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Headline

he desire to deepen the understanding of sports perfor-

mance has led to the proliferation of technology. Within
this, tracking technology enables the objective capture of work
completed by athletes independent of their internal charac-
teristics, which is labelled external load (1). Such data en-
ables practical applications that include quantifying physical
demands, objectifying training prescription, monitoring indi-
vidual training load, and assisting with rehabilitation.

Aim

Several types of tracking systems have emerged since the
1970s, while include notational analysis (2), multi-camera
systems (3), and microtechnology devices (4). Professionals
tasked with managing these systems have a responsibility to
understand data collection, processing, and analysis as it per-
tains to athlete preparation within their specific setting.

In order to select and utilise impactful technologies, under-
standing the methodologies, requirements, and differences be-
tween systems should be thorough. Knowledge of hardware
(e.g., satellites/anchors, receivers/devices, network require-
ments) and software (e.g., system operation, firmware version,
metric definition) will better prepare users to understand the
subsequent advantages and disadvantages of the data. During
the technology selection process, practitioners should consider
the context, regulations, and culture of their specific sport
and organisation. Thereafter, practitioners must be knowl-
edgeable in data collection, processing, analysis, visualisation,
and communication, in order to transform data into meaning-
ful and actionable information for athlete management.

In this paper, we provide an overview of the emergence and
development of different tracking systems. Considerations for
a systematic approach to data processing and collection are
also presented.

Types of Tracking Systems

In the following section, the methodologies of the most com-
monly utilised player tracking technologies within team sport
settings are discussed. By means of comparison, Table 1 pro-
vides an overview of these characteristics. Here, we define
tracking systems as those that quantify external load within
the training environment. Therefore, monitoring systems that
quantify internal load (e.g., heart rate), track segmental move-
ments (e.g., force plates or motion capture) or capture training
load response (e.g., subjective wellness) are not included.

Global Positioning Systems

Global Positioning Systems (GPS) provide measures of dis-
placement, velocity, and acceleration by using a satellite net-
work, which was initially used by the US Department of De-
fense, and have since been validated for use in sport (5). A
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GPS device constantly receives the exact time, based on the
atomic clock, via radio signals transmitted by these satellites
at the speed of light (6). The difference in time between the
satellite and GPS receiver is used to calculate the signal travel
time and therefore, distance from the satellite to each receiver
(6). A minimum of four satellites is required (nine is preferred)
to calculate the exact position via trigonometry, expressed as
latitude and longitude (7).

Once the position is known, the displacement over a given
epoch can be used to calculate instantaneous speed (velocity
of a movement) (5). Velocity is calculated via the Doppler-
shift method, which refers to a change in frequency of the
satellite signals caused by the movement of the receiver (8).
Doppler-shift is frequently preferred to positional differentia-
tion (the derivative of distance caused by the change in device
location) owing to greater accuracy and lower error (9). Us-
ing the Doppler-shift method, distance and acceleration can
be derived from velocity (10).

There are three key factors that influence GPS quality: i)
the line of sight from GPS receiver to satellite, ii) the signal
strength and iii) the horizontal dilution of precision (HDoP)
(11). The line of sight is affected by structural interferences
(e.g., stadium obstructions) as GPS signal will not travel
through metal or concrete (7). The signal strength is de-
termined by both the number of satellites connected to the
receiver and their orientation within the atmosphere, with a
signal greater than 40 decibels ideal (12). Manufacturers have
attempted to improve data quality through the integration
of both the United States GPS and the Russian GLONASS
(GLObal NAvigation Satellite System), which together dou-
bles the number of available satellites. Finally, the HDoP
refers to the geometrical arrangement of satellites, whereby
one satellite is positioned directly overhead and the others are
evenly spaced, with less than 1.0 representing ideal positioning
(11).

GPS validity and reliability can be compromised by move-
ments that require shorter durations, higher velocities and/or
more complexity (5). Such movements may be the most crit-
ical to a sporting context, as well as being the most physi-
cally demanding. Therefore, practitioners are presented with
a paradox in that the most vital movements may be the least
accurately quantified. In an attempt to address this, hardware
improvements, including higher sampling frequencies (13), up-
dated GPS chipset and antenna providers, and more power-
ful microprocessors have enhanced the quality of GPS data
(7). Additionally, manufacturers frequently release enhanced
firmware that control hardware operation, but practitioners
should be aware such changes may affect the data output (10).
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Optical Tracking Systems

Optical tracking (OT) uses multiple cameras placed around
the playing environment to collect computer video analysis
that determines the 2-dimensional coordinates (2D; x, y) and
trajectories of all moving objects (3). The camera setup, in-
cluding position, orientation, zoom, and field of vision, are
fixed upon installation to ensure an all-encompassing vision
of the playing area, with at least two cameras covering ev-
ery area (14). Sampling frequencies vary between systems
with between 10 and 25 Hz reported (3, 15). Early OT was
semi-automated as it required operators to code activities (3).
However, more recent solutions utilise machine learning and
computer vision techniques to calculate location data without

the need of manual operators (16). By employing a camera
system, OT does not require the athletes to wear any technol-
ogy, which is especially pertinent in sports that prevent the
use of these in competition.

Despite the appeal of a non-invasive solution, OT presents
some limitations (Table 1) (17). Given the system perma-
nence, teams may be limited to competition and/or home
venue data. Users may not receive tracking data until 36 hours
after competition, due to post-event processing, although some
systems now offer real-time analysis (17). Despite extensive
research on early OT accuracy (3, 14), more recent technology
has been introduced into sporting competition despite a lack
of peer-reviewed precision research (16).
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Table 1. Comparison of Characteristics Across Different Tracking Systems.

GPS oT LPS IMU
The? tra.wel fime of Camera system Anchors placed Multiple microsensors
radio signals around the playin around the detect movement on
METHODOLOGY transmitted by the - paying environment .
. environment tracks . . the body upon which
satellites to GPS . triangulates radio
. coordinates . . they are placed
tags/devices. signals with tags
Displacement, Reception time of Accelerometer —
distance via known Trajectories of moving  signal used to acceleration o
time between Satellite  objects from which determine location Gyroscone — aneular
MEASUREMENT and GPS tag. Velocity distance, speed, and from which distance, ve}llocit pe = angu
via Doppler-shift. acceleration are speed, and Ma ne}tlometer -
Acceleration derived derived acceleration are 28 tati o
from velocity derived orientation
Raw accelerometry
SAMPLING 1-15 Hz (Greater than
FREQUENCIES 10 Hz recommended) 10-25 Hz data at 500-1000 Hz,
reported as 100 Hz
DIMENSIONS 2D (x,y) 2D (x,y) 2D (x,y) 3D (x,y,2)* 3D Triaxial (x,y,z)
PLAYING OBJECT
TRACKING In progress Yes Yes #N/A
SETTING Outdoor Indoor, Outdoor Indoor, Outdoor Indoor, Outdoor
PORTABILITY Yes Lacking Lacking Yes
High costs,
Accuracy in fiemandmg Susceptibility to Alone will not provide
movements that infrastructure . . .
. . potential electronic detail of global
KEY require shorter requirements, lack of interference and /or movement tasks
LIMITATIONS durations, higher portability, post-event S

velocities and/or more
complexity

processing, lack of
peer-reviewed validity
and reliability studies

signal instability, lack
of portability

regarding overall
distance/speed.

Local Positioning Systems

Local positioning systems (LPS) provide location information
on an object or a person within a space covered by a local area
network (15, 18). In sport settings, LPS triangulate signals
between anchors placed in an elevated position and electronic
tags worn by the athlete. The system provides information
about athlete position at a given time by their 2D or, in some
cases, 3-dimensional (3D) coordinates.
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Radio Frequency ldentification

Radio frequency identification (RFID) technology has been
commercially available since the 1970s however, it was not
until the early 1990s that it entered sport, initially for timing
mass running events. RFID refers to a wireless system com-
posed of antennae (or anchor nodes) that emit radio waves,
and tags that return signals to communicate their identity
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(17). The reception time between the antennae and tag is
synchronised and used to determine location, with the data
immediately processed by a central computer (17) . Types
of RFID systems differ by radio frequency signal; low- (30-500
KHz), high- (3-30 MHz), ultra-high-, and microwave frequency
(including ultra-wideband; see below).

The advantages of RFID include commensurate perfor-
mance across indoor and outdoor venues (19) and advances
in accuracy and processing speed over other tracking devices
(20). However, as with other LPS, RFID is most reliable when
the system is permanent therefore, it lacks portability and re-
quires installation that can be costly (21). When a compatible
portable system is available, it can involve a time-consuming
setup and requires calibration for 3D data. Additionally, if
a playing implement is used and not endowed with a tag, it
is not possible to provide tactical information related to the
object.

Ultra-wideband Local Positioning System
Ultra-wideband (UWB) is a type of RFID that transmits short
pulses via radio signals, specifically, using a bandwidth greater
than 500 MHz or greater than 25% of the centre carrier fre-
quency (21). It provides greater precision than other RFID
systems, owing to better ability of the signal to pass through
obstacles and greater resistance to interference (21). UWB
also provides lower power consumption, higher data rate trans-
mission and may cost less than alternatives (22).

Inertial Measurement Units

Inertial measurement units (IMU) typically consist of an ac-
celerometer, a 3D gyroscope (to determine angular veloc-
ity) and/or a magnetometer (to measure the orientation with
the Earth). Most athlete IMU contain a triaxial piezoelec-
tric linear accelerometer that measures 3D (anterior-posterior,
medial-lateral, and vertical) acceleration of the body or body

segment to which the sensor is placed, expressed as G-force
(where 1 G = 9.81 m.s™?) (23).

In order to provide timely data processing, accelerometers
usually report sampling at 100 Hz (24), however often the raw
data sampling is much higher (e.g., 500 Hz — 1000 Hz). The
signal obtained from the sensor is usually filtered to reduce
noise. Physical activity can be obtained by classifying the vol-
ume and intensity of the signal in a specific time interval (25).
In addition, manufacturer-specific, vector-magnitude metrics
derived from the triaxial accelerometer, such as PlayerLoad ™™
or BodyLoad™ (26), are often used to represent external load
(23).

The combination of data from accelerometers, gyroscopes,
and magnetometers, coupled with increased sampling rates
and machine learning, is increasing the accuracy of fine move-
ment detection (27). As such, the ability to capture locomotor
activities such as sprinting and changes of direction (28), as
well as sport-specific movements, including rugby collisions
(29), ice hockey strides (30) and specific skill-based activities
(31), have been enhanced. The detection of such demands,
along with the ability to derive these measures while both in-
doors and outdoors, highlight a number of advantages of IMU
over other technologies.

Data Processing

Often not enough attention is placed on the data processing
techniques that calculate the myriad of metrics available via
tracking technology. Filtering, threshold selection, and effort
detection rules are important components for defining high-
speed and high-intensity efforts, which are of great interest to
practitioners given their association with neuromuscular de-
mands, performance outcomes and fatigue (32, 33). However,
these definitions are often not included within the literature
and there exists a lack of uniformity across and within sports.
Becoming familiar with these settings will enable practitioners
to select settings relevant to the context of their environment.

A B

1S Threshold | VIIS Threshold | Distance Covered (m) LS WHS mVHS
Reference (km/h) (km/h) 5000 10000
gusc}hhcuct al. 14.4 19.8 —
Dwyer &
Gabbett, (38) 19.4 20 |
Linke et al.
(15) 20.0 25.0 |
Lovell & Abt
(41) (Ab) 144 19.8 o
Lovell & Abt

: : .

(41) (Rel) 113 14.8
Varley et al.
(36) 19.4 252 n

Fig. 1.

Select high-speed running thresholds (A) from a group of studies with similar subjects (sport, sex) and (B) a

visual comparison of distance within corresponding bands applied to a single hypothetical tracking file.
Ab = absolute thresholds; Rel = relative thresholds; LS = low speed band (light grey); HS = high-speed (dark grey);

VHS = very high-speed (black)

sportperfsci.com

SPSR - 2022 | Mar | 159 | v1

afORMG,
€ G

$Pog,.

[\



Tracking Systems in Team Sports

Filtering
Raw, unfiltered data is subject to a degree of noise that adds
error to a signal. Therefore, to accurately analyse velocity
or acceleration data, filtering is required to ensure the signal
resulting from human motion is detected (34). A variety of
filters can be applied to velocity data however, manufacturers
may not disclose information regarding the technique used.
Acceleration derived from velocity is also smoothed at a time
interval set within the software (e.g., 0.2-0.5 s), whereby the
wider the time interval, the greater the smoothing of the data.
Most manufacturers recommend frequent updates to apply
bug fixes, feature enhancements and filtering improvements
and yet, slight adjustments to these settings can have a no-
table effect on data output (10, 35). While filtering is often
discussed in relation to GPS, it is important to note that OT
and LPS may also use filtering techniques that merit consid-
eration.

Thresholds and Bands

Velocity and acceleration efforts, particularly those at greater
magnitudes, are of interest to practitioners given the increased
importance on match outcomes and energetic demands of such
movements respectively (36, 37). Threshold selection refers to
a series of lower and upper limits that define a band, which
are commonly set across metrics (38). These bands allow for

v v X

Effort Datection
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Critaria MED Time out window MED Tirne aut window MED
Tima (&) 0.E 12 08 0.E 0.8
WHS Effort & o 1 Q
HE Effort £ 1

Time cut window MED

qualitative descriptors to be assigned, typically based on a
form of intensity (e.g., very low, low, moderate, high, and very
high) (39). However, there is a lack of consensus in defining
these thresholds and consequently large discrepancies exist,
even within the same sport (37) (Figure 1).

Traditionally, thresholds have been determined arbitrar-
ily by using absolute measures however, growing interest ex-
ists in individualised thresholds (40). An overestimation of
high-speed distance has been demonstrated with an absolute
threshold compared to individualised thresholds, determined
by a treadmill test to exhaustion (41). However, Lovell and
Scott (2018) highlighted the additional challenge practition-
ers face in obtaining an appropriate and up-to-date maximum
value for each individual to apply to relative thresholds (42).

While manufacturers may now enable both absolute and rel-
ative threshold settings, it is important practitioners assess the
demands of their sport and population when selecting appro-
priate bands. Manufacturer defaults may not always be appli-
cable for practitioners within their sporting context. While,
equal bandwidth thresholds, such as 5km/h bands, have been
advised (37), new data mining techniques provide a potential
avenue for defining more appropriate band settings, although
meaningful differences in outputs between different statistical
approaches remain (7, 42).

v X

Tiirme cut window MED

X
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Fig. 2. Acceptance criteria demonstrated for velocity effort detection where, 1) minimum effort duration, or ‘dwell
time’, is set at 0.5 seconds, and 2) time out window is set to greater than 1 second. Note, these time windows are for
illustration only and may differ accord to manufacturer. Green shows the acceptance criteria is met; Red shows that it

is not. HS = high-speed; VHS = very high-speed

Effort Detection

While distance-aggregates within bands require only a lower
and upper threshold limit, effort detection requires multiple
rules. These may include determining time periods for the
minimum effort duration (MED) and a time out window be-
tween efforts (Figure 2). The MED, or ‘dwell time’, determines
the minimum duration by which the athletes must exceed a
threshold to count as an effort (10). A MED of 0.5 s has been
suggested to detect high-speed running efforts (37). Histor-
ically, detection has required a one or two band drop below
the current threshold post-MED to register an effort. A time
out window can specify the minimum time required to elapse
before an effort is counted as a separate effort to the previous
one. These rules are an attempt to ensure potential erroneous
spikes are not incorrectly captured as efforts and to avoid mul-
tiple effort detection for what is in reality a single effort, as

sportperfsci.com

velocity or acceleration may oscillate around a threshold. It is
imperative practitioners seek out these settings to understand
how their system is defining efforts, especially when integrat-
ing data from different systems.

Data Collection and the Need for Systematic Process

Having “unpacked the black box” (7) to understand data pro-
cessing techniques employed, the onus is now on the practi-
tioner to establish a consistent approach to their workflow.
Their primary responsibility is to ensure their process enables
accurate data collection, especially if decisions around player
management are to be based upon such information. Further-
more, promoting clean and organised data will enable more
time to be spent on analysis, interpretation and communica-
tion. A summary of these considerations is shown in Table
2.
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Pre-session Considerations

Despite that manufacturers often deliver systems in an imme-
diately operational state, it is imperative to review the set-
tings before use. It is recommended to review features such
as the synchronisation time (especially when receiving new
tags), system modes (e.g., indoor/outdoor), and the data pro-
cessing settings discussed in section 3. Practitioners may wish
to document their preferred settings and data collection steps,
in order to ensure a replicable workflow, especially if other
colleagues may also be tasked with running the system.
Considerations relating to tag setup in preparation for track-
ing a session are provided in Table 2. Since questionable
between-device reliability has previously been demonstrated,
it is recommended to assign the same tag to the same athlete

where possible (11, 35). Practitioners should build time into
their workflow prior to the session to allow them to validate
tag switch on, athlete mapping, and anchor/satellite visibility.

The specific location of the tag on the athlete can vary de-
pending on the manufacturer and the algorithms used for cal-
culating metrics. For garment setup, it is worth noting that
while custom-built pockets in jerseys have become common-
place, they may increase incidental unit movement, as demon-
strated by increases in accelerometer loads across standardised
running, agility, and tackling drills, compared to data collec-
tion via manufacturer-provided vests (43). This provides an
example of an accuracy-practicality trade-off, whereby prac-
titioners should give pause to the most practical solution for
their setting without too much loss in precision.

Table 2. Checklist for Promoting Clean Tracking Data.

Session Time Point

Considerations for Practitioners

Have I reviewed the manufacturer instructions?

System Setup

Have I reviewed, where available, the filtering and smoothing utilised

by this manufacturer?

Have I determined and set suitable thresholds/bands and effort
detection settings for my population?

Have I tested the system operation and data collection process prior

to use with athletes?

Where necessary, have I synchronised the time on all tags?

Is every tag charged, mapped and labelled for the assigned athlete?

Pre-session

Where possible, have I used the same tag for the same athlete?

Is every tag set to turn on at a sufficient time before the session?
Where automated turn-on not possible, have I planned when and how
I will switch the tags on?

Is the garment suitable sized for the assigned athlete and holding the
tag in the correct position and/or orientation?

Have I verified tag switch on prior to or at the start of the session?

Within-session

Have I created the drills with accurate start and stop times?

Have I managed each athlete correctly (e.g., benching, rehab, extra

workload, etc.)?

Have I correctly named and categorised the session and drills
according to a systematic typology? Can I use a pre-populated list in
the software or on the computer?

Have I checked for errors and removed bad data?

Post-session

Have I logged data precision information (e.g., signal strength, HDoP)
and software and firmware versions?

Have I successfully integrated the data with reporting and/or data
management systems?
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In-session Considerations

While tracking a session, there are often software features
available that can promote clean data, minimise administra-
tive time after the session, and facilitate insightful and efficient
data analysis. Firstly, there is an opportunity to label the ses-
sions with attributes that assist in retrospective analysis by
describing the session (see Table 3).

A drill typology opens potential avenues for analysis, in-
cluding workload comparison (44), assessing readiness by nor-
malising drill outputs by player (45), and monitoring athlete
response using standardised drills (46). Table 4 outlines po-
tential categories and associated examples from a range of
sports that may be considered. Maintaining consistency in
naming structure, including the case used (e.g., upper, lower,
sentence), is advised. Where possible, it is recommended to
set up a pre-populated list of drill categories and/or names,

to enable uniformity and speed-up naming. For the afore-
mentioned applications to be accurate, the drill timings and
participants need to be precisely aligned.

Perhaps the greatest challenge facing the practitioner during
a session within the team setting is tracking each individual.
Athletes may need removing from a drill or entire session if
they cease to participate, to ensure data is not skewed by a
missing participant. Alternatively, athletes regularly carry out
extra drills before and/or after the main team session, which
should be captured for longitudinal load monitoring. Such
work should be labelled appropriately to allow for removal
from analysis when only structured, coach-led training is of
interest. This also applies to athletes undergoing rehabilita-
tion, who should have their sessions captured and named in
a consistent manner that enables inclusion or exclusion from
analysis as required.

Table 3. Examples of Session Level Attributes.

Category Examples

Session Type

Game/Match, Training/Practice, Rehabilitation,
Fitness Test

Category D+1/D-2, G-3, Strength, Day Before Game
. Pitch 1, Field 2, Main Court, Rink 2, Indoor,
Location .
Stadium
Surface Grass, Synthetic, Sand, Court
Equipment Boots/Cleats, Trainers/Sneakers, Pads, Helmets
D = Day; G = Game
Table 4. Examples of Drill Typology
Category Examples
Tyvpe Team, Individual, Technical, Tactical, Physical,
M Rehabilitation
Drill/Period Wah'lrm—up7 Possessu.)n7 Shooting, 3rd Down,
Scrimmage, Defensive
10v10+GKs, 7v7,9 on 7, 1 on 1s, 5v6+5+GK,
Numbers .
Individual
Space 80x50yd, 30x20m, Half Court, Full Court,
p Penalty Area
Descriptors Coach encouragement, Walk-through, Two-touch

GK= Goalkeepers
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Post-session Considerations

Where the workflow detailed above is attentively followed, the
post-session data management processes should be stream-
lined. Nevertheless, practitioners should investigate the qual-
ity of the data post-session for errors and spikes. Where
the system allows, descriptive information relating to the
data quality (e.g., GPS signal strength and HDoP) should be
logged.

Tracking data may be integrated with an athlete data
management system to allow for analysis and communica-
tion alongside other sources of information. The practitioner
should consider how missing data (e.g., for a specific drill due
to an error with the system or a completely missing session
due to a device not working/being worn) will be handled,
particularly for the purposes of longitudinal load monitoring.
Interested readers are directed to a review by Broman and
Woo (47) in which data organisation techniques (e.g., variable
names, categories, and units, managing date formats, struc-
turing tidy data, and using a data dictionary) are discussed.

Practical Applications

® While practitioners may be tempted to dive straight into
tracking data analysis, this article demonstrates the im-
portance of understanding the characteristics of different
systems and settings.

® Each technology differs in how it tracks athletes and subse-
quently, each offers varying advantages and disadvantages
for tracking external load. In particular, how a technology
and/or manufacturer processes the data should be consid-
ered within the sporting context.

® The filtering processes, velocity /acceleration thresholds for
band selection, and effort detection rules should be ex-
plored, given that the manufacturer-specific defaults may
not be best suited for the specific sport, team, or athlete(s)
in question.

® The potential applications for tracking data will only be en-
abled if a systematic process to data collection is employed.
This process can include utilising a pre-session checklist,
along with a sport-specific typology for session and drill
classification, to ensure consistent and accurate collection.

Twitter: Lorena Torres-Ronda (@lorenatorres07), Jo Clubb
(@JoClubbSportSci), Emma Beanland (QEmmaBeanlandl)
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