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ABSTRACT

The validity of an Ultra-wideband (UWB) positioning system was investigated during
linear and change-of-direction (COD) running drills. Six recreationally-active men
performed ten repetitions of four activities (walking, jogging, maximal acceleration, and
45° COD) on an indoor court. Activities were repeated twice, in the centre of the court

and on the side. Participants wore a receiver tag (Clearsky T6, Catapult Sports) and two

reflective markers placed on the tag to allow for comparisons with the criterion system

to large/very large on the §ide. When filtéred and smoothed following a similar process,

the UWB-based gositionin had acceptable validity, compared to Vicon, to

assess movement8hirepresentgtive of indoor sports.
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INTRODUCTION

The ability to accurately quantify the position and locomotion of athletes can influence
training prescription, load monitoring, injury prevention and rehabilitation processes,
and tactical decisions during a match.

The technological advancement of tracking devices in the last two decades has resulted
in both an increased scientific research activity and a wider adoption of this technology

by sporting clubs and associations. In particular, there has been an exponential increase

in the number of research studies investigating different
methodological aspects of commercial global positioning sys
for outdoor sports (Malone, Lovell, Varley, & Coutt
significant body of knowledge with respect t S in s it is now well

acknowledged that this technology has acce ¢ vali d reliability to measure

locomotion in athletes when the samplin t least 10 Hz (Scott, Scott, & Kelly,

Conversely to what has bee i tdoor positioning systems, there is very
little research available [fegarding the ‘accuracy, validity and reliability of indoor
positioning systemis (IPS) t thletes in indoor sports such as futsal, basketball,
handball and nétball. Many different technologies are currently available to track

objects ople in indoor environments, such as Radio Frequency Identification

(RFID), ocal Area Network (WLAN), Bluetooth®, optical methods such as
computer vision, and Ultra-wideband (UWB). Most of these technologies are used in
industries such as supply chain logistics and engineering, and have different advantages
and disadvantages mainly in regards to their cost, the strength of the signal, the

dependence on line-of-sight between receivers and transmitters, and the susceptibility to

interference (Alarifi et al., 2016).
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Radio Frequency Identification has been the main technology adopted by companies to
provide the possibility to track athletes in indoor settings. This technology usually
employs proximity as the main principle to detect position and it operates on a
bandwidth up to 930 MHz (Mautz, 2012). The validity of RFID systems, such as
Inmotiotec (Inmotiotec GmbH, Austria) and the Wireless Ad hoc System for
Positioning (WASP, Commonwealth Scientific and Industrial Research Organisation,

Australia (Hedley et al., 2010)) has been previously assessed (Ogris et al., 2012;

al., 2012), and a mean error for average and

%, respectively (Ogris, et al., 2012), e results of these studies show an
acceptable level of accuracy, RFIIX suffets, fro nal instability and is susceptible to
interference (Alarifi, et al.,

A more recent technologys\ UWB, may overcome limitations of RFID related to signal

instability and inferference, erefore have applications in indoor sport settings

(Alarifi, et al., ideband is defined as a radiofrequency signal that has a
idth > 0.20 than the centre frequency, or has a bandwidth > 500MHz
irrespectivé{of the fractional bandwidth (FCC; Mautz, 2012). Despite the high cost of
UWB equipment, this technology offers the advantage of high precision, a signal that is
capable of penetrating most materials, and less susceptibility to interference (Alarifi, et
al., 2016).

To the best of our knowledge, two studies have investigated the accuracy, validity and

reliability of a UWB-based tracking system in indoor settings (Leser, Schleindlhuber,

Lyons, & Baca, 2014; Rhodes, Mason, Perrat, Smith, & Goosey-Tolfrey, 2014). One
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study assessed validity of one system (Ubisense Itd., UK) during basketball-specific
drills, and reported a relative error of 3.45 £ 1.99 % for distance (Leser, et al., 2014).
However, a trundle wheel was used as a criterion measure, distance was the only
variable assessed, and the receiver tags were placed on the participant’s head, therefore
limiting the applicability of the results to real sporting settings. A more comprehensive
study assessed the accuracy, validity and reliability of the same system for use in

wheelchair sports (Rhodes, et al., 2014). The results presented an absolute positioning

higher. However, due to the nature of the activi

achieved, perhaps limiting the generalisabili e findings.

Therefore, the aim of the presen o asSess the criterion validity of a new

UWB positioning system change-of-direction drills for general

application to indoor spo

METHODS

Particip d experimental overview

Six recreatibnally-active men (29.2 + 4.1 years old, 179.0 £ 8.2 cm, 75.9 + 7.3 kg)
volunteered” to take part in this study, which was approved by the investigators’
university Human Research Ethics Committee. Participants were asked to attend two
testing sessions separated by one week. In the first session, participants performed ten
repetitions of four different locomotion activities (self-paced walking, jogging, maximal

acceleration, and 45° change of direction) over a course located in the middle of an

indoor, parquet-floor court. During the second session, participants repeated the exact
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same protocol with the activities performed on one side of the court, with the aim of
investigating possible differences due to the location of the tags on the court in relation
to the position of the anchors (Fig 1). During all trials participants wore a receiver tag
(Clearsky T6, Catapult Sports, Australia) placed inside a vest between the scapulae, and
two passive reflective markers were placed on the pouch containing the receiver tag to
allow for comparisons with the positioning derived from the criterion system (Vicon).

The two testing sessions were undertaken in separate days due to the length of the data

collection process and to try minimise differences in the light,
occurred if data were collected in different moments of the da

the VICON setup.

** Figure 1 neaghere **

Locomotion activities

Participants performed four di iitieg/In the following order:

1) a maximal chafige of directiorf at 45° either left or right (CODA45) over a total
55m,
i) ced walkjover a linear course of 12 m,
i) f-paced jog over a linear course of 12 m, and
v) maximal acceleration over a linear course of 12 m.
Distance, mean and peak velocity, mean and peak acceleration, and mean and peak

deceleration were calculated from the raw data and utilised for the analysis.

Clearsky T6 system specifications

The set up used in this study consisted of 18 anchors positioned as presented in Figure
1. All anchors were installed at a height of 4.8 m from the ground. The laptop used for

data processing was connected to the master anchor via Ethernet cabling. Data was
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collected at 10 Hz and processed via Openfield™ console software version 1.13.4 (Beta
release, Catapult Sports, Melbourne, Australia). The system is based on ultra-wideband
technology in the frequency range of 3.1-10.6 GHz as regulated by the local
communications authority. The location of the receiver tags within the surveyed space is
computed by a hybrid algorithm based on a combination of different methods such as
Time Difference of Arrival (TDOA), Two-Way Ranging (TWR) and Angle of Arrival

(AoA). To simulate a true indoor sport situation, in which multiple tags send data

packages to the receiving anchors at the same time, four additionadtags wer€iplaced
statically on the court at a height of approximately 1.5m fo d dugihg each
trial. Hence, five tags were active at all times during data_c¢oll€eti
Vicon system specifications

A 12-camera Vicon motion analysis syste icon T40, ©Vicon Motion

Systems, Oxford Metrics, UK) was set up a nted in Figure 1 and data collected at

out, their trdjectory was estimated based on the position of the markers before and after

the drop out. When both markers occasionally dropped out at the very end of the data
collection course (between 11 and 12 m on the linear drills), the data was excluded from

further comparison analysis.
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The average Vicon calibration errors (Image and World Error, respectively) for the two
testing sessions were 0.124 and 0.247 mm for the session in the centre of the court, and
0.118 and 0.250 mm for the session on the side of the court.

Data filtering

Vicon raw data was filtered and smoothed using two different approaches. In the first
instance, the raw data were smoothed using a Butterworth 4™ order recursive digital

filter with a cut-off of 5 Hz. The choice of this cut-off was initially based on results

from residual analysis, spectral analysis, observation of effect g
different cut-offs and visual inspection of the raw and sm acement and
velocity curves, which indicated a cut-off of between 5 a ould\be”appropriate.
However, as the sample rate of the Clearsky syste 10 Hz a quencies above 5

Hz could not be detected, the lower frequenc chose moothing the data. This

approach is the standard approach utilis aboratory. For the second approach,

the raw data was filtered with a i combihation of Butterworth and moving
average filters, equal to the earsky, which details are protected by a
non-disclosure agreement
Statistical analy

The original Vic@h datasets gbtained from the filtering process was reduced from 100 to

for comparisons with Clearsky. Each pair of Clearsky and Vicon

each ‘repetition of the activities was visually inspected to ensure that a
common starting and end point could be established. The performance of two systems
was compared via:
1) Percentage least-square means difference (Clearsky-Vicon) with 90%
confidence interval and qualitative magnitude-based inference. The

magnitude of changes was interpreted as follows: <0.20 trivial, 0.20-0.59

small, 0.60-1.19 moderate, 1.20-1.99 large, 2.0-3.9 very large, >4.0 extra-
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large (Hopkins, Marshall, Batterham, & Hanin, 2009). Also, the likelihood
of an effect being greater than the smallest important difference was reported
and classified as possibly (25-75 %), likely (>75 %), very likely (>95 %),
and most likely (>99.5 %) substantial difference. Similarly, the likelihood of
an effect being trivial was classified as possibly, likely, very likely and most

likely trivial (Hopkins, Marshall, Batterham, & Hanin, 2009).

i1) Typical error (free of device error), expressed as percentage within-subject
SD.
Additionally, for each activity the residual technical error oth ¢ and the

between-subject standard deviation were reported.

RESULTS
The comparison between Clearsky and ered with the same combination of

Clearsky filters is presented in Tabl€ 1.

** Talle1 near here **

DISCUSSION

linear locomotor activities between systems

the different linear locomotor activities (i.e., walk, jog, and sprint)
between arsky and Vicon returned predominantly trivial-to-moderate mean
differences for all variables, with the exception of mean deceleration. In the case of total
distance, the mean bias obtained in this study ranged from 0.2 to 2.3%, which is in line
with values of <3.5% reported by previous investigations utilising UWB systems

(Leser, et al., 2014; Rhodes, et al., 2014). Total distance is the only variable that can be

compared with the existing literature, as in one study distance was the only variable
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assessed (Leser, et al., 2014), while in the other study the absolute speed reached in the
different drills was up to 2 m's™ lower than the speed reported in our work (Rhodes, et
al., 2014), making comparisons between studies difficult.

As a general overview, the mean differences between systems for total distance, mean
and peak speed, and mean and peak accelerations were in the range of 0.2 to 12%, while
the typical errors (calculated as within-subject SDs and free of device error) ranged
between 1.2 and 9.3%. Errors of this magnitude compare favourably to the typical

signal practitioners try to detect either when comparing between le etition

or the

values ovetflonger phases of a game or training session (Delaney, Cummins, Thornton,
& Duthie, 2017; Delaney et al., 2016). In both cases, the error associated with these
variables may be greatly reduced (Varley, Jaspers, Helsen, & Malone, 2017), making
them suitable to reflect human locomotion in sport.

Comparison of COD activity between systems

Unlike the differences between systems in the linear activities, Clearsky and Vicon were

substantially different when compared using an all-out, 45-degrees COD activity. The

10
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differences in the means were predominantly moderate to large when the activity was
performed in the centre of the court, and increased to large/very large when the activity
was performed on the side. A possible explanation for the larger differences observed in
the COD activity on one side of the court may be connected to known issues in the
triangulation of the signal between anchors and receiving units. As the COD activity
was performed approximately 10 m from the side wall and the anchors were installed at

a height of approximately 4.5 m, it is possible that during the change of direction the

receiving unit may have not always been ‘visible’ to many anchors, i

accuracy of the position estimation. An additional factor that

The importance of filtering and smoothing

The initial analysis in this study identified data smoothing as the main reason for
differences between Vicon data (smoothed using standard motion analysis system
processes) and data obtained using the filtering developed for the Clearsky system.

When the Clearsky data were compared to the original Vicon data, mostly large to

11
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extra-large differences were detected, with percentage differences up to 120%. Best
practice in choosing a smoothing cut-off frequency in motion analysis system data uses
multiple indicators to determine the optimal level of smoothing for a given movement.
These include one or more automated algorithms, spectral analyses, visual inspection of
time series data, the effect on parameter values using different cut-offs and previous

literature (Coventry, Ball, Parrington, Aughey, & McKenna, 2015; Parrington, Ball, &

MacMahon, 2014; Peacock, Ball, & Taylor, 2017). Based on these decisions, as well as

for Vicon was warranted aind made for a hore appropriate comparison.

** Figure 2 near here **
N
It is worth considering the issue of step-to-step fluctuations in velocity that are not
detected (or presented as these might be evident in raw signals) by Clearsky and other
similar systems. The removal of this data will likely impact minimally on tactical
measures. For some of the more common metrics such as area encompassed, centroid,
distance from the centroid for individual players and relative phase (Goncalves,
Figueira, Macas, & Sampaio, 2014), the removal of this signal will affect results

minimally. However, for some of the external load measures, this is a potential problem.

12
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Given the fluctuations of the centre of mass that are removed, distances and
instantaneous measures are underestimated. For example, the distance for one
player/trial using the original Vicon data was 12.6 m compared to 12.3 m from Clearsky
data (2.4% difference) and maximum velocity was underestimated by between 4 and
8%. Further, given variation in running efficiency exists due to excessive lateral motion
or greater braking (and hence the need for greater propulsive forces) each step, this will

not be detected. Whether these differences will be of practical importance will depend

on the level of precision required to make appropriate decisions o
However, future work needs to examine the potential level of
elimination of these fluctuations.

Limitations

peak speed, and mean and peak accelerations in the linear drills were in the range of 0.2

to 12%, with the typical errors between 1.2 and 9.3%. Mean and peak deceleration had
larger mean differences and typical errors. Differences in step-to-step fluctuations
between systems may constitute an issue for some external load variables, warranting

further investigation.
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FIGURE LEGENDS
Figure 1. Schematic representation of the data collection set up (A, centre of the court;
B, side of the court), with particular reference to the location of the Clearsky anchors

(black pentagons) and the Vicon cameras (indented circles).
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Figure 2.

Example of the effect of filtering and smoothing on the Clearsky (white circles) and
Vicon (black circles) velocity and acceleration data. In panels A and C, Vicon data was
filtered with a Butterworth 4™ order recursive digital filter with a cut-off of 5 Hz. In
panels B and D, Vicon data was filtered with a proprietary combination of Butterworth

and moving average filters, equal to the ones applied to Clearsky.
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Table 1. Comparison of mean and peak speed, mean and peak acceleration and deceleration, and distance between Clearsky and Vicon (smoothed with the same filters as applied to Clearsky)
during four different locomotion activities performed in the centre and on the side of an indoor court.

Subject Means
Court centre Court side Subject SDs (%) Device SDs (%)

Clearsky-Vicon (%) Clearsky-Vicon (%) Between Within Clearsky Vicon

Clearsky Vicon (mean, +CI; inference) (mean, =CI; inference) (mean,=CI) (mean, =CI) (mean,=CI) (mean, +CI)

Clearsky Vicon

Walk
meanspeed 1.03m-s’' 099ms' 4.4,+1.2; small**** 1.05ms?  1.03ms? 2.1,%1.2; small* 6.5,+6.3 3.3,+0.8 3.9,+0.9 2.8,+1.1
peakspeed 1.73ms' 1.6l ms' 7.5,+0.8; small**** 1.72mss?  1.64ms? 5.4,40.8; small**** 11,+6.3 2.8,+0.5 2.6,+0.5 1.5,+0.8
mean acc. 035m-s? 030ms? 14.8,+6.3; mod. **** 035ms? 034ms? 2.8,+5.6;trivial® 20,+11.7 6.1,£7.0 11,£3.7 22,435
peak acc. 129 ms? 120ms? 7.5,+3.2; small*** 1.32ms? 1.24ms? 6.3,%£3.1; small** 17,49.2 5.2,+2.1 13,+1.9 2.4,4n.a.
mean dec. 0.18m-s? 0.10m-ss?> 84,+20; large**** 0.32m-s? 026m-s? 20.6,+12.8; small*** 31,+28 15,+13 22,+7.9 49,+8.3
peak dec. 0.59ms? 042ms?2 41,+16; mod.**** 1.10 ms2  1.03ms? 6.6,+11.8; trivial’ 37,+37 17,+11 24,+8.2 50,+8.7
distance 12.1m 124m  -2.3,+0.5; mod.**** 124 m 12.6m  -1.8,+0.5; mod.**** 1.9,+0.8 1.7,+0.4 1.4,+04 1.6,+0.4
Jog
meanspeed 193 ms' 2.07ms' -6.5,£1.3; small**** 220ms' 221ms' -0.5,%1.3; trivial®® 10,+2.7 44,£1.0 5.7,+0.9 0.1,£2.5
peakspeed 371 ms' 3.6lms' 2.8,%0.7; trivial®®® 370 m's?  3.64ms! 1.9,+0.7; trivial®®® 19,+11 4.7,+0.8 2.3,+0.8 1.6,+1.3
mean acc. 1.11ms? 1.17ms? -5.3,+3.7; trivial® 1.22ms? 123ms? -1.1,43.7; trivial®® 34,420 9.3,+2.7 16,+2.6 5.0,+8.7
peak acc. 242ms? 235ms? 2.9,£3.0; trivial® 2.58ms? 230ms? 12.1,43.1; small**** 25,14 7.9,+1.9 12,+1.8 3.7,+5.8
mean dec. 0.81 ms? 0.96ms? -15.9,+4.6; small*** 1.00ms? 1.07ms? -6.1,44.9; trivial® 45,+42 22,+4.2 25,+3.9 0.5,+9.8
peak dec. 1.77ms? 1.79ms? -1.1,44.5; trivial®® 2.17ms? 2.12ms? 2.4,+4.5; trivial®® 36,42 15,432 20,+3.2 1.7,£7.1
distance 11.8m 120m  -1.8,+1.4; small** 123 m 124m  -1.1,+1.3; small* 42,+4.6 2.5,£1.1 5.2,+0.9 24,14
Sprint
mean speed 2.08m-s' 198ms' 5.2,%1.2;small* 2.57ms? 245ms' 5.3,+1.3; small* 20,420 48,+1.0 2.6,+1.8 39,+1.1
peakspeed 596ms' 593ms' 0.5,+0.8; trivial®® 6.23ms?  6.09ms! 2.4,+0.9; small*** 5.6,+£2.3 3.2,+n.a. 3.1,+n.a. 0.0, +n.a.
mean acc. 1.60 ms? 1.79m-s? -10.8,+2.5; mod.**** 1.83mss? 2.08 ms? -12.3,42.7; mod.**** 12,+14 42,+£33 8.8,+1.7 7.6,+1.7
peak acc. 417ms? 3.90ms? 6.8,%£1.5; mod.**** 440ms? 4.05ms? 8.5,%1.7; mod.**** 8.8,+3.8 3.5,+0.6 6.0,+0.8 0.1,+n.a.
mean dec. 148 ms? 2.07ms? -28.3,+4.2; mod. **** 195ms? 2.12ms? -8.1,46.0; small* 26,+8.0 18,+2.9 26,%1.5 5.2,+8.8
peak dec. 390 ms? 4.66ms? -16.2,+9.2; mod.*** 489 ms? 4.54ms? 7.8,+13.3; small 17,494 10,12 55,+9.4 8.7,+50.5
distance 122m 12.5m -2.2,+1.0; small*** 12.5m 125m  0.2,+1.1; trivial 3.1,+4.2 1.2,+1.3 2.5,+0.6 3.3,+0.6
Change of Direction
meanspeed 1.05ms’ 0.92ms' 14.2,£2.5; mod *¥*** 1.02ms?  0.77m-s' 31.7,£3.0; v.]large**** 8.5,%10 3.5,+1.5 8.5,+1.3 33,+1.7
peakspeed 337ms' 297ms' 13.2,£1.4; vilarge**** 341 ms' 293ms' 16.4,+1.6; v.large**** 5.0,+2.5 2.1,+1.1 3.9,+0.8 3.6,+0.8
mean acc. 1.17m-s? 1.17ms? -0.1,£5.0; trivial 138ms?  1.25ms? 10.3,+5.7; mod.*** 13,+12 -2.2,+6.0 18,+2.9 12,+2.6
peak acc. 3.12ms? 2.86ms? 8.9,+1.9; mod.*¥*** 333ms? 291 ms? 14.4,+2.1; large**** 8.5,+34 5.1,%1.2 6.8,+1.1 24,+£3.4
mean dec. 1.62 ms? 1.50m-ss? 8.3,+5.2; mod.*** 135ms? 0.99ms? 36.4,+6.9; large**** 9.6,+6.1 6.2,+5.6 20,+3.1 8.6,+3.6
peak dec. 329 ms? 2.6l ms? 26.0,44.1; large**** 337ms? 248 ms? 35.9,+4.6; v.]arge**** 11,+£5.3 53,+2.8 10,+1.9 9.1,+1.8
distance 49m 4.6 m 6.3,+1.0; mod. *¥*** 49m 54m 17.7,£1.1; v.]arge**** 5.1,+6.3 2.2,+n.a. 3.8,+0.3 0.0, +n.a.

SDs: standard deviations; CI: 90% confidence interval; n.a., not available.
Likelihood of substantial changes: *possibly, **likely, ***very likely, ****most likely.
Likelihood oftrivial changes: “possibly, “likely, “’very likely, *"most likely.



