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Abstract
Laser-based systems are commonly used to measure running speed in many sports. The resulting output can be used to 
assess performance, profile athletes and measure the effect of coaching interventions. This study aimed to compare the run-
ning speed output from a commercially available laser (Laser Speed, MuscleLAB) with a three-dimensional motion capture 
system (Vicon, Oxford Metrics Group), a commonly recognized “gold standard” method of measuring human movement. 
Conducted on a professional football stadium pitch during daylight, 29 participants completed between one and six straight 
line, high-speed runs (> 6.9 m·s−1) over a distance of about 20 m. Instantaneous velocity was obtained from each system 
and compared across a total of 25,082 samples. Results showed high agreement between the two systems, with a mean root 
mean square error of 0.06 m·s−1 recorded and an association between the systems of r = 0.99. When considered across the 
29 participants, minor differences were noted, with a mean error of 0.03 m·s−1. Higher error tended to be observed as run-
ning speed increased, with low variation in results across different participants. Laser-based speed assessment technology 
presents as an easy to use, relatively low-cost option for the assessment of linear running speed in outdoor team sport settings.
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1  Introduction

Laser and radar-based tracking systems are commonly used 
to measure running speed in athletes [1–4]. These sys-
tems have the advantage of being relatively low cost, easy 
to set up and are non-invasive to the athlete. Before using 
any equipment to measure human performance, an under-
standing of its measurement properties, such as reliability, 
should be obtained [5]. This provides confidence in the data 

provided for various use cases, such as research or applied 
athlete interventions. Of these measurement properties, con-
current validity, the extent to which the system output relates 
to a previously validated measure collected at the same time 
[6, 7], is one of the most important and commonly assessed 
variables. This establishes the extent to which the system 
measures what it intends to measure.

To date, validation of laser and radar devices for the 
measurement of linear running speed has been undertaken 
against a variety of systems measuring concurrently [8, 9]. 
In a first example, times measured at 20 m and 50 m during 
a 100 m sprint using a laser sampling at 2 Hz were not sub-
stantially different from photocells, with a 0.99 correlation 
between systems recorded [8]. In another study, output from 
a laser sampling at 2000 Hz displayed a 0.92 correlation 
with output from photocells, but was slightly lower asso-
ciated (r = 0.86) with a two-dimensional photogrammetry 
system incorporating high-speed video [9]. High-speed 
video has also been used to assess bias and random error 
in a 100 Hz laser at sprint distances of 1, 10, 30 and 50 m 
[10]. Differences were greatest at 1 m (+ 0.41 m·s−1) with 
random error relatively stable across all the distances tested 
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(+ 0.11 m·s−1) [10]. Laser and radar devices have also been 
compared against more contemporary measures of sprinting 
performance, such as the 1080 sprint device [11], which is 
a linear encoder-based unit that attaches to the running and 
samples at 333 Hz. A radar sampling at 46.875 Hz was com-
pared to the 1080 sprint for measurement of force–velocity 
parameters. The 1080 sprint consistently had higher velocity 
recorded than the radar with a bias of 6.3% [11].

Despite this body of work, comparison of laser-derived 
instantaneous speed to that of a criterion, or “gold standard” 
reference system has not yet been reported. Instantaneous 
speed forms the basis of most derived measures used in sport 
and thus should typically constitute the first level of valida-
tion. Laser devices can sample at anywhere between 2 and 
2000 Hz [12, 13], with common data outputs of 100 Hz. 
Consequently, reference systems capable of similar sample 
rates should be used to protect the integrity of data cap-
tured for comparison, without the need for re-sampling or 
extrapolation.

Three-dimensional (3D) motion capture systems are often 
regarded as a criterion measure against which laser devices 
can be compared [14]. Vicon (Oxford Metrics Group Plc 
[OMG], Oxford, UK) has both a high sample rate [15], sub-
millimetre precision of location of reflective markers placed 
on the body [14, 16] and has been used extensively in the 
validation of electronic and performance tracking systems 
in sport [16, 17]. Further, as many athletic performances 
take place outdoors, it is important to establish the perfor-
mance of laser in a stadium environment where performance 
occurs. A stadium may be a challenging location for the use 
of laser, with possible signal bounce from reflective ele-
ments in the stadium and difficulty maintaining the beam 
on the torso of the runner [9]. The aim of this study was 
therefore to establish the criterion validity of a laser for the 
measurement of sprint performance against a 3D motion 
capture system in a stadium environment.

2 � Materials and methods

2.1 � Test procedure

This study was conducted as part of electronic and perfor-
mance tracking system validation commissioned by The 
Fédération Internationale de Football Association (FIFA) 
for the FIFA Quality Programme [17]. Ethical approval to 
conduct the study was granted by the relevant institutional 
ethics committee (HRE16-278). As such, the motion capture 
test volume described in the next section was used for a vari-
ety of activities not included for analysis here. Briefly, those 
activities were a movement circuit, 2v2 small-sided football 
game and a 5v5 small-sided football game [15]. Briefly, the 
circuit consisted of walking, jogging and striding efforts 

in a linear or zigzag pattern, while the small-sided games 
involved players attempting to maintain possession of the 
ball within a 30 × 30 m space. The specific data included 
was obtained from a straight-line sprint, commencing about 
20 m outside the test space to allow participants to reach a 
high speed. At the end of the sprint, participants decelerated 
and continued to run through the outer edge of the capture 
space. Data were collected on 29 players to ensure a suffi-
cient number of trials to facilitate system comparison. Each 
player performed between one and three sprints, the number 
of which was self-selected based on their perceived fatigue 
levels at the time of the test.

2.2 � Three‑dimensional motion capture system

Participant position and movement speed were determined 
by a large-scale three-dimensional motion capture system. 
To track participants, five 38-mm retro-reflective spheri-
cal markers were placed on specific landmarks: one on 
each shoulder and three on the pelvis. The mid-position 
of the three pelvis markers was determined for each data 
frame to approximate the centre of mass of the player [16]. 
Shoulder markers aided in the identification of individual 
participants. The test volume was reconstructed into three-
dimensional space from 42 Vicon Vantage cameras (Oxford 
Metrics Group Plc [OMG], Oxford, UK) with a sampling 
frequency of 100 Hz. The cameras were positioned around 
the 30 × 30 m test area. The Vicon system was used, as 
marker-based systems are considered the gold standard for 
3D motion capture with sub-millimetre accuracy reported 
in large outdoor space test environments [18]. Calibration 
was performed as per standard biomechanical testing [19] 
with a passive wand (using reflective markers) that was 
moved through the testing space until all cameras collected 
sufficient data for this calibration to be achieved. Data for 
each marker were manually labelled in Vicon Nexus motion 
capture processing software and then transferred to Visu-
al3D biomechanics analysis software (C-Motion Inc., Ger-
mantown, MD, USA). Data were interpolated where nec-
essary using the interpolation function in Visual3D with a 
maximum window of ten frames. This duration (0.1 s) was 
deemed to be the longest acceptable gap to interpolate the 
data. Data were then smoothed using a dual-pass Butter-
worth digital filter. The cutoff frequency of 2.5 Hz was cho-
sen based on the results of wavelet analysis, residual analy-
sis and visual inspection of the effects of different cutoffs 
on the data (particularly around the maxima and minima). 
The lower end of these analyses was chosen (between 2.5 
and 5.0 Hz was indicated) as it served to reduce the effects 
of the intra-step velocity fluctuation, thereby providing a 
better estimate of overall velocity. This approach of overall 
velocity estimation is directly relevant to the method used by 
practitioners to quantify running velocities in which they use 
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bands (e.g. distance run within a certain velocity band). Data 
(speed) were cropped to the start and finish of the sprint 
to allow for aligning temporally with those from the laser 
system.

2.3 � Laser

The laser speed (MuscleLAB, Stathelle, Norway) was 
selected for use in the study. Studies have compared output 
(velocity, contact time, flight time, step length and step fre-
quency) from this device with that of an infrared contact mat 
[20] as well as a force plate and three-dimensional inertial 
measurement unit system [21]. The device was positioned 
about 5 m directly behind the starting line at a height of 
1 m to approximate the athlete’s centre of mass location 
on a tripod. The laser manufacturer’s proprietary software 
(MuscleLab, Stathelle, Norway) was programmed so that 
the trial would ‘self-terminate’ collection once the partici-
pant had reached 40 m. Using the laser’s optic-reflective red 
dot sight, one member of the research team experienced in 
using the laser system tracked the participant, positioning 
the site between the scapulae. A clearly marked sprint lane 
was displayed through the Vicon capture space, to encour-
age participants to run in as straight a line as possible and 
for the laser beam to remain focussed on the participant for 
the duration of each run. Following completion of the sprint 
effort the 100 Hz speed time data was exported for analysis.

2.4 � Statistical analysis

3D motion capture raw position data were differentiated to 
obtain horizontal plane speed using a three-point finite cen-
tral difference formula [22]. 3D motion capture and laser 
data were time synchronized using cross correlation of 
speed data [23]. Once synchronized, data were trimmed and 
extracted into individual data files, which typically consti-
tuted between 200 and 300 data points per trial. Speed data 
were compared through calculating the mean differences 
between the two datasets and the root mean square error 
(RMSE): the sample standard deviation of the differences 
between 3D motion capture and laser. For each individual 
file, the RMSE was calculated as the root of the mean of the 
squared difference between the speed from the 3D motion 
analysis and laser data. Descriptive statistics (mean, standard 
deviation [SD], median and range) were obtained across all 
data points for both the laser and 3D motion analysis sys-
tems. Pearson’s correlation coefficient was used to identify 
the strength of the relationship between the two datasets. 
Differences between the laser and Vicon for each partici-
pant trial were displayed using Bland–Altman plots, with 
the mean bias and 95% confidence interval also shown. The 
datasets generated during the current study are available 
from the corresponding author on reasonable request.

3 � Results

A total of 82 individual files were assessed for 29 individu-
als (between 1 and 3 per participant). A total of 25,082 
samples were compared between Vicon and laser data, 
all at a speed greater than 6.9 m·s−1. Overall, the RMSE 
between laser and the Vicon criterion was 0.06 m·s−1. A 
scatterplot displaying all samples is shown in Fig. 1. Mean 
speed ± SD for all data points was 8.58 ± 0.02 m·s−1 for 
Vicon and 8.62 ± 0.02 m·s−1 for the laser. The median 
speed and range were 8.56 (7.08–9.51) m·s−1 for Vicon 
and 8.60 (6.92–9.57) m·s−1 for the laser. Pearson’s correla-
tion coefficient between the data points collected from the 
two systems was r = 0.99 with a 95% confidence interval 
of r = 0.9947–0.995.

Individual participants’ mean differences between the 
two systems are reported in Fig. 2 (mean ± 95% confi-
dence limits). Differences between the laser and Vicon 
for each participant trial were displayed using Bland–Alt-
man plots, with the mean bias and 95% confidence interval 
also shown (Fig. 3).

4 � Discussion

This study validates the accuracy of a commercially avail-
able laser against a criterion measure in a stadium environ-
ment. The laser tested showed acceptable accuracy for the 
measurement of linear running speed greater than 6.9 m·s−1, 
with values recorded similar or lower to those reported in 
the literature for many electronic player tracking systems 
(EPTS) currently used in team sports. These results were 
further affirmed through examination of the association 
between the two systems, with an extremely strong positive 
relationship noted in both the correlational and regression 
analyses. This indicates for many applied purposes, the laser 
may be used interchangeably with the Vicon system, when 
used under the same circumstances outlined in this paper.

Of the few studies that have attempted to validate the 
accuracy of lasers for sprint running performance, all have 
utilized correlational analysis [8, 9]. For example, laser was 
nearly perfectly correlated (r = 0.99) with photocells for time 
to 20 and 50 m [8]. Further, there were strong to nearly per-
fect correlations between laser and video for mean (r = 0.96) 
and maximal velocity (r = 0.87) and mean velocity at 0–10 
(r = 0.93), 10–20 (r = 0.97) and 20–30 m (0.99) [9]. Inter-
estingly, the strength of the correlation here increased with 
greater distance covered, which is associated with a more 
constant running speed being achieved [9].

There is limited value for practitioners in the use of 
a correlation for validation, as the magnitude of error 
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Fig. 1   The distribution of speed 
error versus speed measured by 
laser against the criterion three-
dimensional motion capture 
system. Density is used rather 
than individual data points to 
account for the high number of 
samples collected

Fig. 2   Mean error comparison 
of laser against the three-
dimensional motion capture 
system by participant. Data are 
mean error ± 95% confidence 
intervals. Note that participants 
completing only one trial have 
not been visualized
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between the two systems cannot be determined. To that 
end, the difference between photocell and laser measures 
of average speed of 0–10, 10–20 and 20–30 m was also 
calculated by Ferro et al. [9]. Average speed was higher 
measured by laser between 0 and 10 m despite a high cor-
relation, but not substantially different between 10–20 and 
20–30 m [9].

It is also difficult to position the results of the laser from 
this study to the broader EPTS industry. Published data from 
commercial EPTS contains a broader array of activities than 
the simple straight line, with relatively constant speed run-
ning used here. Notwithstanding this, the accuracy of speed 
measurement can be described against the state of the art in 
EPTS. Compared to EPTS, we found the laser speed to be 
more accurate than the Gen4 (RMSE: 0.09 m·s−1) or Gen 
5 (RMSE: 0.08 m·s−1) Chyron Hego TRACAB system [24] 
and also STATS Optical SportVU (RMSE: 0.41 m·s−1), 
Inmotio LPS (RMSE: 0.25 m·s−1) and GPSportsSPI Pro X 
(RMSE: 0.28 m·s−1) [13].

The performance of the laser tested in our study 
endorses its use for the measurement of sprint running 
performance, but also the derivatives from instantaneous 
speed measurement. For example, instantaneous veloc-
ity can be used to determine the mean speed for a given 
distance [9, 10], horizontal force–velocity profiles [4] or 
potentially acceleration [25], including counts [26], dis-
tance [26, 27] or acceleration load [28]. The minor varia-
tion in error between and within participants is also likely 
due less to system issues and more so those participants 
not running in a direct straight line for each trial. It is plau-
sible that the experience of the operator of the laser device 
could influence the quality of data recorded during a sprint 
event. To improve the quality of data, it is suggested that 
operators become familiar with the collection of linear 
speed data prior to a scheduled testing event.

Unlike some EPTS systems, the laser is relatively cost-
effective, but also portable and quick and easy to setup 
and utilize. In the applied setting, each of these features is 
important, where training and testing schedules and ven-
ues can change with little notice.

Fig. 3   Bland–Altman plot 
representing mean differences 
by trial between the Vicon 
and laser systems relative 
to the observed mean value 
from Vicon and laser systems. 
Mean bias is represented by 
the blue-dashed line, with 95% 
confidence intervals shown as 
red-dashed lines
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5 � Conclusions

The laser provides acceptable accuracy compared to a cri-
terion motion capture system for the measurement of linear 
sprint movement. The accuracy of the laser exceeds that of 
commercial EPTS for linear speed assessment; consequently, 
the laser could be used to establish the concurrent validity 
of EPTS for the measurement of sprint speed and for other 
purposes such as training and testing in the field.
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