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Introduction

Scope and Relevance of the Research

An augmented reality technology has evolved from the so-called virtual reality
field, but differently from the augmented reality, a virtual reality user cannot interact
with the real environment. The main augmented reality application fields are medicine,
education, manufacturing, entertainment, marketing, etc. The augmented reality allows
us to see the real world and place virtual objects or other information on the top of it.
In this way, objects are not replaced, but integrated into the reality. Tracking tasks are
solved mostly using computer vision methods that acquire and process complex
information from the real environment. This provides relatively reliable information on
how and where the virtual content should be displayed to users. Efficient
accomplishment of the object recognition and tracking process is the main task that
must be solved in the augmented reality field to display a virtual content, using a
camera view of the device with respect to the tracking object. Currently the augmented
reality is used for mobile devices, therefore, the solution is required for optimal object
recognition, tracking, and virtual content representation tasks. At the moment, inertial
sensor systems are mostly used to estimate the orientation of objects, for instance,
mobile devices, therefore it seems promising in the field of augmented reality. The
main augmented reality research directions are related to the following aspects:

a) Hardware and software to display the graphical virtual content in the real world
view.

b) Tracking methods that allow us to add properly a virtual content in the real
world view.

c) Tracking method calibration and registration tools for accurate real and virtual
view synchronization for a user.

d) Display hardware to connect virtual and real world views.

e) Computer hardware for augmented reality algorithm processing.

f) Interaction methods which allows users to manipulate with a virtual content in
the augmented reality environment.

Originally a full augmented reality application development consists of hardware,
software, and methods from a)-f) integration. Mostly the research work analyzes
tracking methods as it is a fundamental task, used in the augmented reality technology,
and still has many unsolved problems to estimate the object position and orientation in
a space at the same time. Other research topics are related to interaction methods, based
on which interaction with a digital content takes place.

Relevance of the Research Problem

Augmented reality is a widely used visualization method in various application
fields, usually in tracking artificial objects, for instance, square markers that let users
to add a 2D/3D virtual content into a proper position and orientation of the real world.
The main issues using markers are occlusions of users or objects in the environment.
These occlusions usually cause disappearance of the virtual content, therefore they
have a negative impact on the usability of applications. Some computer vision methods
allow us to solve partial occlusion problems while viewing the virtual content in the
augmented reality, however, it is necessary to estimate the image processing speed and
suitability, since these tasks must be executed in real-time. The marker-based tracking
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method decreases computing requirements, but it is limited due to the marker size,
interruptible tracking, and the tracking continuity only when the marker is in the field
of view. The main problem of the computer vision method in real-time systems is
environmental complexity and tracking object motion. For example, the tracked object
can separate or merge because of partial occlusions or image noise, object view can
change because of the illumination level and features of the objects from a further
distance are not reliably reconstructed, therefore, object orientation and position are
computed inefficiently. Fast or irregular camera motion can cause image tracking
failures and instabilities. Some of the drawbacks can be eliminated, using inertial
sensors for fast device camera orientation changes and successful object orientation
estimation in the camera view. However, separate sensor information is not accurate or
reliable as it is impacted by noise, drift, and magnetic interference, therefore, there is a
need to develop an effective pose estimation model.

Object of the Research

The main object of research is object tracking methods in augmented reality
systems, which allow us to estimate object orientation and position in a real space,
based on computer vision and sensor fusion.

Aim of the Research

The aim to propose a hybrid object tracking method, using the Kalman filter in the
augmented reality field, based on computer vision and sensor fusion methods in order
to improve the object orientation and position tracking accuracy in a real space.

Objectives of the Research

To achieve the research aim this objectives were determined:

1. To perform object tracking research based on computer vision and sensor data
fusion methods to propose application recommendations in the field of augmented
reality.

2. To analyze inertial sensors application possibilities and carry out the
experiments on sensor orientation data fusion methods in order to apply object
orientation tracking information not only augmented reality systems, but also in
constructing an interaction device to control the digital content.

3. To propose a hybrid object tracking method, using the Kalman filter for the
augmented reality field, that has supplementary properties for estimating orientation
and position that ensures improved object tracking solution with respect to accuracy
and reliability, as compared with the use of non-hybrid methods.

4. To compare the research results of the hybrid object tracking method using the
Kalman filter with the basic orientation and position data and to apply this solution in
the field of the augmented reality on the internet of things, in this way ensuring a
continued virtual content representation in real-time while camera is in fast motion or
occlusions in the environment.

Research Methodology

In the analysis of scientific researches of object position and orientation tracking,
the information search, systematization, analysis, comparative analysis, and
generalization methods were used. Based on the accomplished theoretical and
empirical researches, a prototype of interaction device has been developed and a hybrid
object tracking method using Kalman filter was proposed. Based on the experimental
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research method, the analysis of digital signal processing and statistical research results
was made, and to estimate the acquired results comparative and generalization methods
were used.

Scientific novelty and importance

While preparing the thesis, the following new scientific results have been
obtained:

1. Most of the analyzed object tracking method researches are more of a
descriptive manner or analyzes only partial problem: a) estimation of position and
orientation using only computer vision methods; b) estimation of only position or only
orientation using sensor data fusion methods. There are no systematic researches that
would allow us to reduce computer vision drawbacks, when object tracking is lost
because of the changing external properties after image transformations, occlusions or
other environment conditions, using additional object tracking methods, for instance,
sensor data fusion, however, exclusively in this dissertation such research is provided.

2. A hybrid object tracking method, using the Kalman filter, was proposed that
distinguishes by supplementary properties in respect of object position and orientation,
where separately used object tracking method (computer vision or sensor fusion)
drawbacks are eliminated such as noise, drift and tracking instabilities. These improved
aspects are critical because of the issues in computer vision and sensor data fusion
methods. Hybrid object tracking method results experimentally evaluated and
compared with imitated computer vision and sensor data fusion method, show an
increased tracking accuracy. The orientation error, estimated by the hybrid object
tracking method, using the Kalman filter is RMSPER; = 0,24%, in the case of only
sensor data fusion — RMSPEJ. = 0,30% and in the case of only computer vision
method— RMSPEZ, = 0,30%. The estimated position error in the case of hybrid object
tracking by the Kalman filter is — RMSPERY, = 0,96%, in the case of only sensor data
fusion is RMSPEL, = 13,06%, and in the case of only computer vision method is
RMSPE?, = 19,75%.

3. The accomplished hybrid object tracking method using the Kalman filter
research is universal as it can be applied not only in the augmented reality systems, but

also it is demonstrated that separate part of sensor data fusion can be used developing
interaction device that characterizes with new ways of use.

Practical Importance of the Research Results

1. The proposed hybrid tracking method, using the Kalman filter is important in
many practical application fields, but in this research it is applied in the augmented
reality. The proposed method ensures reliable object orientation and position
estimations, which is an important aspect of usability in the augmented reality. In such
a way, a virtual content in the real-world context is ensured with uninterruptable
interaction even in the presence of disturbances in the environment that occur due to
rapid camera movements by a user or occlusions.

2. Depending on the available information, acquired from computer vision or
sensor data fusion estimates, different approaches to orientation and position estimates
are proposed incorporating new innovation conditions in the Kalman filter. The
proposed hybrid object tracking method using the Kalman filter improves the object
tracking reliability and eliminates delay in the computer vision case, while acquiring
orientation-position estimates.



3. A mobile program of the augmented reality application has been developed for
the internet of things, where the hybrid object tracking method using the Kalman filter
was applied. The solution is applicable to mobile devices that have se accelerometer,
gyroscope and magnetometer sensors and, by default, camera.

4. A part of the accomplished research was used in the Erasmus IP project “Virtual
bridge construction modelling and demonstration in the augmented reality
environment”. International project participants are Klaipeda State University of
Applied Sciences of Lithuania (Host), Leeds Metropolitan University of the United
Kingdom and Varna Free University of Bulgaria, 2014.

5. The results were used in Agency for Science, Innovation, and Technology
(MITA) project ,,Inovatyvaus verslo kiirimo skatinimas (INOVEKS)*, 2014-2015, by
submitting a patent application, based on the doctoral dissertation, acquired by the
sensor’s data fusion research results. The applicator is Edgaras Artemciukas. Invention
title is Spherical Form Interaction Device. The patent application No. is 2015 063. The
application date: 2015-07-24. State: revisioned. Implementation can be viewed:
https://www.ourtechart.com/augmented-reality/demo/spherical-form-interaction-device/.

Defended Propositions

1. In order to ensure accurate object tracking in image view and continuously
display a virtual content in the augmented reality environment it is purposeful to use
not only computer vision based, but also sensor data fusion methods, when sensors are
attached to camera.

2. The proposed hybrid object tracking method using the Kalman filter, allow us
to avoid drawbacks of non-hybrid computer vision or sensor data fusion tracking
methods interruptions that might appear because of different object transformations in
image, external environment condition, sensors measurements, which are attached to
camera, noise, drift and other disturbances.

3. The provided hybrid object tracking method, using the Kalman filter, ensures
reliable tracking object position and orientation estimates used in real conditions, while
rapidly moving a camera, the tracked object is covered by occlusions, the pose in a
space can be determined not only using computer vision, but also incorporating the
sensor data fusion method.
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General Structure of Doctoral Dissertation

Dissertation consists of introduction, 3 chapters, general conclusions, list of
literature, list of author publications related to this work and list of attachments.
Dissertation amount: 107 pages, 109 formulas, 46 figures, 3 tables and list of literature
that contains 118 references.

In the introduction, the scope and relevance of the research, its problematic area,
object, aim, objectives, research methodology, scientific novelty and importance,
practical importance, defended statements and the list of publications and attended
conferences are provided.

In the 1%t chapter, the computer vision research was accomplished, in order to
determine a suitability in developing the augmented reality systems. Some widely used
modern feature extraction and matching methods were analyzed which allow us to
solve partial occlusion problems and properly display a virtual content in the
augmented reality. Robustness comparisons were made according to repeatability
criteria, using various types of image transformation sets by verifying specific image
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pairs. The performance of relative computer vision feature extraction and matching
methods was estimated with respect to speed and suitability for the augmented reality
systems.

In the 2" chapter, the research of sensor orientation data fusion and integration
in the augmented reality was accomplished. The gradient descent method is presented
and applied to microelectromechanical sensor data to accurately estimate camera
orientation. It is aimed to eliminate separate sensor disadvantages and improve camera
orientation tracking accuracy, reliability, and a virtual content representation in the
augmented reality, without using any computer vision feature extraction and matching
methods. The proposed solution was applied not only from the tracking perspective,
but also in the development of interaction device. A detailed Kalman filter analysis and
practical application of the acquired orientation data, based on the quaternion
representation, are also presented.

In the 3" chapter, a hybrid object tracking method is proposed in the augmented
reality systems, using the Kalman filter. In the research, experiments were done with
imitated object position and orientation data for the case of computer vision and sensor
data fusion. The results are compared and improved aspects of the proposed methods
are provided in respect of object tracking. The hybrid object tracking method, using the
Kalman filter is applied to mobile devices in the augmented reality internet of things
application field.

List of attachments with the content is provided within the CD storage media and
Google Drive: https://drive.google.com/drive/folders/OBygvzTgnzm wUjhaekJiNTc2bnc

A Short Description About the Author

Edgaras Artemciukas was born on the 7" of December in 1987. In 2010, he
graduated from Klaipeda University Faculty of Marine Engineering and acquired a
Bachelor’s degree in Informatics Engineering. In 2012, he gained a Master’s degree in
Technical Information Systems Engineering from the same Klaipeda University. From
2012 to 2017, he was a PhD student at Vilnius University, Institute of Mathematics and
Informatics (Physical Sciences, Informatics). Since 2011, he works as a lecturer at the
Klaipeda State University of Applied Sciences, Technology faculty, Department of
Electrical and Mechanical Engineering. Since 2014 he has his own business in the field of
IT.
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Hybrid Object Tracking Method using the
Kalman Filter in an Augmented Reality System

The augmented reality started to emerge as a promising visualization method that
tracks real objects and adds a virtual content to the real world context using a camera
view. Many the augmented reality solutions are based on computer vision methods to
identify and track objects. Problems that must be solved are image transformations,
chaotic environment, lighting condition, and occlusions by user’ or objects in the
environment, which causes a virtual content to disappear. This fact has a negative
impact on augmented reality usability, therefore, object recognition and tracking in
real-time becomes a difficult and sometimes an impossible task. In this research,
acquisition of orientation-position information, using computer vision and sensor
fusion methods, is analyzed. Experiments are done with predefined assumptions and
simulated orientation-position information. Conditions for optimal orientation-position
estimates are introduced. The research results are compared and supplementary
properties are presented by the proposed hybrid tracking method, using the Kalman
filter.

Most of the research work in the augmented reality (AR) field investigates
problems that are related to tracking and interaction methods. Using tracking methods,
a virtual content can be represented in an appropriate orientation and position, while
changing the user’s perspective, and interaction methods allow users to manipulate the
virtual content. Nowadays, implemented object tracking solutions to AR are often
based on computer vision (CV) methods such as SIFT, FERNS, SURF, FAST or other
similar methods and their modifications (Bay, H.; Ess, A.; Tuytelaars, T. and Gool, L.
V., 2008), (Rosten, E.; Porter, R.; Drummond, T., 2010), (Klein, G. and Murray, D.,
2007), (Wagner, Reitmayr, Mulloni, Drummond, & Schmalstieg, 2010). Several tasks
must be taken into consideration using the augmented reality systems that are based on
computer vision methods:

1) Locate and track an object in the scene.

2) Display a virtual content depending on a trackable object orientation and
position.

3) Ensure an opportunity to interact with the content.

While tracking an object in real environment conditions, several problems should
be solved: illumination level, image transformations because of different camera
perspectives, image quality, reflection and partial or full occlusion at the same time. As
a result, less permanent features are detected and matches are found between different
viewpoints of the same scene to accomplish reliable object tracking. A virtual content
is not displayed, if the tracking is lost. Image processing speed is also the critical aspect
for AR and must be accomplished in real-time.

Depending on the ultrasonic tracking method (Lukosiunas, E. et al., 2011) of the
AR application field is a solution of position tracking. However, it is limited to the
workspace and no orientation estimates are provided. Currently, the object motion
tracking by using digital inertial sensors is an active research topic that is analysed in
(Hol, J. D. et al., 2006), (Madgwick S. O., 2011), (Artemc¢iukas & Sakalaukas, 2014)
works. A fast and irregular camera movement causes tracking errors and instabilities
in the case of computer vision. These problems can be solved using inertial sensors to
estimate rapid camera orientation changes. Using inertial sensors, camera tracking is a
suitable method because of a high speed measurement acquisition. However, it is
important to maintain the stability after a longer period of time. Sensors are affected by
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noise, drift and magnetic interference. By integrating and combining several sensor
information disadvantages of separate sensors can be eliminated, using sensor fusion
solutions (Sabatini, Quaternion-Based Extended Kalman Filter for Determining
Orientation by Inertial and Magnetic Sensing, 2006), (Zhou, Duh, & Billinghurst, Sept.
2008), (Bleser & Stricker, 2008). Thus, reliable orientation estimates are provided.

This paper describes position and orientation estimation problems, which is
critical in the field of the augmented reality, and proposes a way to improve that. In
this research no specific computer vision method was proposed. However, assumptions
were made that an object could be recognized and tracked in an image at 20 frames per
second (with a disadvantage in speed). Wrong or unavailable orientation-position
estimates, using computer vision tracking, can be improved or supplemented with
additional estimates, using sensors. Orientation and position estimation is the main
aspect analyzed in this work. To achieve better orientation-position estimates, a hybrid
tracking method was designed using the Kalman filter. Computer vision (CV) and
sensor fusion (SF) tracking information was simulated.

While representing a virtual content in the augmented reality environment, these
aspects must be ensured without any interruption by a hybrid tracking method using
the Kalman filter. Dynamic motion measurements of sensors are used to improve the
information provided by the computer vision method. A conceptual diagram of data
acquisition and processing obtained by sensors and the general purpose camera is
presented in Fig. 1.

I. Computer Vision 1. Sensor Data Fusion
— Image acquisition Magnetometer Gyroscope Accelerometer —
1. Feature extraction 1. Acquisition of sensor measurements data
' ¥
2. Feature description 2. Sensor Fusion
v
3. Feature matching 3. Orientation estimation _by the quaternion-based
algorithm
¥
4. Qutlier rejection 4. Position estimation [
¥

5. Homography estimation

Xsf = [(psf, esf, Ysf, [px, Vx, agx], [py, Vy, agy], [pz, Vz, agx]]

¥
6. Camera orientation and
position estimation

Xov = [@ev, Bovf Wou, Px, Py, Po] . Hybrid tracking

Kalman filter

XkF= [(P, 0, LV, Px, Py, pz]

A

— Augmented reality solution Virtual content

Fig. 1. Hybrid object tracking method using the Kalman filter: orientation and position
estimation using computer vision and sensor fusion methods

This is a general model of a hybrid tracking method. The following assumptions
on a further hybrid tracking method must be taken into consideration:
1) Calibration of a camera and sensors is performed off-line.
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2) Sensors are rigidly attached to the camera, therefore, it is considered that
coordinate systems coincide.

3) Processing of the computer vision (CV) and sensor data fusion (SF) methods is
implemented on different threads. The frequency of processed data acquisition by the
CV method is f, = 20 Hz (At = 0.05) and SF - f; = 100 Hz (At = 0.01).

4) Sensors attached to the camera move in the environment, not the object that can
be tracked in the scene using CV.

The CV method provides relative information about the camera orientation-
position. Accordingly, CV and SF orientation-position information is simulated from
the common starting point. For instance, in the case of CV, relative camera orientation-
position information is estimated from the object that is found and tracked in the scene
and the sensor fusion solution provides this information directly from a camera motion.

Two main aspects are important from a user‘s perspective using the AR system:

1) The system must operate in real-time without any delay.

2) Even in a rapid movement and occlusion tracking must be robust without any
jittering.

Object Tracking using Sensor Data Fusion

Orientation estimation using digital sensors is an urgent research topic. A digital
accelerometer measures acceleration and gravity of a device. In the general case, this
sensor is suitable to estimate an orientation of the object, depending on the Earth
gravitational force. According to the measurements acquired by accelerometer, the

orientation vector ag o = [a¢t, Clgt]T can be estimated by using expression (1):

a [arctan (ayt/ az, + agt)]
a — t| — | | (1)
00 |ag| =) |’

|arctan (axt/ az, + agt)J

where ay,, a,,, a, are accelerometer output at the current time moment with
respect to x, y and the axis z. Sensor measurements in a stable state are affected by
noise, therefore, ay, (rotation around the axis x —roll) and ag, (rotation around the axis

y — pitch) orientation estimates can be wrong and unreliable. The gravity force does not
provide information about the angle ay,, (rotation around the axis z — yaw).

Angular rate measurements by a gyroscope are not affected by noise and do not
accumulate errors. The object orientation vector wg ¢ 4 = [“’qbt' W, w,,,t]T Is
estimated by using expression (2):

We, OF Y a)xtAt
Wg g,y = | V0| = [@a,, T wyAL], (2)
(th (1)11,,:_1 + a)ZtAt

where w,,, wy,, , are the gyroscope angular rate at the current time moment ¢;
wg, ,, We, ,, Wy, , are the estimated orientation at the earlier time moment t — 1; At
is time between measurements. Estimated orientation, using gyroscope angular rate
measurements, is accurate only in a short period of time. After a longer period of time,
a drift exponentially increases and errors are accumulated without any fixed reference
system. It is a critical aspect for the augmented reality tracking system.
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Direction by, from the magnetometer can be determined using the following
expression (3):

my, cos(ag,) sin(ag,) — my, sin(ag,) ) )

my, cos(ag,) + my,sin(ag,) sin(ag,) + my, cos(ag,) sin(ag,)

b¢ = —arctan<

where m, , m,, , m,_are magnetic field measurements by the magnetometer with
respect to x, y, and z axes; ap, and ag, are the estimated orientation, using the
accelerometer (1). One of the magnetometer disadvantages is that magnetic field
measurements are affected by distortions, caused by ferromagnetic objects. These
distortions can be compensated.

A combination of an accelerometer, gyroscope, and magnetometer, digital sensor
measurements are used to ensure a reliable object orientation in a 3D space. The
orientation drift using a gyroscope is eliminated by an accelerometer, which contributes
in correcting ¢ and 6 angles. A magnetometer ensures corrected i direction
measurements in combination with an accelerometer. This is the main idea for sensor
fusion using quaternion representation. Quaternion requires less calculation time,
provides a reliable orientation estimation, and maintains the stability as compared to
Euler angles or rotation matrix representation. Quaternion q is a four-element vector

(4):
q = [0, 91, 92, 93] = [w, xi,y], zk], (4)

where q,(w) determines the rate of rotation; q; (x), q,(v), q3(z) are rotations in
respect of x, y, and z axes. Quaternion-based algorithms for orientation estimation
using sensors are explicitly analyzed in (Madgwick S. O., 2011), (Sabatini, Quaternion-
Based Extended Kalman Filter for Determining Orientation by Inertial and Magnetic
Sensing, 2006), therefore, no detailed analysis is provided in this work. Systems that
use such orientation estimation methods are not limited to motion, specific
environment, place, or occlusions, therefore, they have advantages over the computer
vision methods.

Even though quaternion representation of orientation is more reliable, for
simplicity, Euler angles are used instead of quaternions in further hybrid tracking
experiments. The Euler angles e, = [¢, 8, ¥ ]T can be converted by quaternions
using expression (5):

—1 (2(9293-9091)
1 24374041
[ tan (—2 Tio 2

q0+2q3 1

é1 |
€q = 19] = |—5in_1(2‘hQ3 +2q092) |- (5)
¥ | tan (Zﬂhqz—-%%)) J

2q2+2q?-1

]
I
I
|

The position estimation is a difficult, but possible task using accelerometer
measurement data. As mentioned before, the accelerometer measurements jointly
measures acceleration and gravity, therefore, it is necessary to eliminate gravity to get
a linear acceleration. If measurements in the array o sensors (accelerometer, gyroscope
and magnetometer) are available, then the gravity vector g = [g,, gy, g.]" can be
estimated, using the orientation represented in quaternion (6):
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Ix 29193 — 2qoQq-
g=\9y|=1| 29001 + 29293 |, (6)
921 |q§ —af — 45 + 45

where qq, 91, g2, g3 are quaternion elements that represent orientation; g, g, g,
are accelerometer gravity directions with respect to each axis. The estimated orientation
must be accurate, using the quaternion representation. Even small errors in the
orientation estimation, which is used to calculate the gravity vector, can cause large
errors in a linear acceleration. The linear acceleration vector a, with the eliminated

gravity g from the accelerometer output can be estimated using expression (7):

agx Ay Ix
ag = |%y| =% |- [9y|. (7)
ag, a; 9z

Using the linear acceleration ag, the velocity v, and position p, vectors are
estimated by mean s of each axis using expressions (8) and (9):

Ve = Viq + agtAt, (8)
At?

-5 (9)

Pt = Pt-1 + vtAt + agt >

where At is time between measurements; v, = 0 and p, = 0,as t = 1 at the initial
time moment. Since accelerometer measurements are affected by noise, it cannot be
efficiently used for position estimation. For further experiments, the estimated
orientation and position-velocity-acceleration vector x, - are modelled using expression
(10):

xSf = [¢Sf’ esf’ l/)Sf’ [va Vx» agx]' [py: vy; agy] ) [pZ' Uy, a,gz]:l, (10)

where ¢f, 055,155 are orientation estimates, based on the sensor data fusion in
respect of x, y and z axes; [ps, Vg, ags] are position, velocity, and acceleration vector is
obtained by using sensor measurements, where s is x, y, and z axes, respectively.

Object Tracking using Computer Vision

Computer Vision methods use feature extraction (detection) and description as a
primary analysis aspect to find interest points in an image and matching to perform
object tracking. They enable to estimate a relative orientation and position of the
camera using the RANSAC probability method. From the geometric perspective, it can
be explained by using a pinhole camera model that is widely used and analyzed in
computer vision researches. It defines a relationship between the 3D point P =
[X,Y,Z]T from the scene and corresponding the 2D projection p = [x,y]” onto the
image plane. Mapping from 3D to 2D is called a perspective projection and can be
expressed by (11):
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where f;, f, is the focal length; c,, c, is the optical center of the camera. Intrinsic
parameters are used to remove distortions. The extrinsic parameter is a transformation
matrix in the camera coordinate system, which consists of the rotation matrix R;ys
for orientation and the translation vector T5,, for position. Computer vision methods
focus on estimating this fundamental transformation matrix. The rotation matrix can be
converted to Euler angles by expression (12):

oo I[ tan™?! (2—22) 1
e = l cv =1-

I
I
lpcv [ tan™ (22) J

—sin"1(Ry3) | (12)
In the case of computer vision, the orientation and position vector x,, is modelled
by means of expression (13):

v = [¢cv' Ocvr Yevr Dxs Py, pz]’ (13)

where ¢, 0., P, are the orientations converted from the rotation matrix (R3y3)
to Euler angles and p,,p,,p, are position coordinates from the translation vector

(T5x1)-

Hybrid Tracking Method using the Kalman Filter Experiments and Results

Taking assumptions into consideration, the Kalman filter (KF) is applied to
simulate orientation-position information. The KF algorithm is recursive and widely
used in object trajectory prediction, control, tracking, collision-warning systems, image
processing, sensor fusion, etc. KF consists of prediction (process model) (14-15) and
update (measurement model) (16-18) steps:

1) State prediction x;, (14):

X = AXy_1 + Buy, + wy, (14)
2) State covariance P, prediction (15):

P, = AP,_, AT + Q, (15)
3) Factor K, calculation to correct the state prediction X, (16):

K, = B HT(HP, HT + R) ™", (16)
4) Update of the state estimate x, using the measurement w;, (17):

X = X + Ky (2, — HXy,), (17)

5) Covariance P, update (18):
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Pk = (I —KkH)ﬁk, (18)

where X, is a state prediction vector affected by noise wy; x, is an update vector;
z, = Hx,, + v, is a measurement vector affected by noise vy; wi~N(0,Q),
v, ~N(0, R) are respectively, process prediction and measurement update independent
Gaussian noises; A is a state transition matrix; Py, P, are respectively prediction and
update state covariance matrix; Q = E[w,wl], R = E[v,v]], respectively, are
independent process and measurement noise covariance matrices; H isa measurement
matrix; I is an identity matrix. In the step of update, the difference between the
measurement and prediction states is compensated and the new estimates determined.
The convergence rate of KF depends on Q and R values; a decreased value of Q or R
shows the confidence either in the process or measurement steps.

When analyzing independent innovation ¥, (19) or residual ¥, (20) sequences, the
KF efficiency can be determined, which is a reliable quality indicator:

3Zk =Zr — Hk’?k’ (19)
Vi = Zx — Hy Xy (20)

In an ideal case, the mean value of dynamic systems’ innovation ¥, and residual
¥, has to be zero or near to zero.

Next, for simplicity, SF vector x,, are separated into two parts:

a) orientation vector xg;

b) position-velocity-acceleration vector x{. = [[px. Uy, g, |, [py, vy, agy],[pz, V) agz]].

CV vector x,,, is also divided in to orientation x2, = [¢cy, O¢vr Wer] @and position
xP, = [px, Dy, pz] parts. From here some matrices are denoted by a superscript “o” for

orientation and a superscript “p” for position or position-velocity-acceleration vectors
to avoid confusion (21-22):

1 0 O 1 At At?/2

Aozlo 1 of,A42=lo0 1 At | (21)
0 0 1 0 0 1
1 0 0 10 0

H°=]0 1 o|,HP =0 0 o]. (22)
0 0 1 0 0 0

Two different KF perspectives are used for estimating orientation and position.
CV has a slower data processing rate, therefore, faster SF information available is used
for prediction between CV samples. According to the described orientation and position
estimation scenarios, KF is applied using prediction and update equations. In the
orientation estimation scenario, three orientation states ¢, 6, 1 are estimated using KF

for hybrid tracking. The simulated camera orientation (¢ angle), using SF and CV, is
presented in Fig. 2.
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Fig. 2. Simulated SF and CV orientation with modelled outliers and unavailable orientation
segments using CV

Initial tracked object orientation is 90 degrees. Processed data are acquired in
constant time intervals from camera and sensors. Similar orientation results would be
obtained for 8 and iy angles. Camera orientation is simulated in rapid motion. Even
though most of the time orientation using CV is available, in some cases, tracking is
improperly estimated, which causes spikes or it can be lost (red crosses) because of the
occlusion.

The hybrid object tracking method, using the Kalman filter starts after the
orientation information has been acquired, using the CV method, and is used as the
initial state X, (starting point) in the prediction equation. The update vector X;_, in
prediction (17) corresponds to the computer vision orientation vector x2, and the
measurement z; corresponds to the sensor fusion orientation vector xJ¢. In the general

case, a better confidence is assigned to available CV information (Q for process), rather
than SF (R for measurement) (23):

1-10~% 0 0 10 0 O
Q= 0 1-107% 0 ,R=10 10 o0/ (23)
0 0 1-107% 0 0 10

The update state i, using the SF measurement z; is applied in the prediction step
with the same confidence as CV information, if the orientation vector x,_; using CV is
unavailable for the state prediction x. Also, the following conditions are introduced to
determine the confidence, when a wrong CV orientation vector is acquired (24):

{Iﬁkl < zg-zry trustisgiven to the process, (24)

| 9| > zy - zpy  trust is given to the measurement,

where z;y is the determined 5 % threshold parameter. Innovation |§, | comparison
with z,, takes place as measurements of SF are always available. If the error in CV is
critical, innovation exceeds the threshold of measurement z,, therefore, a better
confidence is provided to measurement. In real-life conditions, the existing errors in
CV provides considerable differences as compared to the SF orientation information.
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If CV information is available without any errors, innovation does not exceed a
threshold, as it provides similar results for SF orientation. The estimated orientation
using the Kalman filter for hybrid tracking is presented in Fig. 3.
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Fig. 3. Hybrid tracking method, using the Kalman filter, for estimating orientation

A spike in the CV orientation is successfully eliminated using KF. The same
applies to unavailable orientation information from CV. The innovation results in the
case of orientation are presented in Fig. 4.
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Fig. 4. Prediction of orientation and update innovation sequences

Spikes in the innovation are errors from the CV orientation information and are
taken into consideration while estimating the orientation by applying hybrid tracking
method using the Kalman filter.

In the position estimation scenario only one coordinate is tracked. For estimating
the position SF information is used in the process model and CV information in the
measurement model. AP (21), also known as a constant acceleration model (for the
process model) is used to calculate only a 1-axis vector of position, velocity, and
acceleration. For the other two axes the same model should be applied as well. In the
case of measurement part, the interest is held only in position. Velocity and acceleration
are not observed, therefore, HP is used according to expression (22). The simulated
noisy acceleration and estimated position are presented in Fig. 5.
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Fig. 5. Simulated acceleration for estimating position: a) noisy acceleration (normal
distribution with = 0.2 ) for estimating position; b) drifted position estimates from noisy
acceleration compared to the ground truth

Positive and negative values in the diagrams show a direction of acceleration and
position. In the process model (x,_,) position-velocity-acceleration information is
estimated from acceleration, and in the measurement model (z,), position is acquired
from CV. A better confidence is provided for a computer vision information, since
using noisy acceleration measurements, position estimates accumulate considerable
errors. Position innovation sequences are presented in Fig. 6.
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Fig. 6. Position prediction and update innovation sequences

To avoid an increasing difference between the process and measurement

estimates, modifications are made in prediction of equation (25) by adding a control
vector (25, 26, 27):

'fk = AP fk—l +Buk+Wk, (25)
100 pm

B=0 0 O,uk= 0| (26)
0 0 O 0

m _ o & . Z;czk—n+1(zi_ Zi—l)

yk - yk + fo (Tl—l) ' (27)
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where B is a control matrix; u, is a control vector; n =4 are four last available
measurements by CV. By adding a control vector consisting of the modified innovation
ym, it is ensured that estimation of the position by SF will not diverge among CV
samples. A modified innovation is calculated using the previously available z,
measurements from CV and the current estimated position from SF, up to the next
available CV position information. The position estimated by the hybrid tracking
method using the Kalman filter is presented in Fig. 7.
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Fig. 7. Hybrid tracking method using the Kalman filter for estimating position

The main demand for the augmented reality hybrid tracking method is in the case
of a lost object tracking using CV to provide camera orientation-position information
from additional sources — inertial sensors. Summarized results of the accomplished
experiments are presented in Table Il and Table I11.

TABLE I1. Results of the estimating orientation mean (u), standard deviation (o),
root mean square error (RMSE).

Parameter Estimation of orientation (degrees)
GT SF CcVv KF
U 90,00 90,30 88,55 90,28
o 63,67 63,73 63,84 63,68
RMSE - 89,73 90,27 89,79

TABLE I111. Results of the estimating position mean (u), standard deviation (o), root

mean square error (RMSE).

Parameter Estimation of position (meters)
GT SF CVv KF
u 0,31 0,34 0,32 0,31
o 0,35 0,38 0,36 0,35
RMSE - 0,04 0,06 0,003

GT denotes a ground truth. In the presented results for estimating orientation-
position KF for hybrid tracking show the best results: the mean and standard deviation
is nearest to the ground truth value. In the case of root mean square error (RMSE) in
the estimation of orientation the error is smallest from 90 degrees (the original state in
object tracking). In the case of position, it is near to zero value, which is a reliability
indication of the estimated results. RMSE is calculated using expression (28):

1 2
RMSE = \/;Z?:l(xari—xlssn) ' (28)
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where n is the amount of data; x; are specific ground truth values (orientation or
position), and x gy IS a specific estimated orientation with respect to ¢, 8 or i angles;
or a position value with respect to x, y, or z axes using different approaches: sensor
fusion data, computer vision, and hybrid object tracking method using the Kalman
filter. In order to calculate percentage change of RMSE from ground truth orientation
and position data RMSPE (or %RMSE) is calculated using expression (29):

RMSPE = JZirarixeon)’

-100% , (29)
UGt

where ugp is respectively ground truth average of orientation or position data. The proposed
hybrid object tracking using the Kalman filter shows an increased tracking efficiency
and the estimated orientation error is RMSPER; = 0,24%, in the case of only sensor
data fusion — RMSPES; = 0,30%, and in the case of only computer vision method —
RMSPEQ, = 0,30%. The estimated position error in the case of hybrid object tracking
using the Kalman filter is RMSPE},. = 0,96%, in the case of only sensor data fusion —
RMSPE(, = 13,06%, and in the case of only computer vision method — RMSPE},, =
19,75%.

Other researches related to the tracking approaches, provide neither their
experimental results nor ground truth values in a numeric form to make objective
comparisons. Even though this research focuses on a hybrid tracking method, solution
can be easily adapted for the development of interaction devices.

In the hybrid tracking case, the content can be maintained intact in the same
position and orientation independently of the used computer vision method. If the
solution were based only on the computer vision method, such a virtual content
alignment would fail. This is a critical problem and should be solved to avoid unreliable
usability of the augmented reality applications. A general hybrid tracking research
application is presented in Fig. 8.

Separate Tracking Hybrid Tracking Augmented Reality Virtual Content
techniques technique

Orientation Estimated
Position F4
Estimated

Position Orientation

Orientation

!Information acquired from processed image (camera view) using Computer Vision

Real Tracking object
%Information acquired using sensor array that is rigidly attached on top of the camera environment (partial image)

Fig. 8. Hybrid tracking method using the Kalman filter in the augmented reality

Specifically such a hybrid tracking approach was applied in the field of internet of
things, provided in Fig. 9.
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Fig. 9. a) Spark Core cloud-based infrastructure for AR Internet of Things solution; b) The
augmented reality internet of things user interface and real-time data parsing from the cloud

In such an augmented reality for internet of things application scenario, motion,
temperature, humidity, and light intensity sensor measurements are sent to the cloud.
In the presented augmented reality scenario, the Unity3D game development
environment and Vuforia plugin were used to develop markerless AR 10T indoor
solution with a predefined image target.

GENERAL CONCLUSIONS

1) Accomplished analysis of feature extraction and classification methods it was
determined that these methods tries to solves features acquired from image redundancy
problem and transforming it into a reduced feature vector that has enough information
to uniquely recognize and track specific object in the environment. There are no
universal feature extraction method that would fit any type of object to be tracked or
application field, as there exist other requirements in different application fields,
specific tracking object characteristics and environment conditions on which depends
feature accessibility. Based on the carried out experiments, from the speed perspective
it has been determined that feature extraction and matching takes 4 times slower than
the SURF method and 11 times slower than FAST. In the augmented reality systems
object tracking must take place in real-time. To estimate SIFT, SURF and FAST feature
extraction stability, repeatability criterion was used. While changing the scale of
original image size the SIFT repeatability criterion was higher by 15-30% than the
SURF method and by 35-55% higher than FAST. By changing the original image size
by +30% tendencies stay similar: the SIFT method repeatability criterion has increased
by 15-30% more than the SURF method and 50-55% more than FAST. In the case of
image rotation, the SIFT method repeatability criterion was higher by 40% as compared
with SURF and FAST methods. In the case of image translations, SIFT and SURF
repeatability criteria results are similar, but by 4-20% higher than the FAST method.

2) The analysis has showed that using separate sensor measurement data to
determine object orientation is not a reliable solution. In the analytical-experimental
approach, accelerometer, gyroscope, and magnetometer sensor measurements were
investigated, as well as a fused sensor data case by applying a gradient descent method
to quaternion representation of orientation, when the sensor array is attached to the
camera. After the experiments and calculation results, it has been determined that, by
using the gradient descent method, some sensor measurement disadvantages can be
compensated and the estimated orientation accuracy and reliability improved, avoiding
divergence, noise, and decreasing delay, which is a frequent case while using computer
vision methods. It has been determined that it is purposeful to use sensor data fusion to
supplement unavailable object tracking estimates or to improve them. These estimates
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have been acquired based on computer vision methods, when tracking is disrupted,
caused by a fast camera motion or wrongly estimated position and orientation
information due to different image transformations.

3) The proposed hybrid object tracking method using the Kalman filter consists of
sensor data fusion (to track camera) and computer vision (to track image) methods on
which based orientation and position information was imitated. The results of hybrid
object tracking method were experimentally evaluated and compared with only
computer vision and only sensor data fusion cases. The proposed hybrid object tracking
method using the Kalman filter shows an increased tracking efficiency, and the
estimated orientation error is 0,24%, in the case of only sensor data fusion is 0,30%,
and in the case of only computer vision method is 0,30%. The estimated position error
in the case of hybrid object tracking using the Kalman filter is 0,96%, in the case of
only sensor data fusion is 13,06%, and in the case of only computer vision method is
19,75%.

4) The proposed hybrid object tracking method using Kalman filter applied for
mobile devices allows continuously display user interface for internet of thing in the
augmented reality environment, but also a separate hybrid object tracking method part
can be adapted to develop interaction devices, which allow us to expand and improve
interaction with the digital content or other technical equipment, enabling different
modes and application possibilities, therefore, proposed hybrid object tracking
characterizes with universality.
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HIBRIDINIS OBJEKTU SEKIMO METODAS PAPILDYTOS
REALYBES SISTEMOSE NAUDOJANT KALMANO FILTRA

IVADAS

Papildyta realybé (angl. Augmented Reality) yra sritis, i§sivysciusi i§ virtualiosios
realybés, kurioje vartotojas mato realioje aplinkoje virtualy turinj ir turi galimybe su
juo saveikauti. Papildytos realybés galimos taikymo sritys yra medicina, Svietimas,
gamyba, pramogos, rinkodara ir kt. Papildyta realybé suteikia galimybe matyti tikrajj
pasaulj jterpiant j ji virtualius objektus ar kitg informacija. Tokiu biidu objektai néra
pakeiciami, o integruojami j realybe. Atliekant objekty sekima aplinkoje dazniausiai
naudojami kompiuterinés regos metodai. Jie atlieka sudétingg informacijos i$ realios
aplinkos iSgavimo ir apdorojimo procesa, norint suteikti patikimg informacija, kaip ir
kur vartotojui turi buti pateiktas virtualus turinys. Efektyvus objekty atpazinimas ir
sekimas yra esminis uzdavinys, sprendziamas papildytos realybés srityje norint
patikimai atvaizduoti virtualy turinj sekamo objekto atzvilgiu. Siuo metu papildytos
realybés sistemos dazniausiai naudojamos mobiliuosiuose jrenginiuose, todel
reikalingas sprendimo biidas, kuris patikimai jvykdyty atpaZzinimo, sekimo ir virtualaus
turinio atvaizdavimo uzduotis. Inerciniy jutikliy sistemos Siuo metu daznai naudojamos
deél galimybés jvertinti jrenginiy orientacijg, todél jy taikymas yra perspektyvus
papildytos realybés srityje. Pagrindinés papildytos realybés tyrimy sritys susijusios su
tokiais aspektais:

a) Grafikos perteikimo techniné ir programiné jranga.

b) Sekimo metodai, kurie leidzia tinkamoje padétyje pateikti virtualy turinj
sekamo objekto atzvilgiu.

c) Sekimo metodo kalibravimo ir registravimo priemonés, skirtos tiksliai suderinti
realy ir virtualy vaizdg vartotojo atzvilgiu.

d) Rodymo techniné jranga norint sujungti virtualy vaizdg su realaus pasaulio
vaizdu.

e) Kompiuteriné techniné jranga apdoroti papildytos realybés algoritmus.

f) Saveikos metodai, kurie nurodo kaip vartotojas gali manipuliuoti papildytos
realybés virtualiu turiniu.

Paprastai pilno papildytos realybés sprendimo kiirimas apima techningés,
programinés jrangos ir metody i§ punktuose a)—f) minéty aspekty integracija. Objekty
pozicijos ir orientacijos sekimo metodai yra pagrindiné nagrin€¢jama problema daugelio
moksliniy tiriamyjy darby. Sie metodai naudojami papildytos realybés srityje ir vis dar
turi daug neiSspresty problemy, todél hibridiniy objekty sekimo metody sudarymas yra
tikslingas, kai naudojama tiek kompiuterinés regos, tiek jutikiy duomeny sujungimo
atveju gauta pozicijos ir orientacijos informacija apic sekamg objekta, siekiant
patikimiau jvertinti tiek objekto pozicija, tiek objekto orientacijg erdvéje tuo paciu
metu. Kitos tyrimy problemos yra susijusios su sgveikos metodais, kuriy pagrindu
manipuliuojama skaitmeniniu turiniu.

Tyrimo problemos aktualumas

Papildyta realybé yra vizualizavimo technika, kuri placiai naudojama daugelyje
mobiliyjy programéliy, dazniausiai sekant dirbtinj objekta vaizdo pozymiy i$skyrimo
ir apdorojimo metody pagrindu, pavyzdziui, naudojant kvadratinij Zzymeklj
(angl. markers). Vaizdo pozymiy i$skyrimo ir apdorojimo metodo pagrindu
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paskaiCiuojama, kurioje padétyje (pozicijoje ir orientacijoje) turi buti atvaizduotas
2D/3D virtualus turinys vartotojg supancioje realioje aplinkoje. Pagrindinés
problemos, naudojant Zymeklius, vartotojo ar objekty i§ aplinkos okliuzijos. Dél Siy
okliuzijy dazniausiai dingsta 3D virtualus turinys, todél jos turi neigiamg jtaka
mobiliajai programai naudoti. Kai kurie kompiuterinés regos metodai leidzia iSspresti
dalinés okliuzijos problemas atvaizduojant virtualy turinj, taciau biitina jvertinti Siy
metody greitj bei tinkamuma, nes uzduotys turi biiti vykdomos realiu laiku. Zymekliy
sekimo metodas sumazina skaiciavimy reikalavimus, taciau turi apribojimy dél sekamo
objekto dydzio vaizde bei nutriikstancio sekimo, kai zymeklis néra matymo lauke.
Pagrindiné kompiuterinés regos metody realaus laiko sekimo sistemose problema —
aplinkos kompleksiskumas ir sekamo objekto judéjimas. Pavyzdziui, objektas gali
atsiskirti, susilieti dél daliniy okliuzijy ar vaizdo triukSmo, objekto vaizdas gali keistis
dél skirtingo apsvietimo, o didesniu atstumu esanciy objekty pozymiai néra patikimai
rekonstruojami, todél neefektyviai paskaiCiuojama sekamo objekto orientacija bei
padétis. Greitas arba netolygus kameros jud¢jimas sukelia vaizdo sekimo sutrikimy.
Tokie trukumai gali biiti pasalinami naudojant inercinius jutiklius. Inerciniy jutikliy
matavimy informacija suteikia galimybe jvertinti staigius objekto, pavyzdziui,
jrenginio kameros orientacijos bei pozicijos poky¢ius, kurie gali atsirasti naudotojui
judinant jrenginj, taciau atskira jutikliy informacija néra tiksli ir patikima. Jutikliy
matavimai paveikiami triuk§mo, nuokrypiy ir magnetinés interferencijos, todél yra
poreikis sudaryti efektyvy orientacijos ir pozicijos jvertinimo modelj.

Tyrimo objektas

Darbo tyrimo objektas — objekty sekimo metodai papildytos realybés sistemose,
leidziantys jvertinti objekty orientacija ir pozicijg realioje erdvéje, pozymiy iSskyrimo
1§ vaizdo bei apdorojimo ir jutikliy duomeny sujungimo pagrindu.

Tyrimo tikslas

Darbo tyrimo tikslas — pasitlyti hibridinj objekto sekimo metoda naudojant
Kalmano filtrg papildytos realybés srityje, pozymiy iSskyrimo i§ vaizdo ir jutikliy
duomeny sujungimo metody pagrindu, siekiant pagerinti objekty orientacijos ir
pozicijos sekimo tiksluma realioje erdvéje.

Tyrimo uzdaviniai

Tikslui jgyvendinti keliami tokie darbo uZdaviniai:

1. Atlikti objekty sekimo metody, kompiuterinés regos ir jutikliy duomeny
sujungimo pagrindu, tyrima bei pateikti taikymo rekomendacijas papildytos realybés
srityje.

2. ISanalizuoti analitiniu-eksperimentiniu budu inerciniy jutikliy taikymo
galimybes bei jutikliy orientacijos duomeny sujungimo metodus, siekiant pritaikyti
objekto sekimo informacijg ne tik papildytos realybés sistemose, bet ir sukonstruoti
saveikos jrenginj, skirta manipuliuoti skaitmeniniu turiniu.

3. Pasitilyti hibridinj objekto sekimo metoda naudojant Kalmano filtra papildytos
realybés srityje, pasizymint] papildan¢iomis savybémis orientacijos ir pozicijos
jvertinime, lyginant su ne hibridiniy metody naudojimu, kai informacija galimai
neprieinama, bei uztikrinant] pagerinta objekty sekimo sprendimg tikslumo ir
patikimumo atzvilgiu.

26



4. Palyginti pasiiilyto hibridinio objekto sekimo metodo, naudojant Kalmano filtra,
tyrimo rezultatus su baziniais orientacijos ir pozicijos duomenimis ir pritaikyti §j
sprendima papildytos realybés daikty interneto srityje, kur biity uztikrintas sukurtos
vartotojo sgsajos, skirtos daikty internetui, nenutriikstamas atvaizdavimas realiu laiku,
esant greitiems kameros judesiams ar okliuzijoms aplinkoje.

Tyrimo metodika

Analizuojant mokslinius tyrimus objekty pozicijos ir orientacijos sekimo erdvéje
atzvilgiu, naudoti informacijos paieskos, sisteminimo, analizés, lyginamosios analizés
ir apibendrinimo metodai. Atlikty tiek teoriniy, tiek empiriniy tyrimy pagrindu
sukonstruotas sgveikos jrenginio prototipas ir pasitilytas hibridinis objekty sekimo
metodas naudojant Kalmano filtrg. Eksperimentinio tyrimo metodu atliktas
skaitmeninis signaly apdorojimas ir statistiné tyrimy rezultaty analizé, o gautiems
rezultatams jvertinti naudotas palyginimo ir apibendrinimo metodas.

Darbo mokslinis naujumas ir jo reik§mé

Rengiant disertacija buvo gauti Sie mokslui nauji rezultatai:

1. Daugelis nagrinéty objekto pozicijos ir orientacijos sekimo metody tyrimy
labiau teoriniai, apraSomojo pobiidZio arba analizuojama tik daliné problema: a)
pozicijos ir orientacijos jvertinimas tik kompiuterinés regos metody atvejais; b) tik
pozicijos arba tik orientacijos jvertinimas jutikliy duomeny sujungimo atvejais. Néra
sisteminiy tyrimy, leidzian¢iy kompiuterinés regos metody trikumus sumazinti, kai
objekto sekimas nutriiksta dél besikeicianciy iSorés savybiy po vaizdo transformacijy,
okliuzijy ar kity aplinkos sglygy, naudojant papildomus objekty sekimo metodus,
pavyzdziui, jutikliy duomeny sujungima, taCiau iSskirtinai Sioje disertacijoje toks
tyrimas pateiktas.

2. Pasiiilytas hibridinis objekty sekimo metodas naudojant Kalmano filtrg
pasizymi papildan¢iomis savybémis pozicijos ir orientacijos jvertinimo atzvilgiu,
kuriame pasalinti atskirai naudojamy objekto sekimo metody trikumai kaip triukSmas,
nuokrypiai ir sekimo sutrikimai. Sie sekimo sutrikimy gerinimai yra svarbis dél
problemy esanciy tiek vaizdo pozymiy iSskyrimo ir apdorojimo, tiek jutikliy matavimy
duomeny sujungimo metoduose. Hibridinio objekty sekimo metodo rezultatai,
eksperimentiskai jvertinti ir palyginti su imituotais kompiuterinés regos bei jutikliy
duomeny sujungimo metodo duomenimis, rodo padidéjus; sekimo tikslumg. Hibridinio
objekto sekimo metodo naudojant Kalmano filtra orientacijos jvertinimo paklaida
siekia tik RMSPER; = 0,24%, kai tuo tarpu tik jutikliy duomeny sujungimo atveju
RMSPES: = 0,30%, o tik kompiuterinés regos atveju RMSPEZ, = 0,30%. Pozicijos
jvertinimo paklaida siekia RMSPE }?F = 0,96%, tik jutikliy duomeny sujungimo atveju
- RMSPEEF = 13,06%, o tik kompiuterinés regos atveju — RMSPEgV = 19,75%.

3. Atliktas hibridinis objekty sekimo metodas naudojant Kalmano filtrg tyrimas
universalus tuo, kad gali biiti taikomas ne tik papildytos realybés sistemose, bet taip
pat parodyta, kad atskira jutikliy duomeny sujungimo tyrimo dalis panaudota
konstruojant nauju naudojimo budu pasizymintj sgveikavimo jrenginj.

Darbo rezultaty praktiné reik§meé

1. Pasitlytas hibridinis objekto sekimo metodas naudojant Kalmano filtrg yra
aktualus daugelyje praktiniy taikymo sri¢iy, ta¢iau tyrime numatyta pagrindiné
taikymo sritis yra papildyta realybé. Siuo metodu sitilomas patikimas objekty
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orientacijos ir pozicijos jvertinimas erdvéje, kuriuo uztikrinamas virtualaus turinio
pateikimas realaus vaizdo kontekste nepertraukiamai sgveikaujant net aplinkoje esant
trikdziy, atsirandanc¢iy dél greitai naudotojo judinamos kameros, okliuzijy aplinkoje ir
pan.

2. Priklausomai nuo prieinamos informacijos, gautos iSskyrus ir apdorojus
poZzymius 1§ vaizdo ar jutikliy duomeny sujungimo jverciy, pasidlyti skirtingi
orientacijos ir pozicijos informacijos pasikliovimo atvejai, atsizvelgiant | Kalmano
filtro inovacijos parametro salygas. Pasitilytas hibridinis objekto sekimo metodas
naudojant Kalmano filtra pagerina objekto sekimo patikimumg ir eliminuoja
atsirandantj delsima poZzymiy iSskyrimo i§ vaizdo atveju.

3. Sukurta papildytos realybés programa mobiliesiems jrenginiams, kurioje
adaptuotas hibridinis objekto sekimo metodas naudojant Kalmano filtrg. Sprendimas
pritaikomas mobiliuosiuose jrenginiuose, turiniuose akselerometra, giroskopg ir
magnetometrg.

4. Dalis atlikto tyrimo rezultaty panaudoti Erasmus IP projekte ,,Virtual bridge
construction modelling and demonstration in augmented reality environment®.
Tarptautinio projekto dalyviai: Klaipédos valstybiné kolegija, Didziosios Britanijos
Leeds Metropolitan universitetas, Bulgarijos Varna Free universitetas, 2014 m.

5. Rezultatai panaudoti mokslo, inovacijy ir technologijy agentiiros projekte
,Inovatyvaus verslo karimo skatinimas (INOVEKS)“, 2014 — 2015 m., pateikiant
patenting paraiSka disertacijoje gauty jutikliy duomeny sujungimo tyrimo rezultaty
pagrindu. PareiSkéjas — Edgaras Artemciukas. ISradimo pavadinimas — ,,Sferos formos
sgveikos jrenginys®. Patento paraiskos Nr. 2015 063. Paraiskos pateikimo data: 2015-
07-24. Biisena: taisomas. Realizacijg galima paziiiréti:
https://www.ourtechart.com/augmented-reality/demo/spherical-form-interaction-device/.

Ginamieji teiginiai

1. Siekiant uztikrinti tiksly objekto sekimg vaizde ir nepertraukiamg virtualaus
turinio atvaizdavima papildytos realybés aplinkoje, tikslinga naudoti ne tik
kompiuterinés regos metodus, bet ir jutikliy duomeny sujungima, kai jutikliai yra
pritvirtinti prie kameros.

2. Pasitlytas hibridinis objekty sekimo metodas naudojant Kalmano filtra leidzia
iSvengti pozymiy iStraukimo bei apdorojimo i§ vaizdo ir jutikliy duomeny
sujungimo pagrindu naudojamy sekimo metody sutrikimy, kurie atsiranda dél
sekamo objekto transformacijy vaizde, iSoriniy aplinkos salygy, jutikliy
matavimy, pritvirtinty prie kameros, triuk§Smo, nuokrypiy ar kity iSkraipymy.

3. Pateiktas hibridinis objekty sekimo metodas naudojant Kalmano filtrg leidzia
uztikrinti patikimus sekamo objekto pozicijos ir orientacijos jverCius tiek
imituoty duomeny atzvilgiu, tiek taikant papildytos realybés aplinkoje realaus
naudojimo sglygomis greitai judant kamerai ir esant sekamo objekto okliuzijomis
vaizde.

Darbo rezultaty aprobavimas

Mokslinés publikacijos Thomson Reuters Zurnaluose:

e Artemciukas, E., Plestys, R., Andziulis, A., Gerasimov, K., Zulkas, E., Pasviestis,
L., Krauze, A. (2012). Real-time Control System for Various Applications using
Sensor Fusion Algorithm. Elektronika ir elektrotechnika, Vol. 18, No. 10, p. 61—
64, ISSN 1392-1215, DOI: 10.5755/j01.eee.18.10.3064.
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e Artemciukas, E., Sakalauskas, L., Zulkas, E. (2016). Kalman Filter for Hybrid
Tracking Method in Augmented Reality. Elektronika ir elektrotechnika, Vol. 22,
No. 6, p. 73-79, ISSN: 1392-1215, DOI: 10.5755/j01.eie.22.6.17228.

Mokslinés publikacijos 1SI Proceedings:

1. Lukosiunas, E., Bulbenkiene, V., Andziulis, A., Artemciukas, E. (2011). An
ultrasonic tracking method for augmented reality. Proceedings of the 17th
International Conference on Information and Software Technologies, Kaunas,
Lithuania, p. 170-173.

2. Zulkas, E., Artemciukas, E., Dzemydiene, D., Guseinoviene, E. (2015). Energy
consumption prediction methods for embedded systems. Tenth International
Conference on Ecological Vehicles and Renewable Energies (EVER), Monte
Carlo, p. 1-5, ISBN 978-1-4673-6784-4, DOI: 10.1109/EVER.2015.7112932.

Mokslinés publikacijos Kkituose recenzuojamuose Zurnaluose:

1. Artemciukas, E., Sakalauskas, L. (2014). Vaizdo apdorojimo metody tyrimas ir
taikymas papildytos realybés sistemose. Jaunyjy mokslininky darbai. Nr. 1 (41),
p. 91-98, ISSN 1648-8776.

2. Artemciukas, E., Sakalaukas, L. (2014). Jutikliy orientacijos duomeny integracija
papildytos realybés technologijoje. Mokslas — Lietuvos ateitis. Elektronika ir
elektrotechnika, Vilnius: Technika, Nr. 6 (2), p. 172-177, ISSN 2029-2341
(print) / ISSN 2029-2252 (online).

3. Artemciukas, E., Sakalauskas, L. (2014). Leap Motion valdiklio taikymas
papildytos realybés technologijoje. Technologijos mokslo darbai Vakary
Lietuvoje IX, Nr. 9, p. 10-15, ISSN 1822-4652.

Dalyvavimas tarptautinése konferencijose:

1. Artemciukas, E. Real-time Control System for Various Applications using
Sensor Fusion Algorithm (2012). The 16th International Conference
ELECTRONICS 2012, Palanga, Lithuania, 18th-20th June.

2. Artemciukas, E. Kalman Filter for Hybrid Tracking Method in Augmented
Reality (2016). The 20th International Conference ELECTRONICS 2016,
Palanga, Lithuania, 13th-15th June.

Dalyvavimas nacionalinése konferencijose:

1. Artemciukas, E. (2013). Computer vision methods research and application in
augmented reality systems. 5-oji Lietuvos jaunyjy mokslininky konferencija
., Operacijy tyrimas ir taikymai “, Siauliy universitetas.

2. Artemciukas, E. (2014). Leap Motion valdiklio taikymas papildytos realybés
technologijoje. IX-0ji moksliné konferencija ,,Jiros mokslai ir technologijos,
Klaipédos universitetas.

3. Artemciukas, E. (2015). 3D virtualaus turinio manipuliavimas papildytos
realybés technologijoje.  Penktoji jaunyjy mokslininky  konferencija:
., Tarpdalykiniai tyrimai fiziniuose ir technologijos moksluose “, Lietuvos moksly
akademija.

Disertacijos struktiira

Disertacija sudaro jvadas, 3 skyriai, bendrosios iSvados, literatiiros ir priedy
sgrasas. Disertacijos apimtis: 107 puslapiai, 109 numeruotos formulés, 46 paveikslai ir
3 lentelés. Literattiros sarasa sudaro 118 Saltiniy.
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Ivade aprasSyta mokslinio tyrimo dalykiné sritis, nagrinéjamos problemos
aktualumas, tyrimo objektas, tikslas, uzdaviniai, mokslinis naujumas bei jo reikSmé,
rezultaty praktiné reikSmé, ginamieji teiginiai ir disertacijos rezultaty aprobavimo
sgrasas.

1 skyriuje atliktas pozymiy i$skyrimo i§ vaizdo ir apdorojimo metody tyrimas,
siekiant iSsiaiSkinti Siy metody tinkamumg plétojant papildytos realybés sistemas.
Skyriuje pateikiami Siuo metu kai kurie placiausiai naudojami pozymiy aptikimo ir
apraSymo metodai, kurie leidzia iSspresti dalinés okliuzijos problemas ir tinkamai
atvaizduoti virtualy turinj papildytos realybés aplinkoje. Tyrime atliktas naSumo
palyginimas pagal atkartojimo kriterijy naudojant skirtingo tipo vaizdy transformacijos
rinkinius, tikrinant specifines vaizdy poras. [vertintas santykinis poZymiy i§skyrimo ir
apdorojimo metody greitis ir tinkamumas papildytos realybés sistemose.

2 skyriuje atliktas jutikliy orientacijos duomeny sujungimo tyrimas ir integracija
papildytos realybés srityje. Nagriné¢jamas gradientinio nusileidimo metodo
(kvaterniony pagrindu) taikymas mikroelektromechaniniy jutikliy duomenims, norint
tiksliau jvertinti kameros orientacijg trimatéje erdvéje. Tyrime siekiama eliminuoti
pavieniy jutikliy matavimo duomeny triukSma ir pagerinti kameros orientacijos sekimo
tikslumg, patikimuma, kur virtualus turinys atvaizduojamas papildytoje realybéje
nenaudojant pozymiy i$ vaizdo i§skyrimo ir jy apdorojimo metody. Demonstruojamas
orientacijos jvertinimo sprendimas pritaikytas ne tik i§ kameros sekimo aspekto ir
taitkymo papildytos realybés srityje, bet ir plétojant saveikos jrenginj. Nagrinéjamas
Kalmano filtro panaudojimas sekant objekty orientacijg. Pateikta detali Kalmano filtro
analizé, praktinis taikymas gautiems jutikliy matavimy duomenims, kurie isreiksti
kvaternionais.

3 skyriuje pasitlytas hibridinis objekto sekimo metodas papildytos realybés
sistemose, naudojant Kalmano filtrg. Tyrime atlikti eksperimentai su imituotais objekto
pozicijos bei orientacijos duomenimis pozymiy iStraukimo i§ vaizdo ir apdorojimo bei
jutikliy duomeny sujungimo atvejais. Rezultatai palyginti bei pateikti pasitilyto metodo
pagerinti aspektai objekto sekimo atzvilgiu. Hibridinis objekto sekimo metodas
naudojant Kalmano filtrg adaptuotas mobiliesiems jrenginiams papildytos realybés
daikty interneto srityje.

Pateiktas priedy sgrasas su turiniu CD duomeny laikmenoje ir Google Drive diske.

BENDROSIOS ISVADOS

1) Atlikus pozymiy i$skyrimo ir klasifikavimo metody analiz¢ nustatyta, kad tiek
klasifikavimo metodai, tiek poZymiy iSskyrimo metodai sprendzia vaizdo pozymiy
pertekliaus problema, transformuojant pertekliy j sumazintg pozymiy kiekj, kuris vis
dar suteikty pakankamai informacijos, norint atpazinti ir sekti konkrety objekty
aplinkoje. Néra vieno universalaus pozymiy iSskyrimo metodo, kur objekto sekimo
uzdaviniy atlikimas tikty bet kuriai taikymo sri€iai, nes egzistuoja kiti reikalavimai
skirtingose taikymo srityse, skiriasi konkretaus sekamo objekto savybés ir aplinkos
salygos, nuo kuriy priklauso pozymiy priecinamumas. Pagal atliktus greitaveikos
eksperimentus nustatyta, kad pozymiy iSskyrimas ir sutapdinimas vyksta daugiau nei 4
kartus 1é¢iau uz SURF metoda ir 11 karty 1é¢iau uz FAST metodg. Papildytos realybés
sistemose objekto sekimas turi biiti vykdomos realiu laiku. Jvertinus SIFT, SURF ir
FAST pozymiy i$skyrimo metody stabilumg pradinio vaizdo mastelio keitimo atveju
SIFT atkartojimo kriterijus yra 15-30% didesnis uz SURF metoda ir 35-55% didesnis
uz FAST. Vaizdg pasukant SIFT metodo atkartojimo kriterijus didesnis 40% lyginant
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tiek su SURF, tiek FAST metodais. Vaizdg pastumiant SIFT ir SURF atkartojimo
kriterijaus rezultatai panasus, bet 4—20% didesni uz FAST metoda.

2) Analizé parodé, kad naudoti pavieniy jutikliy matavimy duomenis, objekty
orientacijai nustatyti — néra patikimas sprendimas. Analitiniu-eksperimentiniu biidu
i§tirti akselerometro, giroskopo ir magnetometro jutikliai, taip pat jungtinis $iy jutikliy
informacijos naudojimo atvejis, pritaikius kvaterniony iSraiSkoms gradientinj
nusileidimo metoda, kai jutikliy masyvas tvirtinamas prie kameros. Pagal atlikty
eksperimenty ir skai¢iavimy rezultatus nustatyta, kad naudojant gradientinio
nusileidimo metoda, galima kompensuoti atskiry jutikliy trikumus, padidinti jvertinty
orientacijy tikslumg bei patikimuma, iSvengiant nuokrypiy, triuk§mo jutikliy matavimy
atvejais bei sumazinant delsimg kompiuterinés regos metody atvejais. Nustatyta, kad
tikslinga naudoti jutikliy duomeny sujungima, siekiant papildyti nesamus objekto
sekimo jvercius arba juos pagerinti. Sie jverdiai gauti kompiuterinés regos pagrindu,
esant sekimo sutrikdymams, kylantiems dél didelio kameros judéjimo greicio ar
netinkamai jvertintos padéties informacijos dél skirtingy vaizdo transformacijy.

3) Pasitilytas hibridinis objekto sekimo metodas naudojant Kalmano filtrg, kurj
sudaro tiek jutikliy duomeny sujungimo (sekti kamerg), tieck kompiuterinés regos (sekti
vaizdg) pagrindu imituota orientacijos ir pozicijos informacija. Hibridinio objekty
sekimo metodo eksperimenty rezultatai palyginti su imituotais kompiuterinés regos bei
jutikliy duomeny sujungimo metodo duomenimis. Pasiiilyto hibridinio objekto sekimo
metodo naudojant Kalmano filtra orientacijos jvertinimo paklaida siekia tik 0,24%, 0
tik jutikliy duomeny sujungimo bei tik kompiuterinés regos atveju — 0,30%. Hibridinio
objekto sekimo metodo naudojant Kalmano filtrg pozicijos jvertinimo paklaida siekia
0,96%, tik jutikliy duomeny sujungimo atveju — 13,06%, o tik kompiuterinés regos
atveju — 19,75%.

4) Pasitlytas hibridinis objekty sekimo metodas naudojant Kalmano filtrg
pritaikytas mobiliesiems jrenginiams leidzia ne tik nepertraukiamai atvaizduoti daikty
internetui skirtg vartotojo sasaja papildytoje realyb¢je, bet atskira hibridinio objekto
sekimo metodo dalis gali biiti adaptuota sgveikos jrenginiy plétojimui, kuriais
prapleciamas ir gerinamas saveikavimas su skaitmeniniu turiniu ar kita technine jranga,
jgalinami skirtingi veikimo reZimai bei taikymo galimybés, todé¢l pasiiilytas hibridinis
objekto sekimo sprendimas pasizymi universalumu.
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