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Abstract

This study assessed the concurrent validity and between-device reliability of the
Catapult Vector S8 GNSS device for measuring distance, speed, acceleration

and banded distance metrics. Twelve male sub-elite team sport athletes com-

pleted a testing protocol consisting of linear sprints, change of direction drills and

a modified small-sided game. Validity was evaluated against criterion reference
systems, a VICON motion capture system for most trials and a Stalker ATS radar

for 50 m sprints, evaluated using root mean square error (RMSE) and mean bias.
Between-device reliability was assessed using interclass correlation coefficients
(ICC) and typical error (TE%). The Vector S8 demonstrated good validity with minimal
errors for instantaneous distance (RMSE: 0.03+0.01 m), speed (RMSE: 0.14+0.05
m-s~') and acceleration (RMSE: 0.29+0.14 m-s72). No overall bias was detected for
instantaneous distance and speed, and the bias for acceleration (-0.016) was mini-
mal. Accumulated distance showed a small underestimation across trials (mean bias
—-1.42%), with consistently low RMSE values (0.26-3.06 m), indicating high measure-
ment precision. The 50 m sprint results showed similar validity, with minimal RMSE
for instantaneous speed (0.14+0.15 m's™") and acceleration (0.22+0.22 m-s™).
Between device reliability demonstrated excellent agreement across all measured
variables (ICC =0.95) with good precision (TE as CV <3.13%). No significant system-
atic bias was observed between devices for any variable (p>0.05). This is the first
study to validate the Catapult Vector S8 GNSS device, demonstrating that it is valid
and reliable for measuring distance, speed and acceleration during sport-specific
movements.

Introduction

Global Navigation Satellite Systems (GNSS) are currently one of the most used
technologies to track athletes [1-3]. The primary purpose of a GNSS is to quantify
the external load of an athlete during training and matches [4,5]. External load is
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determined by collecting kinematic data such as distance covered, sprints, accelera-
tions and distance covered at certain speeds [4]. Practitioners and researchers use
this information to enhance performance, support recovery, and reduce injury risks
[4,5]. To allow meaningful interpretations of the GNSS data, it is important that the
GNSS devices are both valid and reliable, to allow the user to make well-informed
decisions.

The validity of a GNSS device is defined as the degree to which the device
accurately measures what it is intended to measure [6]. This is typically evaluated
by comparing the GNSS data to a criterion measure (gold standard). It is important
that each measure of a GNSS device, i.e., distance, speed, and acceleration, is
assessed in a validation study. A crucial aspect of validity assessment is the selection
of an appropriate criterion reference measure, where measuring tapes and timing
gates are the most commonly used criterion reference measures [7]. A limitation of
measuring tapes is that they do not capture the exact path travelled, especially by
change-of-direction movements, potentially leading to inaccurate results. Further-
more, timing gates only provide average speeds over predefined distances (i.e.,
between two gates). Radar technology provides an alternative for instantaneous
linear speed measurement and is considered a gold standard for determining peak
speed [8,9]. However, radar technology cannot be used during sport-specific move-
ments and is restricted to linear movements only. A 3D motion analysis system is
considered a gold standard criterion for measuring instantaneous dynamic sport-
specific movements and can be used during drills representing game-like situations
[7]. The reliability of a GNSS device refers to the reproducibility of measures on
repeat occasions [10]. When measurements of numerous GNSS devices are com-
pared, which for example happens when comparing data of a squad of players,
between-device reliability is important [8,11,12]. Between-device reliability is defined
as the consistency of measurements between different devices when measuring the
same movement [13].

Several factors influence the validity and reliability of GNSS devices. The sampling
frequency of the GNSS device is a crucial factor affecting the validity and reliability,
where higher sampling frequencies (2 10 Hz) have been reported to be more accu-
rate compared to GNSS devices with a lower sampling frequency [8,14]. The number
of satellites and the positioning of the satellites interacting with the GNSS devices
influence accuracy [12]. The quality of the positioning of the satellites connected to
the GNSS devices is defined by the horizontal dilution of precision (HDOP) [15]. A
HDOP value of < 1 represents the ideal positioning of satellites in the sky and results
in greater accuracy; this also requires a low variability and high mean number (2
12) of satellites [15]. Multi-GNSS devices can connect to multiple satellite constella-
tions (e.g., global positioning system (GPS), Galileo, GLONASS) concurrently, and
therefore increase the number of satellites it can connect to. An increase in error of
distance and speed measures have been linked to a decrease in connected satellites
and increase in HDOP values [15-17].

Furthermore, changes in speed can compromise the validity of GNSS devices with
a sampling frequency <10 Hz, where low accuracy is shown for movements with a
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high change in speed and frequent changes of direction [9,18-20]. These GNSS devices with a sampling frequency <10
Hz utilise one satellite constellation (GPS), which also adds to the cause of decreased accuracy of the devices [15]. How-
ever, GNSS devices with a sampling frequency =10 Hz and connectivity to multiple satellite constellations, are less heavily
influenced and have smaller error values for distance-based measures for high changes in speed or frequent changes of
direction movements [1,8,21,22]. However, the error in speed measures increases as the speed increases, where accel-
eration follows a similar pattern [21]. Research has also suggested that speed measured at lower speeds and likely higher
accelerations are less accurate and slightly overestimated [1]. From a practitioner’s point of view, these errors can cause
inaccuracies in commonly used acceleration variables such as high acceleration/deceleration efforts (+ 3 m-s™2) and lower
speed bands (e.g., 0-5 m-s™') where higher accelerations can occur. Large differences in accuracy are present between
GNSS device brands and models [8,14]. Therefore, validity and reliability studies should be conducted when new GNSS
devices or models are released.

Catapult is one of the most widely used GNSS device brands in high-performance sport and research [1-3], making
its validity and reliability important for practitioners and researchers. However, the validity and reliability of the Catapult
S8 GNSS device have not yet been examined in the literature. Therefore, the aims of this study were to (I) investigate
the concurrent validity of distance, speed, and acceleration data and (1) between-device reliability of the Catapult Vector
S8 GNSS device. Validity was established by comparing the measures to a criterion reference system during small-sided
games, linear and change-of-direction drills.

Methods
Participants

Twelve male sub-elite soccer and Australian football players (mean+SD; age: 21.4+2.6 years, height: 184.4+7.5cm,
body mass: 83.7 +13.8kg) volunteered to participate in this study. Participants were recruited for this study in the period
from 23-Sep-2024 to 21-Oct-2024. Prior to participation, all participants were informed about the risks and benefits of the
research before signing informed consent. The participants wore their normal training clothes during data collection, which
took place over two days (one day apart). On each day, six players participated. All sessions took place after sunset using
floodlights on an empty and open (not surrounded by stands or buildings) grass soccer field. The weather was dry and
windless with temperatures of 14°+1° Celsius. All procedures of this study were approved by the Human Research Ethics
Committee of La Trobe University (reference number: HEC24295).

A sample size estimation based on Bland-Altman plot analysis was used, which calculates the required sample size
for a method comparison study. This was calculated using an expected mean difference of speed of 0.28 m-s™" with a
standard deviation of 0.07 m-s™" [21]. The maximum allowed difference between methods used was 0.54 m-s™' which was
based on the industry standards set by the FIFA quality programme for electronic performance and tracking systems [23].
An a-level of 0.05 and B-level of 0.10 (power was 90%) were used. As this study investigated the validity and reliability
of a GNSS athlete tracking device, the sample size is the total number of trials for each movement trial rather than the
number of participants. As each participant performed each movement trial twice, the total number of participants needed
was eight to get at least sixteen trials for each movement. To account for data loss and device faults, twelve participants
were included. The total sample size for each movement trial in this study was above sixteen, the exact number of trials is
provided in the Movement trials section of this manuscript.

Validated system

Catapult Vector S8 10 Hz GNSS devices (Firmware: 0.3.0; Catapult Sports, Melbourne, Australia) were used for this study.
The GNSS devices provided position (longitude and latitude), accumulated distance (m), instantaneous speed (m's-') and
acceleration (m-s-2) data which were processed and downloaded using the manufacturer’s software (OpenField, version

PLOS One | https://doi.org/10.1371/journal.pone.0333792  October 30, 2025 3/18




PLO\S\%- One

3.13.0, Catapult Sports, Melbourne, Australia). The manufacturer’s software processed data were used for this study, as this is
the data used by practitioners. Distance was determined based on positional differencing and the speed was Doppler-derived
speed, which refers to speed measured by the shift in satellite signal frequency resulting from the movement of the GNSS
device [24]. The acceleration data is subsequently derived from the Doppler-derived speed. Eleven different GNSS devices
were used for this study. The GNSS devices were positioned in the manufacturer’s vest and placed between the participants’
shoulder blades. All GNSS devices were turned on 15min prior to data collection to ensure each unit had a satellite lock. The
study sample had an average + SD horizontal dilution of precision (HDOP) of 0.99+0.06 and 57.3+ 1.78 number of satellites.

Reference systems

A 3D infrared camera-based motion analysis system (VICON, Oxford, UK) capturing data at 100 Hz was used to deter-
mine the criterion reference for distance (m), speed (m-s-"), and acceleration (m-s2) data. The setup consisted of
twenty-two cameras (ten Vantage 16 cameras, twelve Vantage 5 cameras, Software: Nexus 2.16) which were evenly
spread around a 10 x 20 m capture area (Fig 1). Reflective markers with a diameter of 40.0mm were used to ensure
stable marker recognition within the capture area (10 x 20 m). Each participant in a session had a unique markup consist-
ing of five markers, as can be seen in Fig 2. Only the marker corresponding to the location of the GNSS device was used
for analysis. All other markers contributed to the unique markup and assisted in differentiating participants when multiple
individuals were present in the capture area at the same time. Each marker was positioned on the participant’s skin using
double sided tape and adhesive surgical tape on one of the following locations: middle of the GNSS device on the out-
side of the manufacturer’s vest (GNSS), right acromion (RACR), left acromion (LACR), right anterior superior iliac spine
(RASI), left anterior superior iliac spine (LASI), right posterior superior iliac spine (RPSI), left posterior superior iliac spine
(LPSI), sternum jugular notch (STJN), thoracic spine vertebra 12 (T12), lumbar spine vertebra 4 (L4), 1cm below/inferior
to the navel (NAVEL). The raw motion analysis data were filtered using a zero-lag fourth order low-pass Butterworth filter
with a 3 Hz cut-off frequency which was determined based on residual analysis and choosing an equal balance between
signal distortion and the amount of noise allowed through [21,25]. Gaps in the data<5 samples (0.05s) were filled using
spline interpolation. Gaps that were 25 samples (0.05s) were excluded from analysis. The X and Y coordinate data cor-
responding to the middle of the GNSS device were exported and used for analysis. The z-coordinates (vertical axis) were
excluded from analysis, because the S8 GNSS device does not collect data along the vertical axis.

Motion analysis camera (V5)

' 20m

m’ QE Motion analysis capture area
[ =

| K

I

Fig 1. Motion analysis camera setup. Data collection test location (VICON) on the pitch (left). Schematic illustration of the motion analysis camera
setup around the capture area where all trials were performed (right). The grey-filled motion analysis cameras refer to the Vantage 16 (V16) model, while
the white-filled cameras represent the Vantage 5 (V5) model.

https://doi.org/10.1371/journal.pone.0333792.9001
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Fig 2. Participant markup. Unique markup and positions of the reflective markers for each of the six participants (P1-P6) in a data collection session.

https://doi.org/10.1371/journal.pone.0333792.9002

Criterion measure of maximal speed, captured over 50 meters, was measured using a Doppler radar (Stalker ATS I,
Plano, TX, USA, 47 Hz), as the motion capture area was not large enough to permit a 50 m sprint. Raw, unprocessed
radar speed data were exported via proprietary software (Stalker ATS 5.1.1). The radar has a reported £ 0.045 m-s™" accu-

racy within a 5-degree field from the radar [26].

Movement trials

Validity. Seven different movement trials, illustrated in Fig 3, were performed by the participants with 60s of passive
recovery between trials. The following movement trials were included in the data collection: Change-of-direction trials
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Fig 3. lllustration of movement trials. Linear, changes of direction and circuit exercises performed during the validation testing.

https://doi.org/10.1371/journal.pone.0333792.9003

of 45°, 90° and 180° consisted of a 5 m sprint into the change of direction followed by a 5 m sprint; Linear runs of 10

m, 20 m and 50 m; Circuit with a flying start consisting of sharp turns, accelerations and decelerations, totalling 70 m;
Modified small-sided game (SSG) of 2min, 3vs3 where it was the objective to pass a tennis ball among teammates and
score points. Players needed to complete at least five successful passes before attempting to score by catching the ball
in a 1 x 1 m goal area at their opponent’s end. Running with the ball was not allowed, forcing the players to create space
by accelerating, decelerating, and performing changes of direction at a high intensity. It was instructed and encouraged
during the SSGs that players without the ball keep moving at a high intensity. All participants started and ended each
trial in a stationary position for 5s and were instructed to perform to their maximal ability, with each trial performed twice.
The different movement trials were identified in the data using the static standing periods. These periods were used as
markers to segment the trials: the start was identified by an increase above zero in the speed data, while the end of each
trial was identified by the speed returning to zero.

The total number of exercises included for analysis was 24 COD 45°, 24 COD 90°, 23 COD 180°, 24 linear 10 m, 24
linear 20 m, 17 linear 50 m, 18 circuit, 16 SSG. A total of 21, 50 m sprints were conducted, three participants performed
the 50 m once. Four 50 m trials were excluded due to measurement errors from the radar device. For the motion analysis
data, 14 data files (6 circuit and 8 SSG) contained data gaps and were excluded from analysis.

Between-device reliability. Participants completed a standardised intermittent running protocol of ~139m while
wearing two GNSS devices positioned between the scapulae in a custom multi-pouch garment. Each participant
performed three trials of the protocol, with 60 s of passive recovery between trials, resulting in 36 trials included for
analysis. The protocol included high-speed running (> 5 m-s™'), maximal efforts, jogging, walking, and changes of
direction, as shown in Fig 4.

Data analysis

The instantaneous distance (distance per sample) of the GNSS data was calculated by differencing the accumulated
distance between two consecutive samples. The instantaneous distance of the motion analysis data was calculated by the
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Fig 4. Between-device reliability protocol. Standardised intermittent running protocol for the between-device reliability trials. Decel =deceleration,
High-speed run>5 m-s™'.

https://doi.org/10.1371/journal.pone.0333792.9004

Euclidean distance between two consecutive x and y coordinates. The speed of the motion analysis data was calculated
by differentiating the positional data and applying the same filter as used in the manufacturer’s software (OpenField, ver-
sion 3.13.0) on the GNSS data. Previous research has shown that different filters applied to the GNSS data can heavily
influence and affect data [27—-31]. It was therefore chosen to use the same filtering practices on the criterion data as those
used on the GNSS data. This ensured that any differences present in the data were not due to the filtering practices used,
but due to differences in the collected raw data. The filtering information was provided to the researchers by the manu-
facturer; however, details are not included here due to the manufacturer’s intellectual property. Similarly, acceleration was
calculated by differencing the speed data and filtered using the manufacturer’s specifications. The derived motion analysis
data were then synchronised to the GNSS data by cross-correlating the speed signals of each trial to find the time offset
that maximised the correlation [32]. Cross correlation is a commonly used synchronisation approach in validation research
[33-35], which can be further refined by assessing the similarity of the two datasets at a variety of time shifts using root
mean square error (RMSE) [1,36]. The data of each trial were therefore further synchronised by shifting the motion analy-
sis speed signal forwards and backwards by 50 data points in one-step increments, while keeping the GNSS speed signal
fixed. The RMSE was established between both datasets (GNSS and motion analysis data) at each shift. The shift with

PLOS One | https://doi.org/10.1371/journal.pone.0333792  October 30, 2025 7/18



https://doi.org/10.1371/journal.pone.0333792.g004

PLO\Sﬁ\\.- One

the lowest RMSE was used to synchronise the datasets. The synchronised motion analysis data were down-sampled to
10 Hz to match the GNSS data and were used for analysis.

Raw, unprocessed radar speed was filtered using the same method as the manufacturer software. Acceleration was
derived by differentiating the filtered speed, which was also processed based on the manufacturer’s specifications. The
filtered radar data were down-sampled to 10 Hz and synchronized with the Catapult data by cross correlating the speed
signals to determine the time offset that maximized the correlation. All data processing and analysis were conducted using
the R statistical programming language (version 4.2.0) and the gsignal package.

Statistical analysis

Validity. The magnitude of the error and the relationship between the GNSS data and the criterion for distance, speed
and acceleration were assessed using root mean square error (RMSE), mean bias and mean bias percentage error (%)
[12]. The mean bias percentage error is defined as the percentage difference in relation to the criterion reference measure,
calculated for each trial and averaged across each respective movement trial category. To quantify the difference between
the criterion and GNSS for instantaneous distance, speed and acceleration, RMSE and mean bias were calculated for each
trial by evaluating the instantaneous error (GNSS — Criterion) at each data point across the synchronized 10 Hz time series
and presented as RMSE (mean = standard deviation) and mean bias +90% confidence interval (Cl).

Between-device reliability. The between-device reliability of the Vector S8 device for measuring distance, speed and,
acceleration was assessed using the following metrics: Total distance (m), maximal speed (m-s™"), banded distance (m)
for low-speed running (LSR=0-5 m's™") and high-speed running (HSR>5 m-s™"), maximal acceleration (m-s2), maximal
deceleration (m-s™2), acceleration load, defined as the accumulated absolute acceleration values and high metabolic load
distance (HMLD) defined as the distance covered above or equal to a metabolic power of 25.5 W-kg™". The reliability
was evaluated using typical error (TE) expressed as a coefficient of variation (CV, 90% CI) and intraclass correlation
coefficients (ICCs, 90% CI) using a two-way mixed-effects model, absolute agreement, single measurement [37].
Reliability was classified as good if CVs were <5%. ICCs were interpreted as follows: poor (< 0.5), moderate (0.5-0.75),
good (0.75-0.9), and excellent (> 0.9) [38].

Systematic bias between devices was assessed using paired t-tests, with statistical significance set at p<0.05. The
effect magnitude was expressed in Cohen’s d standardised units using the following descriptors: trivial (< 0.2), small (0.2—
0.5), medium (0.5-0.8), large (> 0.8). Normality was tested using the Shapiro-Wilk test. If the assumption of normality was
violated, comparisons were made using the non-parametric Wilcoxon signed-rank test. Agreement and variability between
devices were further examined using Bland-Altman analysis, which provided mean bias and 90% limits of agreement.

Results
Validity

The validity results of the GNSS devices compared to the motion analysis criterion for instantaneous data are presented in
Table 1, and for accumulated distance data in Table 2. The overall RMSE for instantaneous distance (0.03+0.01), speed
(0.14£0.05), and acceleration (0.29+0.14) were minimal and well below the industry standards set by the FIFA quality
programme for electronic performance and tracking systems [23]. For example, the RMSE speed threshold set by the
FIFA to indicate a well above standard tracking system is <0.54 m-s™, indicating that a GNSS system with a RMSE value
below that threshold is considered well-above standard. The GNSS system tested for this research had a RMSE value of
0.14+0.05 m-s™" which is lower than the FIFA set threshold and thus rated well above standard. There was no overall bias
for instantaneous distance and speed, and the bias for acceleration (-0.016) was minimal. The differences between all
instantaneous speed and acceleration measurements compared to the motion analysis criterion data are shown in

Figs 5 and 6. A visual representation of the accuracy of speed data across movement trials with median mean differences
and 95" percentile mean difference are shown in Figs 7 and 8.
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Table 1. Validity results of instantaneous distance (m), speed (m-s™') and acceleration (m-s2) split by movement trial.

Instantaneous distance (m) Instantaneous speed Instantaneous acceleration (m-s?)
(m-s™)
Movement trial RMSE Mean Bias RMSE Mean Bias RMSE Mean Bias
(meanzSD) (90 CI) (meanxSD) (90 CI) (meanzSD) (90 CI)

10 m linear 0.03+0.01 0.00 0.15+0.05 0.01 0.36+0.19 -0.01

(0.00, 0.00) (-0.01, 0.02) (-0.07, 0.05)
20 m linear 0.03+0.01 0.00 0.17+0.05 0.00 0.37+0.20 -0.02

(-0.01, 0.00) (-0.02, 0.01) (-0.05, 0.01)
COD 180 0.03+0.00 0.00 0.13+0.02 0.01 0.29+0.05 0.00

(0.00, 0.00) (0.00, 0.02) (0.00, 0.01)
COD 45 0.03+0.01 0.00 0.11+0.03 0.00 0.22+0.06 0.00

(0.00, 0.00) (-0.01, 0.01) (-0.01, 0.01)
COD 90 0.03+0.01 0.00 0.13+0.05 -0.02 0.23+0.10 -0.02

(0.00, 0.00) (—0.04, 0.00) (-0.04, -0.01)
Circuit 0.03+0.01 -0.01 0.17+0.04 -0.01 0.39+0.10 -0.07

(-0.01, 0.00) (-0.02, 0.00) (-0.08, —0.06)
SSG 0.02+0.00 0.00 0.09+0.01 -0.01 0.19+0.02 0.00

(0.00, 0.00) (-0.01, 0.00) (0.00, 0.00)
All 0.03+0.01 0.00 0.14+0.05 0.00 0.29+0.14 -0.016

(0.00, 0.00) (0.00, 0.00) (-0.026, -0.005)
RMSE =root mean square error, Cl: 90% Confidence Interval, SD =standard deviation.
https://doi.org/10.1371/journal.pone.0333792.t001
Table 2. Validity results of accumulated distance (m) split by movement trial.
Accumulated distance (m)
Movement trial GNSS Criterion RMSE Mean Bias (m) Mean Bias %

(meantSD) (mean*SD)

Linear 10m 10.54+0.48 10.69+0.58 0.26 -0.15 -1.37
Linear 20m 20.13+0.53 20.36+0.60 0.33 -0.23 -1.16
COD 180 9.29+0.45 9.48+0.48 0.29 -0.19 -2.09
COD 45 12.18+0.38 12.37+0.36 0.26 -0.18 -1.52
COD 90 10.12+0.57 10.23+0.49 0.30 -0.11 -1.18
Circuit 69.28 £4.06 70.12+3.98 0.94 -0.84 -1.22
SSG 190.66+12.92 193.39+13.49 3.06 -2.73 -1.42

Criterion=3D motion analysis criterion reference measure, global navigation satellite system (GNSS), RMSE =root mean square error.

https://doi.org/10.1371/journal.pone.0333792.t002

The validity results of the GNSS devices compared to the radar for the 50 m linear run are presented in Table 3. The 50 m
linear run had comparable results to the motion analysis trials, with minimal RMSE for instantaneous speed (0.14+0.15) and
acceleration (0.22+0.22). The linear trials, together with the circuit trials, displayed larger RMSE values on average compared
to the change-of-direction trials, although not significantly different. The difference between all instantaneous speed and accel-
eration measurements compared to the radar criterion data during the 50 m linear trials are shown in Fig 9.

Between device reliability

Between device reliability results are presented in Table 4 and demonstrated excellent agreement across all measured
variables (ICC 20.95) with good precision (TE as CV <3.13%). No significant systematic bias was detected between
devices for any variable (p>0.05).
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Fig 5. Difference in speed by movement category. Instantaneous criterion reference speed (m-s™") of the motion analysis (MA) data compared to
the global navigation satellite system (GNSS) data, divided into speed thresholds and split by movement category. Speed difference =MA — GNSS data.
COD =change of direction trials, SSG =modified small-sided game trials.

https://doi.org/10.1371/journal.pone.0333792.9005

Discussion

The main findings of this study were that the Catapult Vector S8 GNSS device is valid for measuring instantaneous
distance, speed, acceleration and peak speed and acceleration. Furthermore, the measures of total distance, maximal
speed, low-speed running (0-5 m-s™), high-speed running (> 5 m-s™'), maximal acceleration, maximal deceleration and
acceleration load displayed excellent reliability between GNSS devices.

The validity of the Catapult Vector S8 10 Hz GNSS device appeared suitable for measuring instantaneous speed. The
validity results are comparable to previous research that used older 10 Hz Catapult devices [1]. The current study had an
average RMSE for instantaneous speed of 0.14 compared to 0.15 of the previous similar research. Previous research has
shown that instantaneous speed is affected by high changes in speed which mainly occur at lower speeds [1,9,39]. The
change in speed from sample to sample can be largest during lower speeds as more force can be applied to the ground
compared to higher speeds [40], impacting the validity of the speed data. This is similar to the results of the current study,
where data involving lower speeds had reduced accuracy compared to the criterion reference (Fig 5 and Fig 9). However,
the error in this study for these data points were low (mean bias instantaneous speed<0.02 m-s™') and when averaged
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Fig 6. Difference in acceleration by movement category. Instantaneous criterion reference acceleration (m-s) of the motion analysis (MA) data

compared to the global navigation satellite system (GNSS) data, divided into acceleration thresholds and split by movement category. Acceleration differ-
ence=MA — GNSS data. COD =change-of-direction trials, SSG = modified small-sided game trials.

https://doi.org/10.1371/journal.pone.0333792.9006

across all time-series, the errors were negligible (mean bias instantaneous speed=0.00 m-s™") and were unlikely to affect
derived metrics. For example, maximal speed values expected during a soccer game are~9 m's™' [41], a RMSE of 0.14 is
only 1.5% away from the potential maximal speed value. Practitioners can be confident in the validity of the instantaneous
speed data derived from the Catapult Vector S8 GNSS device, as error values were close to zero across all conditions.
The instantaneous acceleration of the GNSS across all movement trials was shown to offer suitable validity. Compared
to previous research [1], the current study had an average RMSE for instantaneous acceleration of 0.29 compared to
0.39 of the previous similar research. However, the scatterplots in Fig 6 demonstrate a positive trend for instantaneous
acceleration where the error increased with acceleration. Both high positive and high negative acceleration values tended
to be overestimated, with the latter being underestimated in magnitude. This suggests that the GNSS devices overesti-
mated instantaneous acceleration values during rapid changes of speed. These findings align with observations of previ-
ous studies [1,9,39] that highlighted high instantaneous acceleration values are overestimated and likely affected due to
the larger point-to-point differences (which for example happens when starting to move from standstill, or performing an
abrupt stop from high speed). It is important to note that the acceleration data are derived from the speed data, and the
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Fig 7. Median mean difference error speed traces. Accuracy of speed data across movement trials with a median mean difference error. The speed
traces of the global navigation satellite data (GNSS — red dotted line) are plotted on top of the motion analysis reference speed data (blue line) to show
alignment of the data.

https://doi.org/10.1371/journal.pone.0333792.9007

accuracy of the acceleration data is therefore directly related to the accuracy of the speed data. As differentiation amplifies
noise, the error in acceleration data (RMSE 0.29 in this study) is also expected to be greater than the speed data (RMSE
0.14 in this study). The trend seen in the plots reinforces that errors in instantaneous acceleration data are linked to both
the underlying speed data and the nature of the movement. Despite this, the overall mean error remains low; practitioners
and researchers can therefore still confidently rely on instantaneous acceleration data and average acceleration metrics,
which are valid and representative of performance across linear and change-of-direction movement sequences.

The measurement error between the radar and GNSS data when measuring maximal speed and acceleration was min-
imal. The accuracy of GNSS devices to measure maximal speed has been linked to the sample rate, where an increase
in sample rate (5—20 Hz) was linked to decreasing typical errors (5.1 to 2.3%) [42]. A more recent paper using a 25-Hz
GNSS device showed improved validity with typical errors of 0.5% and a mean bias of —0.07 m-s™" for maximal speed [43].
Furthermore, research using the previous Catapult S7 GNSS devices sampling at 10 Hz have shown to achieve compa-
rable accuracy in maximal speed values to the 20—25 Hz devices, with a reported mean bias for peak speed of —-0.05 to
-0.08 m-'s™ [1,44]. The Catapult S7 GNSS devices also showed good accuracy for maximal acceleration, with reported
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Fig 8. The 95" percentile mean difference error speed traces. Visual representation of the accuracy of speed data across movement trials with a
mean difference error in the 95" percentile. The speed traces of the global navigation satellite data (GNSS, red dotted line) are plotted on top of the
motion analysis reference speed data (blue line) to show alignment of the data.

https://doi.org/10.1371/journal.pone.0333792.9008

Table 3. Validity results of the 50 m linear sprint trials.

50 m linear sprint trials

GNSS Criterion RMSE Mean Bias Mean Bias %
(meanxSD) (mean+SD)
Peak speed (m-s™") 8.52+0.44 8.54+0.44 0.05 -0.03 -0.4%
Peak acceleration (m-s~2) 4.23+0.26 4.25+0.26 0.17 -0.02 -0.5%
Instantaneous speed (m-s™") 6.72+1.88 6.72+1.92 0.14+0.15 0.00
(-0.01, 0.01)
Instantaneous acceleration (m-s~2) 0.69+1.76 0.65+1.82 0.21+0.20 0.04
(0.03, 0.05)

Criterion =Radar criterion reference measure, global navigation satellite system (GNSS), RMSE =root mean square error, RMSE is presented as the
mean t standard deviation, Mean Bias is presented with 90% confidence interval.

https://doi.org/10.1371/journal.pone.0333792.t003
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Table 4. Between device reliability results.

GNSS GNSS Mean A p ES ICC TE as CV%
device #1 device #2 (90% CI LOA) (90% CI) (90% ClI)
(mean%SD) (meanxSD)
Total distance (m) 138.9+5.2 139.0+5.2 0.08 0.48 -0.12 0.99 0.34
(-1.06, 1.22) (0.99, 1.00) (0.27, 0.41)
Max speed (m-'s™) 6.94+0.61 6.95+0.61 0.01 0.30 -0.18 1.00 0.52
(-0.08, 0.10) (0.99, 1.00) (0.42, 0.62)
LSR (m) 87.9+9.6 87.8+9.3 -0.09 0.61 0.08 0.99 0.83
(-1.85, 1.67) (0.99, 1.00) (0.67, 0.99)
HSR (m) 50.9+6.7 51.1+6.3 0.16 0.34 -0.16 0.99 1.35
(-1.49, 1.81) (0.98, 0.99) (1.09, 1.61)
Max acceleration (m-s7?) 3.70+£0.38 3.67+0.39 -0.03 0.23 0.20 0.95 2.39
(-0.23, 0.18) (0.91, 0.97) (1.92, 2.85)
Max deceleration (m-s™2) -3.27+0.38 -3.29+0.38 -0.02 0.07 0.21 0.99 -2.22
(-0.19, 0.15) (0.98, 0.99) (-1.79, -2.66)
AccelerationLoad 37.0£2.9 37.1+£2.9 0.11 0.48 -0.12 0.95 1.78
(-1.48, 1.70) (0.91, 0.97) (1.44,2.13)
High Metabolic Load Distance (m) 54.7+9.5 54.6+9.7 -0.11 0.92 -0.16 0.97 3.13
(-4.25,4.04) (0.94, 0.98) (2.52,3.74)

* p<0.05. Paired T-Test; ES=Cohens d effect size; ICC =interclass correlation coefficient, TE =Typical Error, CV = coefficient of variation, CI=90% confi-
dence interval; global navigation satellite system (GNSS), LSR=0-5m-s™', HSR =>5 m-s™".

https://doi.org/10.1371/journal.pone.0333792.t004

mean bias of —0.25 m-s™2 [1]. The results of the current study showed further improvements in validity with a low mean
bias for maximal speed of —0.03 m-s™" and maximal acceleration of -0.02 m-s™. The improved validity of the new Catapult
S8 GNSS device compared to the previous Catapult S7 GNSS device for peak speed and acceleration could be due to
the improved satellite connectivity of the S8 devices. The current study had an average of 57 connected satellites, com-
pared to 15—16 satellites reported in similar previous research using the S7 device [1,44]. In addition, the reliability of the
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maximal speed and acceleration were excellent (ICC 0.95-1.0, see Table 4), therefore practitioners and researchers can
be confident in their measured maximal speed and acceleration for each GNSS device and between GNSS devices.

The accuracy of the GNSS in measuring accumulated distance showed a small underestimation across all movement
trials (mean bias -0.11 to -2.73 m; =1.16 to —=2.09%). The RMSE values remained low across trials, ranging from 0.26 m
for 10 m linear trials to 3.06 m in the modified SSG, indicating high measurement precision. The modified SSG, despite
being the most complex and dynamic trial, still had a low RMSE of 3.06 m compared to similar research [21] who reported
a RMSE of 4.90 m for a comparable GNSS device and total distance trial (193 m vs 224 m). Furthermore, the RMSE
increased for trials with longer (modified SSG) compared to shorter (COD 45°) distances (see Table 2), but the relative
measurement error stayed consistent across trials (mean bias %). Thus, although the error increased as total distance
increased (as seen in longer trials like the modified SSG), the degree to which the GNSS underestimated distance
remained predictable and consistent. To put the error in context, a professional soccer player has an average total match
distance of 11.4+1.0 km [45]. An underestimation of —=1.42% would correspond to a difference in total distance of 0.16 km,
which is 0.16 standard deviations (SD: 1.0 km) and is considered a small and negligible difference [46]. Overall, the GNSS
device provided improved accuracy for accumulated distance, where an average underestimation of —=1.42% is expected.
The underestimation of distance could be due to the ability of a motion analysis system to detect microscopic movements,
which do not result in a noticeable change of position of the participant. These microscopic movements, which may occur
as a result of subtle body sway, can only be measured using highly sensitive devices such as a motion analysis system
[21]. However, GNSS devices are not designed to measure athlete movements at this level of precision and the results of
the current study may therefore underestimate distance.

The between-device reliability showed excellent agreement across all measured variables (ICC 2 0.9) with good preci-
sion (TE as CV<5%) see Table 4. The results also showed greater between-device reliability than previous research for
measures of total distance, maximal speed, maximal acceleration and deceleration, where the current study had ICC val-
ues of 0.95-1.0 compared to 0.2—0.99 in the previous research [44,47]. A custom vest was used for the reliability data col-
lection in the current study, which could result in better reliability results. The custom vest ensured that each GNSS device
was positioned in its own pouch, specifically designed for the GNSS device. The use of a custom vest has advantages
over using a standard vest, where GNSS devices need to be placed on top of one another. Placing GNSS devices on top
of one another [47] can obstruct the GNSS antenna, potentially degrading the data quality. Similarly, using a sled for reli-
ability studies [11,27] has its disadvantages, as the GNSS devices are positioned close to the ground and not worn on the
human body. This leads to movement patterns that differ from those experienced when the device is worn on the upper
back of an athlete, between the shoulders, where they are typically worn. The high ICC and low TE values observed in
this study suggest that the Catapult Vector S8 GNSS device is reliable, and can confidently be used to compare results of
different athletes across training sessions and games to guide informed decision-making.

Previous research has shown that different processing practices applied to GNSS data can heavily influence and affect
data [27-31]. The results of this study might be superior to comparable previous studies as the manufacturer-specific pro-
cessing practices used on the criterion data were the same as those used on the GNSS data. This approach ensured that
any differences present in the data were not due to the processing practices used, but due to differences in the collected
raw data. As this study used the manufacturer-specific processing practises, details of the exact processing could not be
disclosed due to intellectual property restrictions. We acknowledge that this limits full reproducibility of the analysis.

A limitation of this study was that the data collection was performed in optimal conditions on an open field with unob-
structed line of sight to satellites and no spectators (uncrowded). Although this is applicable to most training sessions for
elite team-sports, games usually take place in stadia with spectators, high stands and obstructed line of sight to satellites,
potentially leading to less connected satellites and decreased data accuracy. Future research should conduct similar
research in stadia and where possible include spectators to simulate real-world scenarios. This will improve the ecolog-
ical validity of the testing by providing less optimal, real-world testing conditions. The area of testing was not a full-sized
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team-based sports pitch, which would have allowed for validation testing during game play. However, to the best of the
authors knowledge, there is currently no criterion measure (gold standard) that allows full-sized pitch validation testing.

Supporting information
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S2 Dataset. Radar database.
(XLSX)

Author contributions

Conceptualization: Susanne Ellens, Codey Moran, Matthew C. Varley.
Formal analysis: Susanne Ellens.

Investigation: Susanne Ellens, Codey Moran.

Methodology: Susanne Ellens, Matthew C. Varley.

Project administration: Susanne Ellens.

Supervision: Matthew C. Varley.

Validation: Susanne Ellens, Matthew C. Varley.

Visualization: Susanne Ellens.

Writing — original draft: Susanne Ellens.

Writing — review & editing: Codey Moran, Matthew C. Varley.

References

1. Crang ZL, Duthie G, Cole MH, Weakley J, Hewitt A, Johnston RD. The validity of raw custom-processed global navigation satellite systems
data during straight-line sprinting across multiple days. J Sci Med Sport. 2024;27(3):204—10. https://doi.org/10.1016/j.jsams.2023.12.004 PMID:
38195366

2. Ellens S, Middleton K, Gastin PB, Varley MC. Techniques to derive and clean acceleration and deceleration data of athlete tracking technologies in

team sports: A scoping review. J Sports Sci. 2022;40(16):1772-800. https://doi.org/10.1080/02640414.2022.2054535 PMID: 35446231

3. Delves RIM, Aughey RJ, Ball K, Duthie GM. The Quantification of Acceleration Events in Elite Team Sport: a Systematic Review. Sports Med Open.

2021;7(1):45. https://doi.org/10.1186/s40798-021-00332-8 PMID: 34191142

4. Hudson S, Fish M, Haines M, Harper L. Monitoring the physical demands of training in Rugby League: the practices and perceptions of practi-
tioners. Sci Med Footb. 2024;8(4):293-300. https://doi.org/10.1080/24733938.2023.2229281 PMID: 37347551

5. Akenhead R, Nassis GP. Training Load and Player Monitoring in High-Level Football: Current Practice and Perceptions. Int J Sports Physiol Per-
form. 2016;11(5):587-93. https://doi.org/10.1123/ijspp.2015-0331 PMID: 26456711

6. Malone JJ, Lovell R, Varley MC, Coutts AJ. Unpacking the Black Box: Applications and Considerations for Using GPS Devices in Sport. Int J Sports

Physiol Perform. 2017;12(Suppl 2):S218-26. https://doi.org/10.1123/ijspp.2016-0236 PMID: 27736244

7. Luteberget LS, Gilgien M. Validation methods for global and local positioning-based athlete monitoring systems in team sports: a scoping review.
BMJ Open Sport Exerc Med. 2020;6(1):e000794. https://doi.org/10.1136/bmjsem-2020-000794 PMID: 33062300

8. Beato M, Coratella G, Stiff A, lacono AD. The Validity and Between-Unit Variability of GNSS Units (STATSports Apex 10 and 18 Hz) for Measuring
Distance and Peak Speed in Team Sports. Front Physiol. 2018;9:1288. https://doi.org/10.3389/fphys.2018.01288 PMID: 30298015

9. Varley MC, Fairweather IH, Aughey RJ. Validity and reliability of GPS for measuring instantaneous velocity during acceleration, deceleration, and
constant motion. J Sports Sci. 2012;30(2):121-7. https://doi.org/10.1080/02640414.2011.627941 PMID: 22122431

10. Hopkins WG. Measures of reliability in sports medicine and science. Sports Med. 2000;30(1):1-15. https://doi.org/10.2165/00007256-200030010-

00001 PMID: 10907753

11. Crang ZL, Duthie G, Cole MH, Weakley J, Hewitt A, Johnston RD. The inter-device reliability of global navigation satellite systems during team
sport movement across multiple days. J Sci Med Sport. 2022;25(4):340—4. https://doi.org/10.1016/j.jsams.2021.11.044 PMID: 34893434

PLOS One | https://doi.org/10.1371/journal.pone.0333792  October 30, 2025 16/18



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333792.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333792.s002
https://doi.org/10.1016/j.jsams.2023.12.004
http://www.ncbi.nlm.nih.gov/pubmed/38195366
https://doi.org/10.1080/02640414.2022.2054535
http://www.ncbi.nlm.nih.gov/pubmed/35446231
https://doi.org/10.1186/s40798-021-00332-8
http://www.ncbi.nlm.nih.gov/pubmed/34191142
https://doi.org/10.1080/24733938.2023.2229281
http://www.ncbi.nlm.nih.gov/pubmed/37347551
https://doi.org/10.1123/ijspp.2015-0331
http://www.ncbi.nlm.nih.gov/pubmed/26456711
https://doi.org/10.1123/ijspp.2016-0236
http://www.ncbi.nlm.nih.gov/pubmed/27736244
https://doi.org/10.1136/bmjsem-2020-000794
http://www.ncbi.nlm.nih.gov/pubmed/33062300
https://doi.org/10.3389/fphys.2018.01288
http://www.ncbi.nlm.nih.gov/pubmed/30298015
https://doi.org/10.1080/02640414.2011.627941
http://www.ncbi.nlm.nih.gov/pubmed/22122431
https://doi.org/10.2165/00007256-200030010-00001
https://doi.org/10.2165/00007256-200030010-00001
http://www.ncbi.nlm.nih.gov/pubmed/10907753
https://doi.org/10.1016/j.jsams.2021.11.044
http://www.ncbi.nlm.nih.gov/pubmed/34893434

PLO\Sﬁ\\.- One

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.
27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.
39.

Scott MTU, Scott TJ, Kelly VG. The Validity and Reliability of Global Positioning Systems in Team Sport: A Brief Review. J Strength Cond Res.
2016;30(5):1470-90. https://doi.org/10.1519/JSC.0000000000001221 PMID: 26439776

O’Donoghue P. Reliability. Routledge. 2012.

Crang ZL, Duthie G, Cole MH, Weakley J, Hewitt A, Johnston RD. The Validity and Reliability of Wearable Microtechnology for Intermittent Team
Sports: A Systematic Review. Sports Med. 2021;51(3):549-65. https://doi.org/10.1007/s40279-020-01399-1 PMID: 33368031

Specht M. Experimental studies on the relationship between HDOP and position error in the GPS system. Metrology and Measurement Systems.
2021;:17-36. https://doi.org/10.24425/mms.2022.138549

Gray AJ, Jenkins D, Andrews MH, Taaffe DR, Glover ML. Validity and reliability of GPS for measuring distance travelled in field-based team sports.
J Sports Sci. 2010;28(12):1319-25. https://doi.org/10.1080/02640414.2010.504783 PMID: 20859825

Witte TH, Wilson AM. Accuracy of non-differential GPS for the determination of speed over ground. J Biomech. 2004;37(12):1891-8. https://doi.
org/10.1016/j.jpiomech.2004.02.031 PMID: 15519597

Buchheit M, Allen A, Poon TK, Modonutti M, Gregson W, Di Salvo V. Integrating different tracking systems in football: multiple camera semi-
automatic system, local position measurement and GPS technologies. J Sports Sci. 2014;32(20):1844-57. https://doi.org/10.1080/02640414.2014.
942687 PMID: 25093242

Vickery WM, Dascombe BJ, Baker JD, Higham DG, Spratford WA, Duffield R. Accuracy and reliability of GPS devices for measurement of
sports-specific movement patterns related to cricket, tennis, and field-based team sports. J Strength Cond Res. 2014;28(6):1697—705. https://doi.
org/10.1519/JSC.0000000000000285 PMID: 24149747

Jennings D, Cormack S, Coutts AJ, Boyd L, Aughey RJ. The validity and reliability of GPS units for measuring distance in team sport specific run-
ning patterns. Int J Sports Physiol Perform. 2010;5(3):328—41. https://doi.org/10.1123/ijspp.5.3.328 PMID: 20861523

Linke D, Link D, Lames M. Validation of electronic performance and tracking systems EPTS under field conditions. PLoS One.
2018;13(7):e0199519. https://doi.org/10.1371/journal.pone.0199519 PMID: 30036364

Bastida Castillo A, Gdmez Carmona CD, De la Cruz Sanchez E, Pino Ortega J. Accuracy, intra- and inter-unit reliability, and comparison between
GPS and UWB-based position-tracking systems used for time-motion analyses in soccer. Eur J Sport Sci. 2018;18(4):450-7. https://doi.org/10.108
0/17461391.2018.1427796 PMID: 29385963

FIFA quality programme for electronic performance & tracking systems - Test manual 2025. 2025. https://inside.fifa.com/innovation/standards/epts

Schutz Y, Herren R. Assessment of speed of human locomotion using a differential satellite global positioning system. Med Sci Sports Exerc.
2000;32(3):642—6. https://doi.org/10.1097/00005768-200003000-00014 PMID: 10731007

Winter DA. Biomechanics and motor control of human movement: John Wiley & Sons; 2009.
Stalker ATS Il Owner’s Manual. Texas, United States: Applied Concepts. 2018.

Thornton HR, Nelson AR, Delaney JA, Serpiello FR, Duthie GM. Interunit reliability and effect of data-processing methods of global positioning
systems. Int J Sports Physiol Perform. 2019;14(4):432—-8. PMID: 135404302

Varley MC, Jaspers A, Helsen WF, Malone JJ. Methodological considerations when quantifying high-intensity efforts in team sport using global
positioning system technology. Int J Sports Physiol Perform. 2017;12(8):1059-68. https://doi.org/10.1123/ijspp.2016-0534 PMID: 28051343

Ellens S, Carey DL, Gastin PB, Varley MC. Effect of data-processing methods on acceleration summary metrics of GNSS devices in elite australian
football. Sensors (Basel). 2024;24(13):4383. https://doi.org/10.3390/s24134383 PMID: 39001161

Delves RIM, Duthie GM, Ball KA, Aughey RJ. Applying common filtering processes to Global Navigation Satellite System-derived acceleration
during team sport locomotion. J Sports Sci. 2022;40(10):1116—26. https://doi.org/10.1080/02640414.2022.2051332 PMID: 35282785

Delaney JA, Wileman TM, Perry NJ, Thornton HR, Moresi MP, Duthie GM. The validity of a global navigation satellite system for quantifying small-
area team-sport movements. J Strength Cond Res. 2019;33(6):1463—6. https://doi.org/10.1519/JSC.0000000000003157 PMID: 30985524

Buck JR, Daniel MM, Singer A. Time and Frequency Analysis of Signals and Systems. Prentice Hall. 2002.

Duthie GM, Robertson S, Ball K, Haycraft J, Bright L, Parkinson T, et al. Validation of a laser device for assessing high-speed running in an outdoor
team sport setting. Sports Eng. 2025;28(2). https://doi.org/10.1007/s12283-025-00509-4

Luteberget LS, Spencer M, Gilgien M. Validity of the catapult clearsky T6 local positioning system for team sports specific drills, in indoor condi-
tions. Front Physiol. 2018;9:115. https://doi.org/10.3389/fphys.2018.00115 PMID: 29670530

Ellens S, Carey DL, Gastin PB, Varley MC. Accuracy of GNSS-derived acceleration data for dynamic team sport movements: a comparative study
of smoothing techniques. Applied Sciences. 2024;14(22):10573. https://doi.org/10.3390/app 142210573

Linke D, Link D, Lames M. Football-specific validity of TRACAB’s optical video tracking systems. PLoS One. 2020;15(3):e0230179. https://doi.
org/10.1371/journal.pone.0230179 PMID: 32155220

Atkinson G, Nevill AM. Statistical methods for assessing measurement error (reliability) in variables relevant to sports medicine. Sports Med.
1998;26(4):217-38. https://doi.org/10.2165/00007256-199826040-00002 PMID: 9820922

Portney LG, Watkins MP. Foundations of clinical research: applications to practice. Pearson/Prentice Hall. 2015.

Akenhead R, French D, Thompson KG, Hayes PR. The acceleration dependent validity and reliability of 10 Hz GPS. J Sci Med Sport.
2014;17(5):562-6. https://doi.org/10.1016/j.jsams.2013.08.005 PMID: 24041579

PLOS One | https://doi.org/10.1371/journal.pone.0333792  October 30, 2025 171718



https://doi.org/10.1519/JSC.0000000000001221
http://www.ncbi.nlm.nih.gov/pubmed/26439776
https://doi.org/10.1007/s40279-020-01399-1
http://www.ncbi.nlm.nih.gov/pubmed/33368031
https://doi.org/10.24425/mms.2022.138549
https://doi.org/10.1080/02640414.2010.504783
http://www.ncbi.nlm.nih.gov/pubmed/20859825
https://doi.org/10.1016/j.jbiomech.2004.02.031
https://doi.org/10.1016/j.jbiomech.2004.02.031
http://www.ncbi.nlm.nih.gov/pubmed/15519597
https://doi.org/10.1080/02640414.2014.942687
https://doi.org/10.1080/02640414.2014.942687
http://www.ncbi.nlm.nih.gov/pubmed/25093242
https://doi.org/10.1519/JSC.0000000000000285
https://doi.org/10.1519/JSC.0000000000000285
http://www.ncbi.nlm.nih.gov/pubmed/24149747
https://doi.org/10.1123/ijspp.5.3.328
http://www.ncbi.nlm.nih.gov/pubmed/20861523
https://doi.org/10.1371/journal.pone.0199519
http://www.ncbi.nlm.nih.gov/pubmed/30036364
https://doi.org/10.1080/17461391.2018.1427796
https://doi.org/10.1080/17461391.2018.1427796
http://www.ncbi.nlm.nih.gov/pubmed/29385963
https://inside.fifa.com/innovation/standards/
https://doi.org/10.1097/00005768-200003000-00014
http://www.ncbi.nlm.nih.gov/pubmed/10731007
http://www.ncbi.nlm.nih.gov/pubmed/135404302
https://doi.org/10.1123/ijspp.2016-0534
http://www.ncbi.nlm.nih.gov/pubmed/28051343
https://doi.org/10.3390/s24134383
http://www.ncbi.nlm.nih.gov/pubmed/39001161
https://doi.org/10.1080/02640414.2022.2051332
http://www.ncbi.nlm.nih.gov/pubmed/35282785
https://doi.org/10.1519/JSC.0000000000003157
http://www.ncbi.nlm.nih.gov/pubmed/30985524
https://doi.org/10.1007/s12283-025-00509-4
https://doi.org/10.3389/fphys.2018.00115
http://www.ncbi.nlm.nih.gov/pubmed/29670530
https://doi.org/10.3390/app142210573
https://doi.org/10.1371/journal.pone.0230179
https://doi.org/10.1371/journal.pone.0230179
http://www.ncbi.nlm.nih.gov/pubmed/32155220
https://doi.org/10.2165/00007256-199826040-00002
http://www.ncbi.nlm.nih.gov/pubmed/9820922
https://doi.org/10.1016/j.jsams.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/24041579

PLO\S\% One

40.

41.

42.

43.

44.

45.

46.
47.

Morin J-B, Edouard P, Samozino P. Technical ability of force application as a determinant factor of sprint performance. Med Sci Sports Exerc.
2011;43(9):1680-8. https://doi.org/10.1249/MSS.0b013e318216ea37 PMID: 21364480

Morin J-B, Le Mat Y, Osgnach C, Barnabo A, Pilati A, Samozino P, et al. Individual acceleration-speed profile in-situ: A proof of concept in profes-
sional football players. J Biomech. 2021;123:110524. https://doi.org/10.1016/j.jpiomech.2021.110524 PMID: 34023754

Nagahara R, Botter A, Rejc E, Koido M, Shimizu T, Samozino P, et al. Concurrent validity of GPS for deriving mechanical properties of sprint accel-
eration. Int J Sports Physiol Perform. 2017;12(1):129-32. https://doi.org/10.1123/ijspp.2015-0566 PMID: 27002693

Dennison L, Duthie GM, Ehrmann F, Psarakis MA. Concurrent validity and interunit reliability of 25-Hz GNSS units for profiling sprinting perfor-
mance. J Strength Cond Res. 2025;39(1):107—14. https://doi.org/10.1519/JSC.0000000000004961 PMID: 39446724

Clavel P, Leduc C, Morin J-B, Owen C, Samozino P, Peeters A, et al. Concurrent validity and reliability of sprinting force-velocity profile assessed
with GPS devices in elite athletes. Int J Sports Physiol Perform. 2022;17(10):1527-31. https://doi.org/10.1123/ijspp.2021-0339 PMID: 35894960

Di Salvo V, Baron R, Tschan H, Calderon Montero FJ, Bachl N, Pigozzi F. Performance characteristics according to playing position in elite soccer.
Int J Sports Med. 2007;28(3):222—7. https://doi.org/10.1055/s-2006-924294 PMID: 17024626

Cohen J. Statistical power analysis for the behavioral sciences. Routledge. 2013.

Jackson BM, Polglaze T, Dawson B, King T, Peeling P. Comparing global positioning system and global navigation satellite system measures of
team-sport movements. Int J Sports Physiol Perform. 2018;13(8):1005—10. https://doi.org/10.1123/ijspp.2017-0529 PMID: 29466098

PLOS One | https://doi.org/10.1371/journal.pone.0333792  October 30, 2025 18/18



https://doi.org/10.1249/MSS.0b013e318216ea37
http://www.ncbi.nlm.nih.gov/pubmed/21364480
https://doi.org/10.1016/j.jbiomech.2021.110524
http://www.ncbi.nlm.nih.gov/pubmed/34023754
https://doi.org/10.1123/ijspp.2015-0566
http://www.ncbi.nlm.nih.gov/pubmed/27002693
https://doi.org/10.1519/JSC.0000000000004961
http://www.ncbi.nlm.nih.gov/pubmed/39446724
https://doi.org/10.1123/ijspp.2021-0339
http://www.ncbi.nlm.nih.gov/pubmed/35894960
https://doi.org/10.1055/s-2006-924294
http://www.ncbi.nlm.nih.gov/pubmed/17024626
https://doi.org/10.1123/ijspp.2017-0529
http://www.ncbi.nlm.nih.gov/pubmed/29466098

