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Abstract

Camera calibration is a significant part of the accuracy of three-dimensional (3D) human
motion analysis systems. Gait analysis is selected as the case study for consideration to
apply a low-cost three-dimensional motion capture system to evaluate gait characteristics.
Kinovea (free and open source) is used to retrieve the target position in two-dimensional
(2D) coordinates from two cameras and the direct linear transformation (DLT) is then
utilized to determine the 3D coordinates of an object using MATLAB. Statistical analysis
for the study includes (1) the mean absolute error: MAE, (2) the root mean squared error:
RMSE, and (3) 6RMSE. Findings indicate that the acceptable accuracy for the low-cost
gait analysis system at 95% confidence level is between 1.13-1.36 mm. It shows that most
of the MAE, RMSE, and %RMSE calibration values of 13 markers in the XY, YZ, and
XYZ planes are within acceptable range. However, it is found that some markers in the
rear plane are out of bounds. Therefore, the use of two cameras for tracking human
motions may affect the accuracy of the coordinate positions in the rear plane. Test-retest
reliability is estimated using intraclass correlation coefficient (ICC3, 1) stability of
measurement is statistically examined with the standard error of measurement (SEM) and
minimal detectable change (MDC) at the 95% confidence level. The system showed good
to excellent reliability (1CC=0.75) for both of kinematic gait parameters. Findings revealed
that 3-D kinematic gait assessments systems using low-cost camera technology can be
reliably used for human motion research and application.
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The Calibration Technique of a Low-Cost 3D Human Motion Analysis System

Introduction

The human movement has been used to
examine many areas of work, such as medical
diagnosis, medical rehabilitation, sport science,
and product design (Perry et al., 1992;
Medved, 2000; Whittle, 2007; Winter, 2009;
Huston, 2019). Especially, gait analysis is a
useful clinical tool used for a variety of areas
including neurological disease, fall risk,
orthopedic disability, rehabilitation, and
motion study in the manufacturing process
(Salarian et al., 2004; Narayanan, 2007;
Bortolini et al., 2018; Hausdorff et al., 2001;
Kubo et al., 2011).

The 3D camera system in gait analysis
is considered an appropriate method for
analyzing kinematic gait. The main advantage
of this system is reliability and high accuracy
of the measurement (Wilken et al., 2012).
However, this technology has a disadvantage;
it is expensive and requires high technical
expertise. Thus, many researchers are unable
to use this technology system, especially in
developing countries (Carse et al., 2013).

Human walking parameters, such as the
position and direction of various body joints,
can be used to monitor and analyze patient
indications during treatment in the medical
field (Stanicetal., 1977). There are a study and
design, the human walking parameters to be
suitable assembly line in the manufacturing
processes according to ergonomics (Al-Zuheri
et al., 2013). Human walking parameters can
be measured using direct techniques or
determinations from images. Especially,
imaging measurement methods from the
tracking marker have accuracy because it is
directly measured from the image (Winter,
2009). The intrinsic (focal length, distortion
variable, principal points, pixel scale factor)
and extrinsic (location and orientation) of the
camera are factors that affect the accuracy of
the camera. Especially in gait analysis is using
the marker system. The major factors of
inaccuracy include the location of the skin and
bone markers, the number and location of the
camera, the distortion of the camera lens, the
capture volume dimensions, and finally, the
algorithm system used to reconstruction the

location of Marker in the 3D system. However,
the effect of each of these parameters, intrinsic
or extrinsic, depends on the difficulty to be
determined and on the camera type. The image
obtained from the camera is affected by the
radial distortion of the camera. Greatest
traditional camera calibration techniques need
specific information about the geometric
properties of the referenced object. We use
Direct Linear Transformation (DLT), which
solves the perspective matrix linearly. Camera
calibration increases the accuracy of image
measurement techniques (Ferryanto et al., 2013).
Therefore, the calibration of the camera is
essential in the human motion analysis system.
The purpose of this paper is the design of
simplified and reliable calibration methods for
a low-cost 3D human motion analysis system.

Materials and Methods

Hardware

The hardware using 3-D human motion
records as an application of gait analysis. Two
cameras (Logitech-C930 e HD Pro) with sets
screen resolution at 1080 pixel and the frame
rate at 30 frames per second or frequency
30 Hz or 33 milliseconds per frame.

The camera set IMAQdx the program of
camera [Video Mode = 32 (800x600 MJPJ 30
FPS), Gain = 255 (maximum), Exposure = -5
(medium); Brightness = 128 (medium); Contract
= 128 (medium); Saturation = 0 (minimum)
and sharpness = 0 (minimum). The filters the
picture data for the brightest section of the
picture. So, all- region of markers are set to
white color and the outside area of all markers
are set to black color (Krishnan et al., 2015).

Software

In the part of the software, we used
Kinovea (freeware) software to retrieve the
target coordinates in two-dimensional (2D)
with two cameras. Then, we concatenate 2D
data with a DLT to obtain 3D with Matlab
(Yodpijit et al., 2018).
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Experiment Setting

The study is performed in an ergonomic
laboratory. The laboratory environment is
allocated to the standard operating room,
which eliminates various distractions in order
to position the marker of various markers, as
shown in Figure 1. The calibration frame
correctly is calibrated in the experiment. The
two cameras are placed at the side view (left)
and front view (Right) of the object. The side
and front cameras determined the coordinate of
each marker in the XY plane and YZ plane to
be used to transform the actual coordinate
respectively, as shown in Figures 2 and 3.

Camera Model

The principle of camera calibration is to
coordinate using DLT. It is a technique of
determining the coordinate point 3D system of
an object using two planes (XY, YZ) from two

Figure 1. Experiment setting in an ergonomic
laboratory

Figure 2. Imaging of marker points in XY plane

cameras. There are define two coordinate
systems and the reference frame shown in
Figure 4. The uppercase letters represent the X,
Y, and Z-axis coordinate system, while the
lowercase letters are used to find points within
the coordinate system. That object is in what
we call “object space reference frame” and is
referenced to as the XYZ coordinate system.
It merely locates the object in the real three-
dimensional space.

There are two-dimensional reference
frames obtained from each camera image,
which are called “image plane reference
frames” and are indicated using left (L) and
right(R) views. The left and right views show
the coordinate position in the XY and YZ
planes, respectively. Therefore the [uL, vL]
and [uR, VR] coordinate systems are shown in
the XY and YZ image plane reference frames,
respectively. It can be concluded that one

14cn

/

/

Figure 3. Imaging of marker points in YZ plane

Z Object in 3D space

,o Point on object with

-\ coordinates [x, y, z]
\ 2 Object space
reference frame

Image plane
reference frames

Figure 4. Object space and image plane reference
frames coordinate systems
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image plane reference frame for the left
camera is the XY plane, and one for the right
camera is the YZ plane.

The DLT's primary goal is to find the
actual coordinate of the point [X, y, z] based on
uL, vL, uR, and vR. Before being used to
determine the coordinate of a real object, this
system will be calibrated with the point of
known position (Abdel-Aziz and Karara, 2015).
This calibration uses 13 marker points of the
calibration frames, which know the coordinate
of the point [x, y, z]. The origin coordinate
[0, O, O] is referenced in the bottom middle
coordinate of calibration frames shown in
Figure 5.

Figure 5. Location of markers calibration frames

We can determine the image points [uL,
vL] and [uR, vR] from the actual coordinate of
each marker to be calculated DLT by using
Matlab.

Participants

In study, thirty healthy males aged 20-44
years (1.65+0.15 m, 70.24+10.23 kg.) participated
in the experiment. The test is repeated twice,
which are separated by about two days. All
subjects joined the experiments in an
ergonomics laboratory at King Mongkut’s
University of Technology North Bangkok
(KMUTNB).

Statistical Analysis

The accuracy of this calibration method
was compared between the actual coordinate
positions with the transformed position from

both cameras in the XY, YZ plane. A total of
13 marker locations were repeated each marker
was five times.

The statistical analysis used to test for
accuracy included the mean, the standard
deviation (SD), the minimum and maximum
error, the mean absolute error (MAE), the root
mean squared error (RMSE), and the value of
RMSE was revealed as percentage (%RMSE)
(Silvatti et al., 2012) as shown from the source
of the equations below.

1 N
MAE=— ) "|d,-D
L3 e -ol o
1 ’ N 2
RMSE = — d-D
N 1( ! ) (2)
1 N 2
N Zi (di - D)
%RMSE =100 ———————
b ©))

The error displacement values of the
MAE, RMSE, and% RMSE values for each
XY, YZ, and XYZ planes were determined by
the formula below.

d,, =/d2+d?

(4)

d, :‘/dy2+dz2 5)
_ 2 2 2

dxyz—«/dX +d,” +d, ©)

At present, the reliability uses the test
statistic, which is Interclass Correlation
Coefficient (ICC). The reliability of a measure
obtained in SPSS for window version 24
employing ICC, Pearson correlation coefficients,
SEM and MDC values. The ICC values are
computed using test-retest reliability (two-way
mixed effects model type single measurement
(ICC3, 1 model). The SEM and MDC values
can be given below (Beckerman et al., 2001).

SEM =SD x VT —1ICC @)
MDC = SEM x 1.96 x V2 (8)
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where SEM is the standard error of
measurement and SD is the standard deviation
of the first and the second experiment at the 95
percent confidence interval on the difference in
mean each rate.

Interpretation of the ICC, which is the
value between 0 to 1 can be shown as follows;
reliability is low (0.00-0.50), reliability is
moderate (0.50-0.74), reliability is good (0.75-
0.90) and reliability is excellent with ICC
value greater than 0.90 (Koo and Li, 2016).

Results and Discussion

In examining the accuracy of a measurement
system, the first significant element is model
adequacy checking. It is including the normally
distributed, independently distributed, and
variance stability. These values are analyzed
using the MINITAB program (version17).

Probability Plot of Error Plane XY
Normal - 95% Confidence Level
= Mean 1392
StDev  0.3662
N 13
o « AD 0.500
o P-Value 0.170

T

Percent

Figure 6. The normal probability plot XY plane

Probability Plot of Error Plane YZ

Normal - 95% Confidence Level

Mean 1.085
StDev  0.3436
N 3

90 AD 0307
P-Value 0.316

Percent
.

Figure 7. The normal probability plot YZ plane

A greatly helpful procedure is to create a
normal probability plot of the error to check
the assumption of normality using test t-test.
The analysis of independently distributed is
conducted using a plot of error versus fitted
values. There is no reason to suspect any
violation of independence or constant variance
assumptions. The analysis of variance stability
is conducted using a plot of error versus run
order. This plot should not show any distinct
pattern.

The normal probability plot, as shown
in Figures 6, 7, and 8. The typical result of
examining this show is that the error
distribution is generally reasonable. The data
points approximately follow the straight line.
These p values are more than 0.05, and we can
conclude that the data becomes a normal
distribution.

Figure 9, showing that the distribution of
residual no proper format means the data is

Probability Plot of Error Plane XYZ
Normal - 95% Confidence Level

Mean 1262
StDev  0.2501
03 . N 13
AD 0.296
P-Value 03540

Percent

Figure 8. The normal probability plot XYZ plane

Versus Fits

Residual

110 115 120 125 130 135 140
Fitted Value

Figure 9. Plot of residuals versus fitted values
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independent. For the data variance stability
testing, it is found that the distribution of the
data characteristics is not a trend or random
distribution. Therefore, it can be concluded
that it is stable, as shown in Figure 10.
Consequently, these three tests are gathered,
that the data are reliable for additional analysis
and statistical examination.

The analysis of variance (ANOVA) and
tests for equality of variance are analyzed by
using MINITAB software. The P-value is 0.07,
we conclude that the means in each plane are
not different at the 95 percent confidence level
as shown Table 1.

Although residual plots are commonly
used to diagnose differences of variation,
several statistical tests have likewise been
proposed. These tests will be shown tests of the
hypotheses.

Ho,: 0l =0l=0) )
H :ol#ol#0. (10)
050 /'\1
f\|
025 1 "\\, N i [
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= N
N oA VR VR VAR TRV
) [ ! (N ‘v}
Ly \ \

1 5 10 15 2 25 30 35
Observation Order

Figure 10. Plot of residuals versus run order

Test for Equal Variances: Error vs Plane
Multiple comparison intervals for the standard deviation, ¢.= 0.05

Multiple Comparisons

P-Value 0250

m‘ EEEEEEEEE.
Levene's Test
P-Vale 0341
dwe
vz f———

020 025 030 035 040 045 050 055

If imtervals do not overlap, the corresponding stdevs are significantly different

Figure 11. Tests equality of variance for
calibration camera system

From Figure 11, we find that the P-value
is 0.341 (Levene test), so we accept the null
hypothesis (Ho), which reasons that the variances
in each plane are not different at the 95 percent
confidence level. This is the same conclusion
reached by analyzing the plot of residuals
versus fitted values. The results of the analysis
of variance and tests for equality of variance
can use as a single confidence interval in
comparing the accuracy of all three planes.

Table 2 shows the mean, standard
deviation, and confidence interval at 95 percent
confidence level. By using confidence interval
for evaluation of confidence in comparing the
accuracy of the camera.

In testing, the accuracy of calibration
utilized statistical analysis values consisting of
MAE, RMSE, and %RMSE. Table 3 shows the
mean absolute errors (MAE) in XY, YZ, and
XYZ planes. In the XY plane, the MAE values

Table 1. ANOVA for calibration camera system

Source of

L DOF SS MS F P
Variation

Plane 2 0.62 031 295 0.07
Error 36 3.78 0.10

Total 38 4.40

Table 2. The confidence
confidence level

interval at 95%

Confidence level
Interval (95%)
(1.13-1.36)

Mean SD
1.25 0.34

Table 3. The mean square error (MAE) in XY,

YZ, XYZ
- MAE mae mag
Location v plane YZPlane  XYZPlane
MARKER

(mm) (mm) (mm)

1 1.00 1.00 1.10

2 1.20 1.70 1.50

3 1.20 0.80 1.00

4 1.30 0.60 1.00

5 1.80 1.40 1.60

6 1.10 1.30 1.20

7 0.80 0.90 0.90

8 1.70 0.80 1.30

9 1.70 1.30 150

10 1.20 1.40 1.30

1 1.30 0.90 110

12 1.80 0.60 1.20

13 2.00 1.30 170
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found at marker eight points are between 0.90
t01.30 mm. In the YZ plane, the MAE values
found at marker ten points are between 0.60 to
1.30 mm. The error-values are less than the
other points in each this the plane. In the XYZ
plane was synchronized between the XY and
YZ plane, the MAE values found at marker
four points are higher than others points, which
are between 1.50 to 1.70 mm.

Table 4 shows the root mean square error
(RMSE) in XY, YZ, and XYZ planes. In the
XY plane, the RMSE values found at marker
six points are between 0.90 to 1.50 mm. In the
YZ plane, the RMSE values found at marker
eight points are between 0.80 to 1.30 mm. In
the XYZ plane was synchronized between the
XY and YZ plane, the RMSE values found at
marker three points are higher than other
points, which are between 1.50 to 1.60 mm.
From the results of examining the MAE and
RMSE values in XYZ plane, it found three
points are higher than other points similarly.

Table 5 shows the percent of the root
mean square error (%RMSE) in XY, YZ, and
XYZ plane. In the XY plane, the %RMSE
values found at marker 1, 2, 3, 6, 7, 10, and
11 are between (4.59-6.65%). In the YZ plane,
the% RMSE values found at marker 1, 3, 4, 7,
8, 11, and 12 are between (3.46-5.46%). In the
XYZ plane was synchronized between the XY
and YZ plane, the %RMSE values found at
marker 5, 9, and 13 were higher than other
points, which were between (6.67-7.04%). The
results of %RMSE in the XY, YZ, and XYZ,
which are similar with MAE and RMSE.

The test-retest reliability for kinematic
systems included the hip, knee joint angles in
the XY, YZ, and XZ plane and angular
velocities in the XY plane are shown in Table
6.

Based on the analysis, it is found that the
ICC values of the hip, knee joint angles in the
XY plane is higher than in the YZ and XZ
plane. The ICC values in the XY plane is
between 0.86 to 0.96, the YZ plane is between
0.79 to 0.86, and the XZ plane is between 0.76
to 0.81. So it is concluded that the reliability
for kinematic systems in the XY plane is
higher than the YZ and XZ plane. However,
the reliability of the three planes varies from

good to excellent because the ICC all values
are more than or equal 0.75. The SEM and
MDC values of hip, knee joint angles in
the XY YZ and XZ planes are in the interval
0.54-1.41 (1.51-3.91), 0.43-1.65 (1.28-4.57)
respectively. In summary, the ICC value is an
inverse correlation with SEM and MDC value
which interpreted if ICC value is an increase,
SEM and MDC value are decreased or vice
versa if ICC value is decreased, SEM and
MDC value are increased. The SEM and MDC
value of angular velocity is more than the SEM
and MDC value of joint angle have effected
from the standard deviation of angular
velocity. However, the result of statistical
analysis, the SEM and MDC have been similar
to those of previous research (Mentiplay and
Clark, 2018). Kinematic graphs for knee joint
angles in the XY, YZ, and XZ plane as shown
in Figures12, 13, and 14.

Table 4. The root mean square error (RMSE) in

XY,YZ, XYZ
L . rmse rmse rmse
ocation  yv plane YZPlane  XYZ Plane
MARKER

(mm) (mm) (mm)

1 1.00 1.20 1.10

2 1.10 1.50 1.30

3 1.30 0.90 1.10

4 1.60 0.80 1.20

5 1.70 1.50 1.60

6 1.20 1.30 1.20

7 0.90 1.00 1.00

8 1.50 0.90 1.20

9 1.60 1.40 1.50

10 1.20 1.50 1.30

1 1.50 1.00 1.20

1 1.60 0.80 1.20

13 1.70 1.40 150

Table 5. The percent of root mean square error
(%RMSE) in XY, YZ, XYZ

Location 9%6rmse %rmse %RMSE
MARKER XY Plane YZ Plane XYZ Plane

(%) (%) (%)
1 4.59 5.29 4.94
2 4.83 6.63 5.73
3 5.84 4.00 4.92
4 7.32 3.46 5.39
5 7.44 6.63 7.04
6 5.29 5.98 5.64
7 4.24 4.65 4.44
8 6.59 4.00 5.30
9 7.19 6.15 6.67
10 5.29 6.63 5.96
11 6.65 4.65 5.65
12 7.32 5.46 6.39
13 7.73 6.15 6.94




010032-8 The Calibration Technique of a Low-Cost 3D Human Motion Analysis System

Conclusions focuses a determine coordinates in the XY,

YZ, and XYZ plane, which is 13 points. The
The objective of this research study was to statistics used in the analysis, including MAE,
analyze and calibration of a low-cost 3D camera RMSE, and %RMSE. It reveals that the great
systems in gait analysis. The calibration frame MAE, RMSE, and %RMSE values found at
was calibrated in this experiment. This research marker 1, 2, 3,6, 7, 10, and 11 in the XY plane,

Table 6. The test-retest reliability of kinematics for the low-cost 3-D camera system

Day 1 Day 2 ICC SEM MDC
Hip in the XY plane (Degree)
Peak Flexion Stance 34.09+3.83 34.29+3.89 0.95 0.86 (2.38)
Peak Extension Stance 29.34+1.51 29.29+1.50 0.87 0.54 (1.51)
Peak Flexion Swing 9.71+2.02 9.69+2.04 0.89 0.67 (1.87)
Hip in the YZ plane (Degree)
Peak Abduction Stance 7.94+2.13 8.33+2.20 0.89 0.72 (2.01)
Peak Adduction Stance 6.84+2.57 6.57+2.67 0.86 0.98 (2.72)
Peak Abduction Swing 7.87+2.10 8.29+2.17 0.85 0.83 (2.30)
Hip in the XZ plane (Degree)
Peak Rotation Internal Stance 8.07+2.64 8.31+2.50 0.81 1.12 (3.11)
Peak Rotation External Stance 9.48+3.04 9.63+2.98 0.78 1.41 (3.91)
Peak Rotation Internal Swing 8.28+2.93 8.49+2.47 0.86 1.02 (2.83)
Knee in the XY plane (Degree)
Peak Flexion Stance 36.29+1.77 36.15+1.78 0.93 0.47 (1.30)
Peak Extension Stance -6.39+1.96 -6.35+1.88 0.86 0.72 (1.99)
Peak Flexion Swing 60.81+2.17 60.62+2.13 0.96 0.43 (1.19)
Peak Extension Swing -3.93+2.19 -3.64+2.54 0.89 0.79 (2.18)
Knee in the YZ plane (Degree)
Peak Varus Stance 6.98+3.38 6.60+3.35 0.80 1.51 (4.17)
Peak Valgus Stance 2.14+1.01 2.31+1.00 0.79 0.46 (1.28)
Peak Varus Swing 8.64+2.66 8.27+2.69 0.86 1.01 (2.80)
Peak Valgus Swing 2.45+1.10 2.55+0.95 0.75 1.65 (4.57)
Knee in the XZ plane (Degree)
Peak Rotation Internal Stance 6.62+2.16 6.12+1.93 0.76 1.00 (2.78)
Peak Rotation External Stance 8.03+2.02 7.96+2.20 0.81 0.92 (2.55)
Peak Rotation Internal Swing 7.20£1.78 7.14+1.90 0.82 0.78 (2.16)
Peak Rotation External Swing 8.49+2.81 8.33+2.66 0.85 0.90 (2.49)
Hip Angular Velocity (Degree/s)
Peak Flexion Stance 121.82+12.38 120.94+12.66 0.87 451 (12.51)
Peak Extension Stance 146.33+14.39 147.75+15.24 0.92 4.19 (11.61)
Peak Flexion Swing 204.37+17.33 206.29+18.17 0.93 4.70 (13.01)
Knee Angular Velocity (Degree/s)
Peak Flexion Stance 306.74+26.45 308.80+26.55 0.86 9.92 (27.49)
Peak Extension Stance 107.93+19.05 108.86+19.34 0.91 5.76 (15.96)
Peak Flexion Swing 328.88+23.67 330.33+25.32 0.82 10.39 (28.80)
Peak Extension Swing 376.67+40.06 374.27+39.58 0.90 12.59 (34.90)

Knee Flexion/Extension Knee Varus/Valgus

Zs B
S Fl
= 2 1
S 4
g B
B 30 E
T =
5 20 <
= &
A 10 5
@
0 A 7
v ~ ~ A Gait Cycle
0 10 20 30 40 30 60 0 80 90 100
Gait Cycle -10
—Dayl == == Day =———Dayl = = Day

Figure 12. Kinematic graphs on knee joint angles  Figure 13. Kinematic graphs on knee joint angles
in the sagittal (XY) plane in the frontal (YZ) plane
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Knee Rotation Inernal/external

Degree (Int/Ext)

15 Gait Cycle

———Dayl = = Day?

Figure 14. Kinematic graphs on knee joint angles
in the transverse (XZ) plane

1,3,4,7,8,11,and 12 in the YZ plane, and 1,
2,3,4,6,7,8,10,11, and 12 in the XYZ plane
which were similarly previous research
(Pribani et al., 2009; Silvatti et al., 2012; Feng
and Max, 2014). In the positions of marker 5,
9, and 13 have been the values of MAE,
RMSE, and %RMSE were higher than other
points. From the analysis, it was found those
positions were at the rear of the plane on each
side of XY, YZ planes. Capturing images
using two cameras was not enough for the
accuracy back each plane.

The study is a test-retest reliability of
low-cost camera systems designed for 3-D gait
analysis. The data of kinematics obtained in
the experiments, using ICC and MDC values
for estimation of reliability based on the
percentage of gait cycle. The ICC values are
found between 0.75-0.96 which showed good
to excellent reliability for this test. The MDC
values are ranged 1.19-4.57, 11.61-34.90 and
SEM values are ranged 0.43-1.65, 4.19-12.59
of joints angles, angular velocities respectively
as shown in Table.

The limitation of this research that using
the KINOVEA program to capture the X, Y,
and Z coordinates can only use two cameras.
This limitation influences the accuracy of the
position coordinates back each plane. Therefore,
in the development of the system in the future,
the researchers will write an algorithm for
image positioning using program LABVIEW
or MATLAB to be capable of using more than
two cameras. It will help to improve the
capacity to define the X, Y, and Z coordinates
in the back of each plane even better.
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