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Abstract. This paper outlines the real-time implementation of an orientation
correction algorithm using the gravity vector and the magnetic North vector for
a miniature, commercial-grade Inertial Measurement Unit to improve orientation
tracking in 3D hand motion tracking interface. The algorithm uses the sensor
fusion approach to determine the correct orientation of the human hand motion
in 3D environment. The bias offset error is the IMU’s systematic etror that can
cause a problem in orientation tracking called drift. The algorithm is able to
determine the bias offset error and update the gyroscope reading to obtain
unbiased angular velocity. Furthermore, the algorithm will compare the initial
estimated orientation result by using other referencing sources which are the
gravity vector measured from the accelerometer and the magnetic North vector
measured from the magnetometer, resulting in the improvement of the estimated
orientation. The orientation correction algorithm is implemented in real-time
within Unity along with position tracking, through a system of infrared cameras.
To validate the performance of the real-time implementation, the orientation
estimated from the algorithm and the position obtained from the infrared cam-
eras are applied to a 3D hand model. An experiment requiring the acquisition of
cubic targets within a 3D environment using the 3D hand motion tracking
interface was performed 30 times. Experimental results show that the algorithm
can be implemented in real-time and can eliminate the drift in orientation
tracking.
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1 Introduction

The design of natural human-computer interaction interfaces is becoming increasingly
important to computer manufacturers. Researchers are proposing several ideas in order
to create the interaction mechanisms that are as close as possible to the natural inter-
action between humans. The mouse is a common device that has been used to interact
with personal computers for a long time. But it is a device that is hardly close to a
natural human-computer interaction. The mouse is normally used to interact with a 2D
computer screen, it will eventually have a limitation when it comes to the interaction in
3D virtual environments. Several related works [1-3] tried to overcome this limitation
and found alternative mechanisms to interact with computers by using computer vision
to determine hand gestures or using eye tracking to interact. In the modern day, the
development of the 3D User Interfaces, especially for Virtual and Augmented Reality is
increasingly emphasized. In order to effectively interact with immersive VR or AR
environments, the systems should provide realistic visual and acoustic output [4—7].

We have verified that our orientation correction algorithm using gravity vector and
magnetic North vector compensation can effectively be used to eliminate the gyroscope
drift in commercial-grade Inertial Measurement Units. The IMU we used in our
research is composed of different types of sensors; for example, accelerometers,
magnetometers and gyroscopes. A gyroscope measures the angular velocity, which can
be used to determine orientation by performing integration through time. When the
IMU has no motion, the gyroscopes are supposed to output zero values as the mea-
surements. But, for low-cost IMUs, they can output a non-zero value even when they
are not moving. This systematic error within the IMUs is called the bias offset error. In
determining the orientation by means of mathematical integration, this bias offset error
accumulates through time resulting in an orientation error called drift. The drift is a
major problem in the navigation systems that use low-cost IMUs to measure the
orientation of moving parts [8, 9].

Many studies [10-12] use Kalman filters to eliminate gyroscope drift error in
inertial sensors. Other studies [13, 14], have proposed the idea of estimating the ori-
entation using other sensor fusion methods. They combine more than one type of
sensor to calculate the orientation. This is because the Kalman filter approach can be
complicated and hard to implement [15, 16]. The objective of this work is to develop a
system capable of determining the movement of the human hand in real-time by
combining two different sources of information: orientation tracking using Inertial
Measurement Units (IMUs) and position tracking using infrared cameras. To achieve
that, this research also proposes an algorithm to correct gyroscope drift within the
inertial measurement unit. This will be done by estimating the gyroscope bias offset
error during intervals when the sensor is static and using the gravity vector measured
by the accelerometers and magnetic North vector measured by the magnetometer. The
goal is to monitor the movement of the human hand, in three-dimensional space
including translation and rotation, in real-time.
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2 Methodology and Materials

The 3D hand motion tracking interface will become aware of hand position and ori-
entation by determining the position of an infrared marker and data from the inertial
measurement unit attached on a glove, respectively. The system consists of two main
parts, which are: position tracking using OptiTrack V120: Trio and orientation tracking
using Yost Labs 3-Space sensors.

2.1 Position Tracking Using OptiTrack V120:Trio

OptiTrack V120: Trio is the object tracking technology that consists of three infrared
sensor units. Each unit has a circular array of 26 LEDs around an infrared camera. The
OptiTrack will be used to track the position of the hand moving in 3D space. OptiTrack
V120: Trio was attached to a stand, above the computer screen as shown in Fig. 1.
Since three IR cameras in the system have fixed distances between each other, the
OptiTrack V120: Trio was pre-calibrated from the manufacturer. The hardware can be
conveniently connected to the computer using a USB cable. The device comes with the
licensed software called Motive:Tracker, which is an engineering-grade rigid body and
marker tracking system. IR-reflective dot markers are attached around the wrist of the
glove as shown in Fig. 2 to act as the referencing points for other movements of the
hand beyond the wrist. The intensity of the adjustable IR LEDs is reduced within
Motive:Tracker in order to eliminate unwanted spurious reflections. Each of the dot
markers attached around the wrist will be visible to the three IR cameras as a single
point in 3D space as shown in Fig. 3. With the combination of image processing input
from three infrared cameras, Motive:Tracker can compute the position of each detected
marker and will continuously provide its Cartesian coordinates (position in x, y and z)
in real-time. Motive:Tracker will also display a visualization of the marker in a 3D
environment, as a single point. The software allows the user to transport the marker
coordinates data to other application using NatNet SDK, capable of cross-platform data
streaming. With NatNet SDK, a console application written in C++ was created to
stream the marker coordinates detected in Motive:Tracker. This console application
establishes the connection to a NatNet server in Motive:Tracker, it receives a data
stream and encodes it to an XML document. The application outputs XML locally over
UDP to Unity 5 as shown in Fig. 4. In Unity, scripts written in C# were created to
receive the XML document via the UDP connection. The script will be able to parse the
tracking data from the streaming and apply the translation to the GameObject (3D Hand
model shown in Fig. 5), which was previously prepared for the visualization of the
hand motion tracking system.

2.2 Orientation Tracking Using Yost Labs 3-Space Sensors

In this work, three Yost Labs 3-Space sensors are used to determine the orientations of
the hand, proximal phalange and middle phalange of the index finger. The orientation
of the distal phalange of the index finger is not measured with a sensor, instead it is
calculated based on the angle of middle phalange as described below. This type of
low-cost Inertial Measurement Unit contains three different types of inertial sensors,
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Fig. 1. The setup of OptiTrack V120: Trio with Motive:Tracker software

Fig. 2. The glove with IR-reflective dot markers attached on the wrist, one Yost Labs 3-space
sensor attached on the back of the hand, and two Yost Labs 3-space sensors attached on the
index finger

which are accelerometer, gyroscope and magnetometer. Each of the sensing units is
able to measure in three orthogonal axes. The sensor can provide several types of
information for the inertial measurement such as linear acceleration, direction of north
magnetic field and gyroscope data (angular velocity). Three IMUs are connected to the
host PC via USB cables and a specific command has to be sent to the sensor in order to
receive the desired information. In Unity, a script written in C# was created to receive
the streaming data from the Yost Labs 3-Space sensors. The script will parse the data
into three sets of 3-dimensional vector: acceleration, angular velocity and direction of
the magnetic field. The C# script then applies the orientation correction algorithm using
gravity vector and magnetic North vector compensation to calculate an estimated
output quaternion and apply the rotation to the same 3D hand model described in the
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Fig. 3. Visible dot marker on three infrared cameras (white dots) and position of the marker in
3D space shown as an orange dot. (Color figure online)

# ° UnitySample
[Client] Handling packet from 10.
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No.B : x = -0.07, y
[Client] Handling packet
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nOtherMarkers = 1
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Command=7, nDataBytes=92

Command=7, nDataBytes=92

Fig. 4. Console application to transport position

marker data from Motive:Tracker to Unity

discussion of the position tracking (above). As mentioned earlier about the orientation
of the distal phalange of the index finger, an empirical study and experimental
observations [17] found the approximate dependency of the joint angle of the distal
phalange and the joint angle of the middle phalange to be as shown in Eq. (1)

2

Opistat = 3 Omtiddte (1)

Bias Offset Estimation. Bias offset error is one of the systematic errors within inertial
measurement units. When the IMU is not moving or rotating, the IMU should provide
the reading value of zero. But for low-cost IMUs, the bias offset error occurs and causes
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Fig. 5. 3D Hand model in Unity 5

a major problem in inertial measurement called drift. To determine the bias offset error
in a real-time manner, the new bias offset error will be calculated only when the value
of angular velocity is less than a predefined threshold for 5 consecutive samples
(representing an interval of 250 ms). The bias offset error is calculated by determining
the arithmetic mean of 5 consecutive angular velocity samples. The calculated bias
offset error will be subtracted from the raw gyroscope data resulting in unbiased
angular velocity as shown in Eq. (2).

COB:(?)()—B (2)

In this project, the quaternion notation is used to represent rotations because it is a
common notation used for 3D rotation in Unity and avoids a measurement problem
known as “gimbal lock”. The quaternion rate (g) is calculated using unbiased angular
velocity as shown in Eq. (3).

.1
q= ECIO & wp (3)
g6 = exp((At)g ® 45) ® Go (4)

In Eq. (4), the quaternion (g¢) is calculated by using quaternion rate (g) obtained
from Eq. (3), the previous quaternion (go) and the sampling time (Az). This quaternion
(g¢) can be used to describe the orientation of the object in 3D space. The quaternion
(gg) will be further processed by the quaternion correction process using the gravity
vector and the magnetic North vector.

Quaternion Correction

Using the Gravity Vector. When the IMU is static, each of the three axes of the
accelerometer will measure only the acceleration due to gravity. The gravity vector
always points towards the Earth’s center in the Earth frame. If the sensor is in an
oblique orientation, the acceleration due to gravity will be decomposed into three
orthogonal axes resulting in gravity vector measured in the sensor’s frame, which
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describes the inclination of the sensor compared to the vertical gravity vector in the
Earth frame. We can use quaternion (g¢) calculated in Eq. (3) to rotate [18] the initial
gravity vector in the Earth frame (A;,,) into the gravity vector in the sensor frame called
calculated gravity vector (d(qg)) as shown in Eq. (5).

d(ge) = g6 ® A ® g6 (5)

If there is no error occurred in the quaternion (gg), the calculated gravity vector
(d(gg)) will match the measured gravity vector (dp) from accelerometer readings.
Otherwise, the angular difference between these two vectors in quaternion form (Ag,)
will be calculated and used to correct the quaternion (gg) as shown in Eq. (6).

Aga = H(Gav, gaw) (6)

Gav = do % d(qc) (7)

qaw = ||dol[||@(gc) || + do - d(qc) (8)
dca = 46 @ Aga )

The orientation quaternion corrected the using gravity vector, denoted by gga, is
calculated by post-multiplying Ag, to the quaternion (gg) calculated from Eq. (4)

Using the Magnetic North Vector. In a way similar to the decomposition of the gravity
vector measured by accelerometer described above, the magnetic North vector mea-
sured by magnetometer will be decomposed into three orthogonal axes resulting in the
magnetic North vector measured in the sensor’s frame. This describes the current
inclination of the sensor compared to the direction of the magnetic North vector in the
Earth frame. We can use quaternion (qg) calculated in Eq. (3) to rotate the initial
magnetic North vector in the Earth frame (M;,,) into the magnetic North vector in the
sensor frame called calculated magnetic North vector (ii(qg)) as shown in Eq. (10).

m(qc) = q5 @ My @ qc (10)

If there is no error in the quaternion (g¢), the calculated magnetic North vector (77(gg))
will match the measured magnetic North vector (i) from magnetometer readings.
Otherwise, the angular difference between these two vectors in quaternion form (Agyy)
will be calculated and used to correct the quaternion (g) as shown in Eq. (11).

Agm = H(Gmy, gmw) (11)
Guy = ity X m(qc) (12)

g = [0l [I7(g6) | + o - 7i(qc) (13)
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qom = 96 © Aqu (14)

The orientation quaternion corrected using the magnetic North vector, denoted by
qcum, 1s calculated by post-multiplying Agy, to the quaternion (gg) calculated from
Eq. (4). Note that regardless of the sensor’s motion, the magnetometer will always
measure the direction of the magnetic North vector (assuming that the magnetic field is
constant in the testing area), unlike the accelerometer, which will include linear
acceleration in the measurement when the sensor is in motion.

Quaternion Interpolation. Quaternion Interpolation is the parametric function that
can interpolate the intermediate rotation between two quaternions by giving a control
parameter that ranges from O to 1. In [19], even though the bias offset estimation and
quaternion correction using gravity vector has been used, the resulting estimated ori-
entation is not as expected. This is because when the sensor is in motion, the
accelerometer measures not just only acceleration due to gravity but also measures the
acceleration from linear motion. By using quaternion interpolation, we can control
whether the output estimated orientation will be depending more on the accelerometer
or magnetometer as shown in Eq. (15).

. Gom sin((1 — a)Q) + gga sin(aQ)
qour = -
sin(Q)

(15)

COS(Q) = EIGM . glGA (16)

In Eq. (15), it is one of the several types of quaternion interpolation called Spherical
Linear Interpolation (SLERP) [20], which includes the control parameter (o). This
parameter represents the “stillness” of the module, from O to 1 (1 = no movement). If o
is approaching zero, it indicates that the sensor is in rapid motion and the output
quaternion (goyr) Wwill tend to depend more on the quaternion correction using the
magnetometer. If o is approaching one, it means that the sensor is in a static period and
the output quaternion (goyr) will tend to depend more on the quaternion correction
using the gravity vector. The orientation correction algorithm using gravity vector and
magnetic North vector is also visually described in Fig. 6.

3 Implementation

3.1 Creating the Unity Game Scene

In order to prove the concept of real-time implementation of the orientation correction
algorithm using gravity vector and magnetic North vector for the hand motion tracking
interface, the algorithm described in Sect. 2.2 (Orientation Tracking using Yost Lab
3-Space sensor) was adapted for real-time performance using a C# script within Unity.
To evaluate the compatibility of this orientation correction algorithm on the hand
motion tracking interface, a game scene in Unity has been created as shown in Fig. 7.
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Fig. 6. Block diagram of the adopted orientation correction algorithm using gravity vector and
magnetic North vector correction

)

Fig. 7. Unity game scene for testing real-time implementation of the orientation correction
algorithm

The 3D hand model shown in Fig. 8 was attached to the C# scripts that stream the
marker position in 3D space and raw accelerometer, gyroscope and magnetometer data.
The marker position from OptiTrack V120:Trio were assigned as the position of the 3D
hand model. The C# script that streams raw accelerometer, gyroscope and magne-
tometer data also implemented the orientation correction algorithm using gravity vector
and magnetic North vector. For every frame of rendering, the output estimated
quaternion (goyr) was calculated for the hand, proximal phalange, middle phalange
and distal phalange. The quaternions were assigned as the rotations for the respective
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Fig. 8. Initial stage of the play mode when the subject ID is asked

parts of the hand. By combining the position tracking and orientation tracking to the 3D
hand model, we can accomplish the goals of the hand motion tracking interface.

3.2 Evaluating the Hand Motion Tracking Interface Performance

To evaluate the performance of the hand motion tracking interface, a game scene with
five red cubes and one blue cube was created. The experimental subject wore the glove
and was asked to perform a task to “acquire” the red cubes in 3D space. A single red
cube will appear in the scene after acquiring the blue cube. The acquisition of the blue
cube marks the starting time for the subject to acquire the red cube. The red cubes are
placed in 3D positions that are equal in distances from the origin. The time to acquire

Fig. 9. The 3D hand model will turn into green indicating the state of flexing (Color figure
online)
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each red cube was recorded. The blue cube appeared for the first time after the subject
entered the Subject ID as shown in Fig. 8.

In order to acquire each of the cubes in this task, the subject has to flex his/her
index finger while colliding with the cube. The 3D hand model will change its color
into green when the flexion of the index finger is detected, as shown in Fig. 9.

Red Cube Collected : 0/5

Total Time : 10.109

1st Cube: 10.109
2nd Cube: 0.000
3rd Cube: 0.000
4th Cube: 0.000
5th Cube: 0.000

Fig. 10. The red cube will appear after acquiring the blue cube (Color figure online)

In every trial, after the blue cube is acquired, the red cube will appear. The subject
will try to complete the trial by moving his/her hand in 3D space to reach the red cube
and flex the index finger to acquire it as shown in Fig. 10. After the subject completes a
trial by acquiring each of the 5 red cubes, the trial time will be recorded. When all 5
cubes have been acquired, the total experiment time will be calculated as the sum of the
5 trial times.

4 Results and Discussion

4.1 Static Test

To perform the static test, all three inertial measurement units were fixed to a table, to
prevent them from moving. The output estimated quaternions for the orientation of
hand, index proximal phalange and index middle phalange were recorded for 5 min.
The output estimated quaternions were recorded when the orientation correction
algorithm using gravity vector and magnetic North vector are both disabled and
enabled. In Fig. 11, the output estimated quaternions for hand, index proximal pha-
lange and middle phalange recorded while the orientation correction algorithm was
disabled are shown. The result indicates that the bias offset error causes the angular
measurement to drift even though the sensors were placed statically on the table. It was
found that the drifts occurred in different rates among the three inertial measurement
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Fig. 12. Output estimated Quaternions with orientation correction algorithm

units. This is because each sensor has a different bias offset error. After enabling the
orientation correction algorithm, the plots in Fig. 12 representing the orientation of 0°
angle show that the orientation correction algorithm can improve the estimated
quaternion in all three inertial measurement units. This confirmed that in the static
mode (when there is no motion applied to the sensors) the orientation correction
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algorithm using gravity vector and magnetic North vector effectively improve the
orientation measurement using the inertial measurement units in real-time.

N. O-larnnithipong et al.

Table 1. Statistical data of the time used to acquire red cubes

Statistic Time in seconds

values 1* cube 2" cube 3" cube 4™ cube 5" cube Total
(front) (left) (right) (up) (down) time

Mean 3.34 344 5.04 4.60 7.33 23.75

SD 1.04 1.07 1.83 2.01 4.12 6.38

Min 2.05 1.48 2.00 1.38 2.52 15.27

Max 6.45 5.59 8.90 8.77 20.87 36.02

4.2 Performing the Experimental Task Using the Hand Motion Tracking
Interface

To evaluate the performance of the hand motion tracking interface, 30 experiments
(each consisting of the acquisition of 5 red cubes) were performed in the 3D envi-
ronment (described above). During these experiments, the orientation correction
algorithm using gravity vector and magnetic North vector was enabled. The time used
to acquire each cube was recorded. The statistical characteristics of these acquisition
time are shown in Table 1.

From the results shown in Table 1, it can be seen that the 5 acquisition times in
each experiment added to 23.75 s on average, with the standard deviation of 6.38 s.
The minimum total time was 15.27 s, whereas the maximum total time was 36.02 s.
The red cube that took the longest time to acquire (on average) was the 5™ cube, which
appeared at the bottom of the screen. It seems, then, that the 5% red cube was more
difficult to reach, compared to the other red cubes because it’s almost out of the
OptiTrack V120:Trio field of view. From the experimental data, it can be verified that
the real-time implementation of the orientation correction algorithm using gravity
vector and magnetic North vector can be effectively applied with the hand motion
tracking interface.

5 Conclusion

As verified by the results, we found that we are able to implement the orientation
correction algorithm using gravity vector and magnetic North vector compensation in a
real-time manner. Our approach is able to correct the drift in the gyroscope measure-
ments. This method will be one of the effective approaches for the orientation tracking
in 3D hand motion tracking interface which can be an alternative way to achieve
interactions between a human and a computer. This can also be a significant contri-
bution to improvement in the realism of natural human-computer interactions.
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