W/kg for Py, (6-9) +7.046.1 2.5+0.4 -0.442.6 1.0+0.2 +0.3£2.0 1.140.2

GPS = Global positioning system; LPS = Local positioning system; #1 = Device 1; #2 = Device 2; TE = Typical error; CI = Confidence interval; COD = Change of
direction; T = Acceleration time constant; V,,,,, = Theoretical maximal running velocity; F,,.x = Theoretical maximal horizontal force; P,,,x = Theoretical maximal
horizontal power output.

§ = The criterion data for the distances covered and sprint mechanical properties are reported as the true distances and overall means+90% Cls across all trials,
respectively.

* = Entire distance covered calculated through the summation of the single sections of the circuit (i.e., without the noise during standing; Fig 2).

https://doi.org/10.1371/journal.pone.0192708.t003

reported in one existing study, whereas the mutual relations of our validity and reliability mea-
sures for the theoretical V., Faw and P, were similar [23]. No further data can be com-
pared with the literature.

In relation to the older video-camera or recent LPS, the GPS presently allows the most
time-efficient measurements of movement patterns in team sports [6]. Considering the reli-
ability and validity for determining team sport-specific movement patterns, previous research
has shown that 5 Hz devices were superior than 1 Hz devices [27, 34] and 10 Hz devices were
superior than 5 Hz devices [11, 48], whereas 15 Hz devices were unexpectedly not superior to
10 Hz devices [10, 13]. These observations suggest that the validity and reliability of the GPS is
only affected by the sampling rate up to 10 Hz [12]. However, our study demonstrates that 18
Hz devices show an enhanced validity and reliability for determining distances covered and
sprint mechanical properties compared to 10 Hz devices. Our findings were most evident for
crucial team sport specific measures, such as the entire distance covered and short sprinting
distances in a straight-line or with CODs, and also for new inverse dynamic modelled indices
as theoretical F,,,, and P, (Tables 2 and 3; Figs 4 and 5). The most reasonable explanation
for these discrepancies is that previous studies have examined 15 Hz devices [10, 13-15] that
actually up-sample a 5 Hz signal via linear interpolation [14], whereas our investigated devices
operate at a true 18 Hz sampling rate, which potentially increase the chance to capture all of
the relevant data during team sport-specific movement patterns, particularly changes in veloci-
ties [49]. Overall, a true sampling rate above 10 Hz further improved the validity and reliability
of the GPS for determining movement patterns in team sports. Noteworthy, in addition to the
sampling rate, other technical aspects may also influence the validity and reliability, including
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the antenna, microprocessor and its data processing algorithms, positioning of the devices on
the body, and environmental conditions. Further research is warranted to investigate these fac-
tors [16].

Regarding environmental conditions potentially affecting the validity and reliability of the
GPS [12, 16], it is commonly reported in applied [36, 50] and validation studies [10, 34] for
two indices of the signal quality, namely, the number of connected satellites and horizontal
dilution of precision. Without scientific evidence for these two indices, values >6 and <1,
respectively, are considered ideal [16]. While our indices satisfy these criteria, it is worth men-
tioning that the more valid and reliable 18 Hz devices were connected to fewer satellites than
the 10 Hz devices despite no difference in the horizontal dilution of precision. Overall, these
remarks underline the need to develop separate signal quality thresholds for all of the available
GPS devices, below/above which data should not be interpreted [16].

In contrast to the GPS that uses time signals emitted by satellites orbiting the earth [51], the
LPS functions in the opposite manner [24] such that the devices send time signals to locally
placed antennae [2]. This different measurement principle primarily allows the LPS to: (a)
operate at higher sampling rates [4], which potentially enhances the validity and reliability for
team sport specific measures [4]; (b) work outdoors and indoors in any field surrounded by
the antennae [6]; and (c) miniaturize the devices (i.e., 49x33x8 mm and 15 g vs. 75x60x22
mm and 75 g vs. 88x50x19 mm and 88 g for the 20 Hz LPS [35], 18 Hz GPS [31], and 10 Hz
GPS [32], respectively), mainly because there is no need for storing data within the devices
[24]. In team sports, this miniaturization aspect is a key prerequisite when aiming to investi-
gate official matches for performance analysis without disturbing the athletes, for example, as
required by the FIFA [52], or to track the ball for tactical reasons [17] and combined with fur-
ther objects, such as tibia guards, poles, or goals, also for technical skill analyses in the future
[18].

The validity and reliability of the GPS and LPS for determining movement patterns in team
sports has, to our knowledge, only been compared in one previous study, showing inconsistent
findings for measuring distances covered and maximal acceleration and velocity data [6].
Additionally, this previous study compared a low sample rate of 4 Hz and 5 Hz GPS with a 45
Hz LPS [6], but unfortunately, this study resulted in no conclusion, which may indicate that
the differences are related to clearly diverse sampling rates or measurement principles. With
this in mind, a methodological strength of our study is that we compared one GPS and LPS
technology operating at comparable sampling rates. Our outcomes demonstrate that the 20 Hz
LPS had a superior validity and reliability for determining the distances covered and sprint
mechanical properties than the 18 Hz GPS, and plausibly, also compared to the 10 Hz GPS.
Again, the enhanced validity and reliability of the LPS was clearest for crucial team sport-spe-
cific measures (Tables 2 and 3; Figs 4 and 5). Our validity and reliability measures of the 20 Hz
LPS for determining the distances covered were comparable with the those reported in previ-
ous studies investigating LPS technologies operating at obviously lower (i.e., 10 Hz) [1] and
higher sampling rates (i.e., 45 Hz) [8]. Together, it can be expected that the improved validity
and reliability of the LPS compared to the GPS is due to the different measurement principle
[2], which potentially permits the assessment of positional and derived velocity data at a higher
quality [24]. However, compared to the GPS, it is also important to mention that the LPS has
two main limitations, especially for practical purposes including: (a) higher acquisition costs
[4], which are mainly due to the more complex technical background; and (b) less flexibility
[4] because it takes approximately 1-2 hours to install the antennae and calibrate the system.
Additionally, it is noteworthy that the 20 Hz LPS, and also the 18 Hz GPS, had more outliers
due to measurement errors compared to the 10 Hz GPS during our standardized conditions,
which limits their practical applications at this time.
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Our study also shows that the LPS had more noise than either of the GPS technologies as
determined by the distances covered during standing (Fig 2), which can be seen as a further
limitation. In our study, the observed noise can be characterized by two phenomena, namely,
() a shift in the zero-velocity line; and (b) an increase in the velocity due to performed turning
maneuvers (Fig 2). Since the second phenomenon was only evident in the 20 Hz LPS and 18
Hz GPS (Fig 2), it can be speculated that the 10 Hz GPS devices use their integrated inertial
sensors to eliminate this noise source. However, concerning the first phenomenon, the shift in
the zero-velocity line was solely present in the LPS (Fig 2). In this context, previous research
suggests that the weather (e.g., heavy rain, fog, or snow) and environmental conditions (e.g.,
tall buildings or construction materials like metal) [2], filtering techniques (e.g., cut-off fre-
quencies or number of passes) [4], and positioning of the devices in relation to the antennae
(e.g., next to the antennae or in the middle of the field) [1] can impact LPS measurements. In
our study, the weather and environmental conditions and applied filtering techniques were
identical for all of the positioning systems, and therefore, the positioning of the LPS devices in
relation to the antennae may explain why there was a shift in the velocity line. In fact, the shift
was only observed during the standing periods separating both walking and jogging sections
over 10 m (Fig 2, section 4 and 5), which were located at the corners of the circuit and close to
the antennae (Fig 1). This close proximity combined with the possibility that the sent signals
were partially blocked due to the positioning of the devices on the back of the athletes may
result in an inferior geometric dilution of precision [1]. Thus, for the LPS, a promising
approach to cope with in this particular noise source may be to apply position-specific filtering
techniques incorporating the positions and distances of the devices in relation to the antennae,
which should be evaluated in future studies.

In addition to running, movement patterns of many team sports also involve frequent
jumps [28, 29]. However, previous research has failed to examine the influence of jumps on
GPS and LPS derived distance measures. Our study shows that a jump clearly decreases the
validity and reliability of the 10 Hz GPS for determining the distances covered compared to
the 18 Hz GPS and 20 Hz LPS (Tables 2 and 3; Figs 4 and 5). Since it is known that 10 Hz GPS
devices have limitations for measuring maximal changes in velocities [53], it can be speculated
that the rapid changes in velocities occurring during the jump (Fig 2, section 3) within our cir-
cuit (Fig 1, section 3) account for these outcomes. These assumptions are important when aim-
ing to investigate team sports involving numerous jumps, such as soccer [28], via our tested 10
Hz GPS. Overall, these notes suggest that further research for determining jumps via position-
ing systems in team sports is warranted, most promising through inertial sensors [54].

Previous research showed that the validity and reliability of GPS [12] and LPS [4, 8]
decreased with higher movement velocities. Conversely, our statistical indices for walking and
jogging over 10 m (Fig 2, section 4 and 5) were higher compared to those for sprinting over
25.1 m with CODs and sprinting over 30 m (Tables 2 and 3; Figs 4 and 5). Thereby, it is likely
that the noise of the LPS had an impact (Fig 2), whereas both GPS technologies could have
been influenced by few trees positioned approximately 10 m apart on the corresponding side
of the circuit. However, trees next to one side of a soccer field can be seen as externally valid
conditions for evaluating positioning systems in team sports.

While our study clearly increases the understanding regarding the validity and reliability of
GPS and LPS technologies for determining movement patterns in team sports, it is worth men-
tioning that our findings were limited by the circumstance that no elite athletes took part. There-
fore, the impact of higher velocity and acceleration/deceleration data, particularly reached by elite
athletes, on our validity and reliability measures remains unknown. Since each athlete performed
10 trials of our circuit, there is also a possibility of a pseudo replication, which could have had an
effect on our outcomes. More research to clarify these two aspects is needed.
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Conclusions

This study shows that 18 Hz GPS devices had better validity and reliability for determining dis-
tances covered and sprint mechanical properties than 10 Hz GPS devices. Additionally, com-
pared with both GPS technologies, 20 Hz LPS technology had superior validity and reliability
overall. However, compared to 10 Hz GPS, 18 Hz GPS and 20 Hz LPS technologies had more
outlieres due to measurement errors, which limits their practical applications at this time.
While differences between both GPS technologies are likely caused by different sampling rates,
differences between the GPS and LPS technologies may be related to the different measure-
ment principles. Importantly, for team sports, each positioning system has its advantages and
disadvantages that should be considered regarding the specific objectives. However, since
physical performance differences (e.g., between or within teams) and training effects (e.g.,
according to the pre- or in-season) are small on an elite team sport level, the most valid and
reliable accessible positioning system, namely here, the 20 Hz LPS is recommended to use for
meaningful decisions.
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