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ABSTRACT
The aims were: (1) to determine the accuracy and time-consuming of the automatic digitalization feature 
of 3D motion analysis systems; and (2) to determine the reliability of the 3D position when a football 
player performed a hard kick with spin. Four high-speed cameras (Casio ZR200 (512x384)) with a 240 Hz 
field rate were used. Automatic scanning of the Kinovea® and APAS® software was used. The accuracy was 
determined through mean absolute error, maximum absolute error, mean standard deviation of absolute 
error, and the variability values. The reliability was calculated with the Intra-Class Correlation. The mean 
absolute error (3.62 to 3.78 mm), maximum absolute error (9.09 to 11.61 mm), mean standard deviation of 
absolute error (0.01 to 0.59 mm), variability values (<1 mm), and the auto-digitalization time (16 to 
31 minutes) were calculated and were within the values obtained in the literature. The reliability was 
determined with the Intra-Class Correlation, and the results were higher than 0.90, warrantied a high 
consistency for chosen software. The accuracy and the reliability intra-operator were determined, and the 
results indicated that it is possible to apply the free 3D camera system, with consistency in free-kick 
analysis.
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Introduction

Many software that performs human motion three-dimensional 
analysis are marketed and have similar features. The difference 
between them is the price, the accuracy and the consistency, 
and the characteristics associated with it (Ehara et al. 1995, 
1997).

The accuracy, referenced to most of the literature, is deter
mined by the statistical parameters, such as absolute error, 
maximum absolute error, median, square root, coefficient of 
variation, and the time (Klein and DeHaven 1995; Ehara et al. 
1995, 1997; Richards 1999; Papic et al. 2004; Chiari et al. 2005; 
Wilson et al. 2012; Robertson et al. 2014).

The reliability is the characteristic that determines the 
observed value when the evaluation is repeated (Hopkins 
2000) and may calculate the degree of agreement between 
sets of observational data collected independently from the 
same scene by two different observers (inter-observer agree
ment) or by the same observer (intra-observer agreement) 
(Jansen et al. 2003). The literature indicated the statistical 
tests, such as the correlation tests to determine the reliability 
(Scholz 1989; Brosseau et al. 1997; Keeley et al. 2011; Serrano 
and Fernandes 2011).

Vander Linden et al. (1992) suggested that determining the 
accuracy parameters of the motion analysis systems should be 
performed before the data collection. Klein and DeHaven 
(1995) indicated that the determination of the error of the 

motion analysis systems is possible to quantify. The error 
obtained through the accuracy may create new applications, 
such as calibration volume smallest or new filters or smoothing 
to solve problems as the phenomenon of lens distortion (Chiari 
et al. 2005). The technology has evolved, the motion analysis 
systems have new features, and further research proposals 
have emerged, such as the calculation of the error and the 
time associated with these new features (Klein and DeHaven 
1995; Richards 1999; Wilson et al. 1999).

Ehara et al. (1997) indicated the importance of the error 
calculation of these motion analysis systems, during the 
human walking task, in healthy people. The determination of 
the error for each system, each task, and/or each environment 
is suggested because it is expected that the error results are 
different for each constraint. So, these results can help to select 
an appropriate motion analysis system and to quantify the 
associated error. Brosseau et al. (1997) and Serrano and 
Fernandes (2011) determined the reliability in a physiotherapy 
instrument and in a video analysis system, respectively. These 
authors suggested the possibility of using these instruments 
without changing the accuracy and consistency in the different 
analyses. To study the accuracy and consistency in the Kinovea® 
system with Scilab® routines is necessary. Therefore, the pur
pose was (1) to determine the accuracy and the time- 
consuming of the automatic digitalization feature of 3D motion 
analysis systems, and (2) to determine the reliability of the 3D 
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position in Kinovea® system with Scilab® routines, when 
a football player performed a hard kick with spin.

Methods

The present work consisted of cross-sectional analysis, in which 
it was intended to analyze the accuracy and time-consuming of 
two 3D motion analysis systems, as well as to analyse its con
sistency regarding a common soccer motor task (i.e. hard kick 
with spin). The same instruments, distances between the cam
eras, and calibration volume were considered.

Instrumentation

Systems tested
The systems tested were the Kinovea® system with Scilab® 
routines (Software 1, free software) and the Ariel APAS® (Ariel 
Dynamic) (Software 2). As the Kinovea® system is a bi- 
dimensional software, so extracting bi-dimensional coordinates 
(XY) for each camera, so the Scilab routines were used to 
convert these bi-dimensional coordinates into three- 
dimensional coordinates (XYZ), through the three- 
dimensional direct linear transformation method (3DDLT) 
(Abdel-Aziz et al. 2015). The Ariel APAS® software was consid
ered for this study because it is one of the most used motion 
analysis systems in the kinematic analysis, and it is used only as 
a reference for validity.

Material used
To capture the volume and the free-kick motion, four high- 
speed (HS) cameras, Casio ZR200 (512x384), with a capture 
rate of 240 Hz, were used. The white light markers 
(diameter = 1 cm and height = 1.5 cm), developed in the 
university laboratory, were used to ensure the automatic char
acteristic better. Also, it was used a measuring tape to measure 
the real coordinates of the calibration volume.

Procedures

Determine the accuracy
The accuracy was performed in the laboratory, following the 
experimental design presented in Figure 1(a), considering the 
calibration volume (Figure 1(b)). The same structure (Figure 1 
(b)) was used to determine the accuracy parameters. The light 
markers were placed in each calibration point with a tape, and 
all points were viewed by all cameras. The real coordinate value 
was considered (Table 1) to compare with the values obtained 
through the motion analysis systems (Figure 2). For both 
motion analysis systems, all points were digitalized, and the 
analysis was performed twice (test 1 and test 2).

Determine the reliability
The reliability of the automatic digitalization of the motion 
analysis system was determined during the execution of 
a hard kick with spin performed by a professional football 
player. This motor task was carried out in the field. The 
environment for task execution had a goalkeeper and an 
artificial barrier with five static mannequins. The football 
player was instructed to make a goal. It was used an experi
mental design (Figure 3(a)), and the calibration volume 
showed in Figure 3(b) (141.5x198x283cm). The biomechani
cal model was applied according to De Leva (1996), and the 
landmarks were fixed with Velcro tape to ensure a good 
holder (Figure 4).

The football player was tested, and the initial criterion was 
five frames before the ball contact of the dominant foot in the 
last stride, and the final criterion was five frames after the foot 
contact with the ball.

The protocol used to determine the reliability was: (1) the 
calibration volume was placed to cover the two last steps 
before the kick on the ball; (2) the calibration volume was 
recorded; (3) the subject was prepared with the landmarks 
and (4) the athlete performed the task.

Figure 1. a) The experimental design applied to determine the accuracy and the reliability; b) Calibration volume used to determine the accuracy.

Table 1. Real coordinate points of the volume calibration used to determine the accuracy.

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12

X (m) 0 0.705 1.410 1.410 0.705 0 0 0.705 1.410 1.410 0.705 0
Y (m) 0 0 0 0 0 0 1.375 1.375 1.400 1.415 1.390 1.415
Z (m) 0 0 0 1.415 1.415 1.415 0 0 0 1.415 1.415 1.415

P – Point; m – meters;
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To verify the reliability, two digitalizations of the same video 
were performed on different days (Figure 5).

Statistical analysis

Descriptive statistical analysis was used to determine the accu
racy. The mean calculation was used to describe the center of 

values obtained through the analysis of all frames in each soft
ware and each test. The absolute error was obtained through 
the difference between the real value and the mean value of 
each coordinate. The maximum absolute error was calculated 
to verify the most significant error along with all frames. The 
standard deviation was calculated to represent the variation or 
dispersion of the set of values relative to mean (Vander Linden  

Figure 2. Snapshot from the free software analysis in the accuracy analysis.

Figure 3. a) The experimental design applied in the field to determine the reliability; b) Calibration volume used to determine the reliability.
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Figure 4. Collection images with the biomechanical model according De Leva (1996) recommendations.

Figure 5. Snapshot from the free software analysis in the reliability analysis.
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et al. 1992; Ehara et al. 1995; Klein and DeHaven 1995; Chiari 
et al. 2005;). The root mean square was determined (Richards 
1999).

As the motion analysis system obtains information from 
three-axis coordinates, the accuracy for each axis (XYZ) was 
also performed (Richards 1999).

To reliability was determined for each point between the 
two digitalization through the Intra-Classes Correlation 
Coefficient (ICC) (Brosseau et al. 1997; Serrano and Fernandes 
2011). Semi-automatic digitalization was used in all motion 
analysis because, in some frames, the automatic digitalization 
selected the wrong landmark.

Results

All results about accuracy for the chosen software are shown in 
Table 2. Table 3 shows the aggregated results.

The results were obtained after the comparisons between 
the real coordinates of the points with the coordinate values 
obtained through the software. For both software and tests, the 
results were similar (Table 3).

Software 1 (Kinovea®) had better values in the first test. The 
mean absolute error for all points was 3.62 mm for test 1 and 
3.58 mm for test 2. The maximum absolute error obtained was 
9.09 mm and 13.44 mm for the first and second tests, respec
tively. The standard deviation mean was 0.01 mm for the first 
test and 0.03 mm for the second test. The root mean square 
was equal for both tests, with a value of 0.6 mm. The homo
geneity was under 1% in both tests. In the validity test, it was 
possible to use automatic digitalization, and it had a duration of 
16 minutes to analyze all points.

Software 2 (APAS®) had similar values for both tests when 
accuracy was evaluated. The mean absolute error was 3.78 mm 
for test 1 and 3.64 mm. The maximum absolute error was 
smaller for the first test, with 9.12 mm, and in the second test, 
the error was 11.61 mm. The dispersion was 0,59 mm. The root 
mean square was 0.63 mm and 0.61 mm for test 1 and test 2, 
respectively. The homogeneity was 5% in both tests. The auto
matic digitalization had a duration of 31 minutes when ana
lyzed all points.

The accuracy was also calculated per axis coordinates, and 
Table 4 showed the results.

In general, for both softwares, the Z-axis had the smallest 
results (Table 4), and the Y-axis had the higher results (Table 4) 
for the two tests. The software 1 had as exceptions for the 
smaller values, the maximum absolute error in test 2 (X-axis – 
7.17 mm), the dispersion to mean absolute error in test 2 
(X-axis – 0.02 mm), and the variation coefficient mean in both 
tests, X and Y axis in test 1 (0%) and X-axis in test 2 (0.272%). 
Although the exceptions for the higher values were the max
imum absolute error in test 1 (X-axis – 9.09 mm), the variation 
coefficient mean in both tests (Z-axis – test 1–0.26% and test 
2–0.951%) and the mean relative error in both tests (test 
1–0.249% and test 2–0.254%).

In software 2, the exceptions for the smaller values were the 
standard deviation to mean absolute error in both tests (Y-axis 
in both tests – 0.51 mm), the dispersion to the mean in Y-axis in 
both tests (test 1–5.031% and test 2–0.291). The exceptions for 
the higher values were the dispersion to mean absolute error in 

both tests (Z-axis in both tests – 0.63 mm), the variation coeffi
cient mean in Z-axis in test 1 (15.96%) and X-axis in test 2 
(22.57%), and the mean relative error in test 1 (X-axis – 0.266%).

Discussion

To determine the motion analysis systems’ accuracy, we used 
descriptive statistical analysis to calculate the purposed para
meters, according to the reviewed studies. The mean absolute 
error had a range of values between 3.62 mm and the 3.78 mm 
(Table 4); these values are similar to those found in the litera
ture (Ehara et al. 1995; Klein and DeHaven 1995; Everaert et al. 
1999; Papic et al. 2004). Klein and DeHaven (1995) obtained 
smaller values to 3.5 mm. Ehara et al. (1995) between 0.9 mm 
and 6.8 mm, and later, the range of values was between 
0.94 mm and 18.42 mm (Ehara et al. 1997). Everaert et al. 
(1999) had values with better accuracy (0.094 mm). Papic 
et al. (2004) had values between 0.94 mm and 11.61 mm. 
According to these papers, the software had acceptable values 
for the mean absolute error.

The maximum absolute error for the two software had 
values between 8.99 mm and 13.44 mm (Table 4); this range 
of values was identical to that found in the literature (Ehara 
et al. 1995, 1997; Papic et al. 2004). Ehara et al. (1995), Ehara 
et al. (1997)) had values between 0.01 mm and 28.23 mm. Papic 
et al. (2004) show values with a similar range (4.37 mm to 
13.47 mm).

The standard deviation average to absolute error was also 
determined in both digitalization’s for each software, and it had 
values between 0.01 mm and 0.63 mm (Table 4), which were 
smaller than other references (Vander Linden et al. 1992; Klein 
and DeHaven 1995; Ehara et al. 1995, 1997; Papic et al. 2004). 
Vander Linden et al. (1992) had values between 1.39 mm and 
3.04 mm, although higher, Klein and DeHaven (1995) had 
values between 3.5 mm and 7.8 mm. Ehara et al. (1995), Ehara 
et al. (1997)) obtained a range of values between 0.14 mm and 
6 mm, and Papic et al. (2004) obtained values between 0.39 mm 
and 5.36 mm. Our results were smaller than those found in the 
literature, showing the advantage of using the above- 
mentioned methods.

Richards (1999) indicated that the root mean square in all 
their analysis was smaller than 1 mm, and in our study, the root 
mean square was also smaller than 1 mm.

The literature has not verified the variation coefficient, 
which shows the homogeneity of the values, but when com
pared the homogeneity between the two software, software 1 
had a smaller value than software 2, with respectively 0.5% and 
5% (Table 2); it suggests that when we use the automatic 
digitalization of the software 2 occurred a high variation.

The digitalization time is important to give fast results, so 
the time duration was determined. For the same task, both 
software presented different digitalization times: software 1 
during half of the total time of software 2, indicating that if 
we need fast results, software 1 may be a good solution.

Klein and DeHaven (1995) determine the mean absolute 
error and the standard deviation mean of the absolute error 
per axes coordinates. The mean absolute error was 3.9 mm for 
X-axis coordinates, 4.3 mm for Y-axis coordinates (high value), 
and 2.1 mm for Z-axis coordinates (small value) (Klein and 
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DeHaven 1995). The standard deviation mean had values 
3.6 mm for X-axis coordinates (high value), 2.3 mm for Y-axis 
coordinates, and 1.3 mm for Z-axis coordinates (small value) 
(Klein and DeHaven 1995). In this study, the mean absolute 
error had the same tendency for two software, small values in 
the Z-axis and high values in Y-axis, although the results were 
slightly higher. About the standard deviation mean of absolute 
error, the tendency was not the same, but the results were 
smaller than those found by Klein and DeHaven (1995). 
Software 1, in test 1, the results were equal in three axes 
(0.01 mm), and in test 2, the small value was on X-axis 
(0.02 mm), and the high value was on Y-axis (0.05 mm). 
Software 2 had small values on Y-axis (0.51 mm) and high 
values on the Z-axis (0.63). It suggests the importance of know
ing the accuracy of the motion analysis system in different 
tasks, in line with Ehara et al. (1997).

Other accuracy parameters for axes coordinates were calcu
lated, and it had, in globality, the same tendency, small values for 
the Z-axis and high values for Y-axis (Table 4). Although the 
variation coefficient (Table 4) had a higher difference when 
compared the two software. Software 1 obtained 0% of varia
bility for the two tests, except in test 2, where the Z-axis coordi
nates had 1%, indicating a slight variation in this axis coordinates. 
Software 2 had higher results than software 1, except for test 2, 
Y-axis coordinates had 0% of the variation; the other axis coordi
nates had values between 5% and 22%. It suggests that occurred 
a higher variation in software 2 and the automatic digitalization 
had higher displacement in the X and Z axis.

The reliability was determined because semi-automatic digi
talization was used for digitizing the free-kick task. The ICC was 

used to perform the correlation between the digitalization 1 
and 2, for all points, and had a range of values, between 0.923 
and 1. These values show high intra-digitalization consistency 
to software proposed (> 0.900), in agreement with previous 
studies (Brosseau et al. 1997; Serrano and Fernandes 2011).

Technological evolution has allowed applying new biome
chanical methods in sports. One of these cases is the develop
ment of new devices and software for the technical evaluation of 
athletes. Associated with this evolution are the high prices and 
the non-applicability of most of these devices in the field, which 
can become substantial limitations of the biomechanical studies 
of the technical skills in sports. Therefore, searching economical 
and transferable solutions and validating these methods will 
allow to apply this kind of study and to contribute to expanding 
the scientific knowledge with a broad dimension such as Soccer.

Limitations

This study had limitations, such as the low resolution of the cam
eras due to the use of the high-speed feature. The distance 
between the cameras, however, made it necessary to ensure that 
the full athlete’s movement was recorded. The biomechanical 
model used did not allow analyzing some rotations. The develop
ment of the anatomical landmarks allowed a greater fixation of the 
points in the athlete, but due to the speed of the movement, at 
each shot, it was necessary to adjust the anatomical landmarks.

Conclusion

The accuracy and reliability were determined to understand the 
performance of a 3D camera system. The results obtained for 
accuracy were similar between the chosen software and the stan
dard software and within the range of values found in the litera
ture. The high reliability for software 1 indicates it is possible to 
apply this free software in the free-kick tri-dimensional kinematics 
analysis.

Determining the accuracy and consistency of free software is 
important because it is possible to apply more times this kind of 
system to improve the performance of motor tasks, such as the 
free-kick shot.

Regarding future research, the inter-digitalization calculation 
is recommended, and the angular kinematics protocol should be 
developed to analyze and validate the software purpose.

Table 3. Global results obtained through the accuracy analysis when compared 
with the real value.

MAE 
(mm)

MaxAE 
(mm)

SDMAE 
(mm)

RMS 
(mm)

VCM 
(%) T (min)

S1 T1 3.62 9.09 (P7X) 0.01 0.60 0.042 16
T2 3.58 13.44 

(P11Y)
0.03 0.60 0.491

S2 T1 3.78 9.12 (P12Y) 0.59 0.63 4.733 31
T2 3.64 11.61 

(P12Y)
0.59 0.61 5.432

MAE – Mean absolute error; MaxAE – Maximum absolute error; SDMAE – 
Standard deviation to mean absolute error; RMS – Root Mean Square; VCM – 
Variation coefficient mean; T – time; mm – millimeters; min – minutes; T1 – Test 
1; T2 – Test 2; S1 – Software 1; S2 – Software 2.

Table 4. Results per axis coordinates obtained through the accuracy analysis when compare with the real coordinate value.

MAE (mm) MaxAE (mm) SDMAE (mm)

X Y Z X Y Z X Y Z

S1 T1 3.53 4.59 2.73 9.09 (P7) 8.99 (P5) 7.12 (P1) 0.01 0.01 0.01
T2 3.59 4.67 2.48 7.17 (P4) 13.44 (P11) 8.23 (P6) 0.02 0.05 0.03

S2 T1 3.76 4.82 2.77 7.38 (P5) 9.12 (P12) 6.12 (P1) 0.62 0.51 0.63
T2 3.11 5.10 2.71 9.52 (P4) 11.61 (P12) 6.69 (P10) 0.62 0.51 0.63

RMS (mm) VCM (%) MRE (%)

X Y Z X Y Z X Y Z

S1 T1 0.59 0.77 0.45 0.000 0.000 0.126 0.249 0.232 0.096
T2 0.60 0.78 0.41 0.251 0.272 0.951 0.254 0.236 0.088

S2 T1 0.63 0.80 0.46 6.790 5.031 15.96 0.266 0.243 0.098
T2 0.52 0.85 0.45 22.57 0.291 6.561 0.220 0.258 0.096

MAE – Mean absolute error; MaxAE – Maximum absolute error; SDMAE – Standard deviation to mean absolute error; RMS – Root Mean Square; VCM – Variation 
coefficient mean; MRE – Mean Relative Error; mm – millimeters; T1 – Test 1; T2 – Test 2; S1 – Software 1; S2 – Software 2
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