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Abstract

Motion tracking and localization devices are an important building block of motion tracking systems in a virtual reality (VR)

environment. This study is about improving the accuracy of motion and location for enhancing user immersion in experience

type VR environment to position tracking technique. In this study, we propose and test a design of such a device. The module

data test of the attitude and heading reference system shows that the implementation with the MPU-9250 sensor is successful and

adequate to be used with short operation time. We consider various sensor hardware dependencies of VR, and compare various

correction methods and filtering methods to lower the motion to photon (MTP) time that user movement is fully reflected on the

display using sensor devices. The Kalman filter is used to combine the accelerometer with the gyroscope in the sensing unit.

Index Terms: Arduino nano, Attitude and Heading Reference System, Localization device, Motion tracking, Virtual reality

I. INTRODUCTION

Virtual reality (VR) technologies and their applications

have recently become more accessible than ever. VR-related

services were chosen as one of the top ten hot consumer

trends of 2016 [1]. Unsurprisingly, over the last few years, a

large volume of interesting VR content and applications have

been produced in many fields such as gaming [2], education

[3, 4], and medical treatment [5, 6]. 

Typically, VR equipment consists of controllers and sen-

sors. The rapid development of computer technologies and

VR-related market growth has resulted in the availability of

low-cost and strong hardware equipment such as the head

mounted display (HMD). However, viewing VR content

through an HMD may cause negative symptoms such as

pain, discomfort, and fatigue due to vengeance-accommoda-

tion conflict [7], which forces the viewer’s brain to unnatu-

rally adapt to conflicting cues and increases the fusion time

of binocular imagery, while decreasing fusion accuracy [8].

Thus, it is important to provide efficient input/output devices

and sensors in such a VR environment [9].

Among HMD-related technologies, we are especially

interested in motion tracking and localization (MTL) device

design. MTL techniques are important because we need to

simulate real-world motions in real time in VR space with

maximal accuracy [10]. Thus, the accuracy and real time

response are the two most important factors to be consid-

ered. The global positioning system (GPS) is used to simu-

late the action of walking, to provide a relatively accurate

absolute position. However, it may not work properly in

shaded areas such as indoors or in tunnels [11].Thus, in

recent times, position recognition methods using Wi-Fi and

indoor positioning techniques have been actively studied

[12-13].

In this paper, we propose a new design and implementa-

tion of the sensor devices used in the attitude and head refer-

encing system (AHRS) in a VR environment, with sufficient

accuracy and real time response capabilities. So as not to
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affect the real-time performance and accuracy of a person's

cognitive ability, it is necessary to lower the motion-to-pho-

ton (MTP) latency to 20 m/s or less when the user's move-

ment is completely reflected on the display screen [14]. In

order to decrease the MTP latency, a single sensor hardware

device is designed for the input interface. The efficacy of

such a device should be verified through a strictly designed

experiment, but the details of such an experiment are beyond

the scope of this paper. Here, we focus on the hardware

design description and AHRS configuration with the attitude

estimation test result.

II. RELATED WORK

A. Virtual Reality

Virtual reality techniques artificially stimulate the five

senses (sight, hearing, smell, taste, touch) of the human body

to produce virtual experiences that feel physically real.

Recently, virtual reality techniques have gained popularity

because of the development of ICT-related techniques and

changes in the content manufacturing environment.

The main areas of the early virtual reality markets were

HMD devices and gaming software. Since 2017, the content

and software markets have been expected to lead the growth

of the entire virtual reality market. The worldwide VR mar-

ket scale was estimated to be 2.3 billion dollars in 2015, and

it increased by 65.2% to 3.8 billion dollars in 2016; in 2018,

it is expected to reach 5.2 billion dollars. The domestic VR

market scale was approximately 9.6 billion dollars in 2015,

predicted to grow by 42.4% to 13.7 billion dollars in 2016;

in 2020, it is expected to reach 50.7 billion dollars.

B. Virtual Reality Paradigm

Despite experiencing VR content through an HMD, a sig-

nificant number of people report reduced VR immersion and

maladjustment. Such phenomena occur because the motion

depicted in the VR video does not match the actual extent of

the motion or reaction time. Thus, in order to maximize the

VR effect, experience-based VR systems that enable the user

to interact by feeling situations or environments in virtual

space through their senses and enhance VR immersion using

existing physical space or equipment are under development.

To implement experience-based VR systems, there is a fun-

damental requirement of a function that outputs videos in

real time based on the user's motion. Furthermore, stereo-

phonic sound that controls the sound direction based on the

user’s movement apart from the HMD, and a sensor or

motion recognition technique that recognizes the interactions

and movements among the users and virtual objects need to

be implemented in a complex manner.

C. Virtual Reality Application

VR originated from the flow that fuses with diverse funda-

mental industries such as the content-platform-network-

device (CPND)-based broadcasting, film, communication,

gaming, manufacturing, medical, home appliance, mobile

phone, automobile, and robotics industries. Some examples

are listed below. 

• In medicine: VR enables remote surgery using robot equip-

ment and provides a convenient method to educate medical

doctors in surgery, diagnosis, and psychotherapy. 

• In the military: it is applied to diverse solutions such as para-

chutes, air craft control, finding targets, and battle simulations. 

• In gaming: VR is already actively commercialized in the

field of gaming, currently mainly through sight and hearing;

in the future, control using all five senses will be possible.

• In education: it is expected to improve efficiency by allowing

physical phenomena to be experienced through VR in various

fields of education such as science, medicine, and history.

Therefore, the results of this research can be applied to

various fields; this is expected to create new value for them.

III. ATTITUDE AND HEADING REFERENCE SYS-
TEM CONFIGURATION

Many HMDs in a VR environment use asynchronous com-

munication for real time data handling such as screen

switching. However, this may cause overhead by sync and

thus requires a complex hardware controller to send and

receive data. Hence, it is not the best communicating princi-

ple for a multiple AHRS-based position tracking system. 

In VR, MTP latency, that is the time gap between the

actual motion and screen switch, should be minimized to

improve immersion. In motion recognition mode, one may

track the user's motion by estimating the position of joints

defined in the human body through a depth camera or photo-

diode. However, this estimation becomes erroneous when

visual obstacles exist between the infra and MTL device.

Furthermore, unexpected trembling phenomenon could occur

even in stationary state at hands or feet that belong to the

end of the position estimation of joints.

Thus, we propose a communication module that utilizes a

serial peripheral interface (SPI), which is a typical synchro-

nous serial communicating method to improve the transmis-

sion efficiency. The proposed method estimates the user's

motion based on the 9-axis movement information measured

from each AHRS device.

Fig. 1 describes the AHRS structure. The configuration

and roles of the AHRS, inertial measurement unit (IMU),

and microcontroller unit (MCU) are shown in Fig. 2. The

IMU consists of components such as an angular velocity sys-

tem, accelerometer, a geomagnetism system, and temperature
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and pressure sensors. The AHRS includes the IMU and

MCU modules. The gyro sensor used for measuring angular

velocity refers to the equipment that measures and maintains

rotating motions. The MCU calculates the values of roll,

pitch and yaw using values read by sensors, and this enables

more accurate posture measurement. The MPU-9250 used in

this study measures simple data values that need to be con-

verted into roll, pitch and yaw values.

IV. MOTION TRACKING METHOD AND MOVING 
PATH ESTIMATION

A. Motion Tracking Method

The Bayesian filter–based Kalman and unscented Kalman

filters are typically used to minimize the error in non-linear

situations such as dynamic movement. However, these meth-

ods have the disadvantages of being hard to control and hav-

ing many variables to regulate, in terms of position

expression with a unique Euler angle or angle-axis expres-

sion, because of the constraints of the rotation matrix. There-

fore, to improve real time capabilities and accuracy of

position tracking in a VR environment, we research a posi-

tion tracking algorithm which is capable of filter setting

using only simplified particular conditional variable adjust-

ment, and which supports simple calculation such as diago-

nalization of a small unit symmetric matrix based on the

recursive Bayesian technique.

In experience-based VR systems, motion tracking to

express the motion of the user or others is an important tech-

nique. The most widely used motion tracking method tracks

the user's motion by estimating the joint position defined by

Fig. 1. Attitude and heading reference system.

Fig. 2. Configuration of AHRS.
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the human body through a depth camera, infrared or photodi-

ode in VR infra. Thus, we research a motion estimation

algorithm that assumes user motion based on a 9-axis motion

information measured from each AHRS device defining

coordinates system, attached to the body, which is capable of

collecting joint link information. The user motion estimation

suggested in this paper detects the position of link coordi-

nates by calculating the position of each joint through a

combination of link information and the relative posture

information of the body coordinate system, relative to the

local coordinate system of the link equipped with an AHRS

device.

At this stage, the displacement compensation of each joint

by filtering data for motion accuracy is required. Therefore,

we research an algorithm that extracts the joint angle among

body segments, which is a biomechanically measured value;

through this, techniques to correct or filter user motion

tracking data about the position of each joint are studied.

B. Moving Path Estimation

The motion tracking technique suggested in this paper is

capable of lower body motion tracking based on position

information through the calculation of joint displacement.

Such AHRS-based position recognition is one of the relative

position recognition methods that estimate the next position

by accumulating position variations in the current position.

Although it does not require larger working space compared

to absolute position recognition methods and can quickly

update position information or route due to short operation

time, the error in user position variation accumulates over

time. We research a position displacement compensation

algorithm for the improvement in this error accumulation,

and through this, we study an AHRS-based position recogni-

tion and route estimation technique.

In order to guarantee the accuracy in position recognition,

quick location update through a combination of relative and

absolute position recognition methods is required, and the

error accumulated over time needs to be removed through

regular location correction. Thus, to improve the cumulative

error of AHRS-based location recognition technique (relative

position recognition), we study the location recognition fil-

tering and correction technique that utilizes the Bluetooth

RSSI–based fingerprint method, that does not require extra

calculation and whose distance measurement model is rela-

tively simple (absolute position recognition). Through this,

the accuracy of location recognition and route is expected to

improve.

C. Moving Recognition Technology and Position 
Recognition Technology

To allow users to interact with VR objects using their bod-

ies, an interface technique that tracks the body movement of

users apart from their head or eyes and reflects it to virtual

space is required. In the past, gloves were commonly used

for this purpose, but increasingly sophisticated techniques

have been developed, and finger movement tracking is now

possible. The early VR was only capable of showing 360°

video by tracking the direction of head movements using the

HMD while sitting, but because of developments in motion

tracking and 3D scanning techniques, free movement in real

space is now possible.

Fig. 4 shows a person using the Oculus Rift HMD. Fig. 5

shows using the HTC VIVE in leap motion. As shown in

Fig. 4 and Fig. 5, by detecting a user’s head movement

through an HMD device attached to their face, the screen

moves as the head moves. Although existing HMDs only

show the screen right in front of the eyes, they have greatly

improved immersion by enhancing the viewing angle through

camera and optical tracking. Furthermore, they have enabled

more direct interaction with VR content through input tools

such as the Oculus touch, which is used by both hands.

Wi-Fi and Bluetooth low energy (BLE) are the currently

Fig. 3. Multiple AHRS based on motion tracking.
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used indoor location recognition techniques. Fig. 6 shows

the RSSI measured values of Wi-Fi and BLE within 3.5 m.

However, the irregular fading in Wi-Fi makes recognition

harder. 

Domestically, the Wi-Fi-based fingerprinting indoor posi-

tioning technique is widely used because Wi-Fi infrastructure

is constructed on a national scale thus has high availability.

However, it requires several Wi-Fi access points (APs), and

the increasing cost of installation, maintenance, and repair is

a huge disadvantage. Wireless environment interference such

as from nearby wearable equipment also makes indoor loca-

tion positioning harder. BLE is a low electric power based

technique, which uses a beacon without auxiliary equipment

and is economical in terms of installation and maintainabil-

ity. Thus, the research and understanding of the indoor posi-

tioning technique using BLE has received significant

attention in recent times.

V. HARDWARE COMPOSITION AND IMPLEMEN-
TATION

Fig. 7 shows the hardware composition for the data test. In

order to estimate the posture, we need to obtain data from

multiple spots. In this experimental design, we assume two

input spots for simplicity. The single hardware device used

in this study is of the Arduino Nano with the MPU-9250

sensor. The connection to the computer is through Mini B-

USB. Fig. 8 shows the Arduino Nano, used to connect with

the MPU-9250 sensor.

The role of Arduino Nano is to control external electronic

devices such as LEDs or motors by taking input from vari-

ous switches or sensors. 

Fig. 9 and 10 show the circuit diagram and the configura-

tion specifications, respectively, of the Arduino Nano. The

Arduino Nano contains 14 digital I/O pins, 6 pulse width

modulation (PWM) pins, and 8 analog input pins (two more

than Arduino Uno). It uses the ATmega328 MCU, and is

connected to the PC through a Mini-B USB cable.

Fig. 11 shows the MPU-9250 sensor, used to transfer 9-

axis movement information to the AHRS. The MPU-9250

sensor unit includes an acceleration sensor, a gyro sensor

and a geomagnetic sensor; it measures the acceleration,

angular velocity and geomagnetism of the sensor in 3D

space and displays the value as vector data. It is also capable

of communicating over the I2C communication protocol and

includes a power regulator inside the module for low power

consumption (3.3 to 5 V). The geomagnetic sensor in the

unit is used to measure the magnetic field in micro-tesla

(µT). The gyro sensor is used to detect the rotation angle ofFig. 4. HMD and haptic VR gun.

Fig. 5. HTC VIVE room scale VR and leap motion.

Fig. 6. RSSI Comparison Results between Wi-Fi and BLE within 3.5 m.

Fig. 7. Hardware composition for data test.

Fig. 8. Arduino nano for sensor connection.
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an object in degrees per second (d/sec). The unit of accelera-

tion of an object is represented by the gravitational accelera-

tion (g).

VI. AHRS TEST AND PRINCIPLE OF ATTITUDE 
ESTIMATION

Fig. 12 shows a snapshot of the AHRS test data screen,

where the data is collected by the MPU-9250 sensor. The

expected outputs of this test are the roll, pitch, and yaw val-

ues that are converted from the acceleration, geomagnetism,

and angular velocity values of the x, y, and z axes. A Gimbal

lock phenomenon in which two axes of rotation of an object

overlap in the same direction might appear in the process as

the Euler angle is used to represent the object posture in 3D

space. The quaternion approach prevents phenomenon such

as the Gimbal lock phenomenon, because the three axes

updated simultaneously to obtain the direction to rotation;

thus, we use it to minimize the phenomenon here [15].

An accelerometer measures a specific force. Because an

object always receives the force of gravitational acceleration

downward from the ground, the accelerometer z-axis outputs

a negative g value in a state perpendicular to the ground. If

the object is tilted, gravity will affect the x-, y- and z-axis

accelerometers. The slope of the object is then computed

based on the gravitational values of those accelerometers.

However, it is difficult to accurately estimate it if non-gravi-

tational acceleration forces are present. The gyro sensor is

used to address this problem. This sensor measures the angu-

lar velocity with the accuracy of 10~100 degrees per hour.

Fig. 9. Circuit diagram of arduino nano.

Fig. 10. Configuration of arduino nano.

Fig. 11. MPU-9250 sensor for data collection.

Fig. 12. Test data collected by MPU-9250 sensor.
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The accuracy can even be upgraded to one degree per hour

by carefully setting the signal processing parameters. This

means that the posture would change by one degree per one

hour. In order to know the posture of the body using the gyro

sensor, it is important to accumulate the rotation angle calcu-

lated from it at the roll, pitch, and yaw angles of the initial

object.

Collected sensor output values should be converted into

navigation frame values to compute accurate roll, pitch and

yaw angles. We can compute it through multiplications of

the direction cosine matrix or the Cbn matrix. Euler angles

and quaternions can be used as posture update methods with

their own strengths and weaknesses. The accelerometer is

basically a sensor to compensate for the gyro sensor; accel-

erometers do not have to integrate over time because the

sensor output can directly obtain roll, pitch, and yaw angles,

and there is no error except for errors due to temperature and

noise. On the other hand, the error increases because the

gyro sensor can obtain the orientation angle by integration.

Therefore, the Kalman filter used to combine the accelerom-

eter with the gyro sensor.

VII. CONCLUSIONS

In this paper, we propose a multiple AHRS-based motion

tracking and localization device. The proposed device

directly connects with the ‘AHRS device to AHRS’ con-

verter through the SPI interface. It is appropriate for position

tracking in a VR environment; it efficiently collects posture

information received from several AHRS devices and trans-

mits it to an HMD or a server over radio or wire. It is

expected to improve user immersion by minimizing data

transmission delay and enhancing transmission efficiency

with acceptable low MTP. This hardware configuration can

also be used in smart home systems that utilize multiple sen-

sor information [16] because of its simplicity and efficacy.
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