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Abstract: In this paper the method for 3D Environment reconstruction usingepipolar images is presented. Method
allows to fuse stereoimages within certain time depending on acceptable computational resources.
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1. INTRODUCTION

The 3D reconstruction is an important task of
computer vision that consists in a computation of 3D
model of an environment on the basis of its 2D
images and is widely used in industry, robotics,
computer graphics, augmented reality.

Modern computer vision systems for 3D
reconstruction on the basis of image set are based on
Time-of-Flight Principle or parallax [2, 3, 18-20].
Computer vision systems based on Time-of-Flight
Principle uses cameras with a source of modulated
light and a specialized sensor [18-20]. Their
disadvantages are low image resolution, errors in a
reconstruction of mirror-like surfaces, expensive
cost and big power consumption that limits the
working time of a camera in autonomous mode.
Therefore computer vision systems based on
parallax are used broader. A stereocamera in
conjunction with 3D reconstruction methods and
algorithms is an example. There are many
commercial models of stereocamera with expensive
cost that depends on stereocamera specification.

Methods of stereoimage fusion are used for 3D
reconstruction in a processing of stereoimages
acquired from a stereocamera. Such methods search
of corresponding points on a stereoimage with
subsequent 3D reconstruction on the basis of a
formed set of corresponding points and known
parameters of the camera geometric model.
Nowadays there are many methods of stereoimage
fusion in particular:

¢ methods which use wavelet transform [9-11];

e methods which use interest point detectors

and (or) contour segmentation for an initial
image processing [4, 5, 8, 14, 16];

e methods which use contour segmentation with
subsequent determination of straight lines and
connections between them on images [1, 6, 7];

¢ methods which use Kalman filter [1, 12];

¢ methods which use dynamic programming for
search of  corresponding points on
stereoimages [13, 15];

¢ methods which use neural networks [17].

Main disadvantage of existed methods is a

computational complexity that limits their
application in a real-time mode. Therefore a goal of
this work is a development of method for
stereoimage fusion with acceptable computational
complexity.

2. DEVELOPED METHOD FOR FUSION
OF EPIPOLAR IMAGES FOR 3D
RECONSTRUCTION

The algorithm of the method for fusion of
epipolar images presented on fig.1.

The first step of methods for stereoimage fusion
on the basis of parallax is an initial image processing
with aim of an improvement of image quality, a
noise reduction and an image segmentation for
detection of certain type of features on it (contours,
interest points, etc) and a computation of descriptors
for subsequent processing. The search of
correspondences for segmented image elements
using different types of a correlation of image areas
that contains these elements and (or) descriptors
with epipolar constraints performs on the next step.
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The 3D reconstruction on the basis of found
correspondences is the last step.
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Fig. 1 — Flowchart for epipolar image fusion

The developed method is based on three main
algorithms:
e stereoimage formation
processing block on fig. 1);
e stereoimage fusion (search of correspondence
block on fig. 1);
e computation of 3D coordinates.

(image  prepre-

The correlation is used as a similarity measure of
image areas for correspondence point matching on
stereoimage:

P SN
= —— .

[zt [zz0--)

where 1, (J,,) — pixel value in position (m,n) of

image area | (J), and T (J)— mean value of pixels
in image area | (J).

The geometry interpretation of the developed
algorithm of stereocimage formation is presented on
fig 2 and the flowchart of it is presented on fig. 3.

The main steps of developed algorithm of
stereoimage formation are:
1) Camera calibration. Computed camera

projection matrixes P, P’ and fundamental
matrix F are results of it.

2) Computation of homogenous coordinates of
epipol e on image plane of projection matrix

P:

2.1) Computation of homogenous
coordinates of camera centre C' of
camera P’ with constraint P'C'=0
using singular value decomposition
(SVD);

2.2) Computation of homogenous vector e,
as e=PC’;

3) Define initial point a with coordinates

[x y 1]' onimage plane, which lies on first
epipolar line;

4) From 1 to n, n — defined number of epipolar
lines:

Compute epipolar line |, =exa’ through epipol

e and point a' with coordinates
[x y+(j-D*o 1] on image plane, o — shift in
pixels and o=(y max-y,)/n, y, — coordinate of
point a on axis y and y max — defined maximum

coordinate of point a’ on image axis y ;

QEplpoIar square

Epipolar lines

Fig. 2 — Geometry interpretation of algorithm for sterecimage formation during image preprocessing
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Fig. 3 — Flowchart of the developed algorithm of
stereoimage formation

5) Computation of corresponding epipolar line
I = F[e].1, for epipolar line I, on image plane
of P';

6) Formation of image blocks Ib and Ib’, which
contains points of epipolar lines I, 1. and

adjacent points from y,+d to y,—-d on

image axis y, and adding these blocks to set

of image blocks IS. Go to step 4.

The results of algorithm for
formation is given on fig. 4.

The next task for environment reconstruction is
to search the correspondences (see fig. 1) between
the set of blocks from the previous algorithm. This
task is reached by using of the developed algorithm
of stereoimage fusion (see the flowchart on fig.5).
The algorithm of stereoimage fusion contains the
following steps:

stereoimage

1) For each block of formed

stereoimage

Ib, and Ib/

IS, where i=1...n, and n —

defined number of epipolar lines:
2) Detect interest points on each block Ib, and

Ib/ using developed method of interest point

1

detection.

3) Determine matrix FPs (FPs') that contains
coordinate vectors of interest points on
epipolar lines of image blocks Ib (Ib/) in
columns.

4) For each column FPs, of matrix FPs:

4.1) Compute similarity measure of image
area with size mxm and center in FPs,
and image area with size mxm and
center in each interest point in image
block FPs’ using (1).

Corresponding point is determined as

point with minimal value mtin (k) of

4.2)

similarity measures with subsequent
deleting of column of matrix FPs’ that
contains coordinates of corresponding
point.

Add coordinates
points to set Cp.

4.4) Gotostep 4
5) Compute 3D coordinates of 3D point for each
pair of corresponding image points using
developed algorithm.
Main steps of developed algorithm for
computation of 3D coordinates are:
1) For each pair of coordinate vectors of

4.3) of corresponding

corresponding points x; and x; of set Cp on

image planes of cameras P and P’:
1.1) Compute 3D

X*=P*x, X*=X"/W, W — fourth

coordinate  vector

component of homogenous vector X~
P* — pseudoinverse matrix of camera

projection matrix P (P" is computed
while camera calibration).

1.2) Compute coordinate vector x* for
projection of 3D point X on image
plane of camera P’ using x* =P'X".

1.3) Solve system of linear equations

Aa=x, A=[x" e], e is coordinate
vector of epipol on image plane of
camera P' and a=[4, 4] .
Compute 3D coordinates of point X; using
X, =AX"+A4C, X,=X;/W,, W, — fourth
component of homogenous vector X;.
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a) b)

Fig. 4 — Results of epipolar lines construction using image preprocessing:
a) left image; b) right image

3. EXPERIMENTS

BEGIN The time of stereoimage fusion that depends on
threshold value T and number of epipolar lines n is

shown in Table 1. The time of stereoimage fusion
can be controlled by number of epipolar lines n,
threshold of interest point detection T and reduced
using computer with more computational resources
than one used during experiments (CPU Celeron 1.1

/_lj Ghz and 512 RAM) in Matlab environment and
i=1n implementation on programming language C\C++

Input /1S

1 - number of blocks and (or) CUDA. We can conclude from Table 1: if
i value of T is more than 6 pixels and number of
| epipolar lines is not more than 18 then a method has
T an acceptable performance with mentioned
Determine image .
matrixes computational resources.
or bﬁiﬁ’sﬁg_sj b Table 1. Time of Stereoimage Fusion
| Number of epipolar Mean time of fusion in
lines seconds
Calculate
d _ .
COFFIG:ISDZ?I’;:PGSI’}CGS T — 35 plxels
n=6 300,721
n=18 1473,808
Firmi ¢ of T=7 pixels
Irming a set ¢ —
corresponding points n=6 3,162
Cp n=18 89,895
I n=236 139,425
! n="72 366,091
i T=10 pixels
n=6 1,057
n=18 33,936
n=36 54,537
n=72 127,211
END
The dependence of the time of 3D coordinates
Fig. 5 — Flowchart of the developed algorithm for computation from a number of epipolar lines for
stereoimage fusion existed algorithm of triangulation using SVD (line

with markers ,,+”) and developed one (line with
markers ,,0”) is shown on Fig. 6. Mean error of 3D
coordinates computation was equal to 20.0352 mm
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for existed algorithm and 58.6495 mm for developed
one. We may conclude from graph on Fig. 6 that
time of 3D coordinates computation for a developed
algorithm in less in two times than for existed one.
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Fig. 6 — The dependence of the time of 3D coordinates
computation from a number of epipolar lines

4. CONCLUSIONS AND FUTURE WORK

Authors propose a method which allows to fuse
stereoimages within certain time depending on
acceptable computational resources. On its base the
algorithm was developed providing processing time
of 3D coordinates in two times less than existed one.

The implementation of proposed method in
CUDA and a development of the interest point
descriptor will be objectives of future work.

5. ACKNOWLEDGMENT

This work has carried out within the Ukrainian-
German joint research project “Development of
Sterecovision Methods and Devices for Autonomous
Navigation of Mobile Robots”, supported by
Ukrainian and German government both.

6. REFERENCES

[1] Ayache N., Artificial Vision for Mobile Robots:
Stereo Vision and Multisensory Perception,
The MIT Press; Cambridge Massachusetts,
London England. — 1991.

[2] Hartley R., Zisserman A., Multiple-View
Geometry in Computer Vision, 2nd edition;
Cambridge university press. — 2003.

[3] Marr D., Poggio T., A computational theory of
human stereo vision, Proc. R. Soc. Lond.,
London, (1979), pp. 301-328.

[4] Kanazawa Y., Uemura K., Wide baseline
matching using triplet vector descriptor, Proc.
17th British Machine Vision Conf., Edinburgh,

U.K., (I) (2006), pp. 267-276.

[5] Ming J., Xianlin H., A Ilunar terrain
reconstruction method using long base-line
stereo vision, Proc. of the 26th Chinese Control
Conference, Hunan, China, (2007), pp. 488-
492.

[6] Sekhavat S., Kamangar F., Geometric feature-
based matching in stereo images, Proceedings
of the Information, Decision and Control. —
1999.

[7] Folsom T.C., Non-pixel robot stereo, Proc. of
the [IEEE Symposium on Computational
Intelligence and Signal Processing (CIISP
2007). —2007.

[8] Moallem P., Fast edge-based stereo matching
algorithm based on search space reduction,
IEICE Transaction Information and Systems,
Madrid, Spain (E-85) 11 (2006), pp. 243-247.

[9] Chen T., Klarquist W., Bovik A., Stereo vision
using  Gabor  wavelets, Proc. IEEE
International Conf. on Systems, Man, and
Cybernetics, (1994), pp. 55-60.

[10] Chen T., Bovik A., Super B., Multiscale
stereopsis via Gabor filter phase response. —
1994.

[11] Sarkar 1., Bansal M., A wavelet-based
multiresolution approach to solve the sterco
correspondence  problem  using  mutual
information, IEEE transaction on systems,
man. and cybernetics, (37) 4 (2007).

[12] Yi J., Oh J., Recursive resolving algorithm for
multiple stereo and motion matches, Image and
Vision Computing, Vol. 15.-1997, pp. 181-196.

[13] Torr P., Criminisi A., Dense stereo using
pivoted dynamic programming, Image and
Vision Computing, (22) (2004), pp. 795-806.

[14] Maciel J., Costeira J., Robust point corres-
pondence by concave minimization, Image and
Vision Computing, (20) (2002), pp. 683-690.

[15] Zhang Y., Gerbrands J., Method for matching
general stereo planar curves, Image and Vision
Computing, (13) (1995).

[16] Shi J., Tomasi C., Good features to track, IEEE
Conference on Computer Vision and Pattern
Recognition, Seattle, 1994.

[17] Wang J., Hsiao C., Stereo matching by neural
network that uses sobel feature data, IEEE
International Conference on Neural Networks,
vol. 3, 3-6 June 1996, pp. 1801-1806.

[18] http://www.fotonic.com/

[19] http://www.vicon.com/

[20] http://www.pmdtec.com/

15



Vasyl Koval, Oleh Adamiv, Anatoly Sachenko, Viktor Kapura, Hubert Roth / Computing, 2012, Vol. 11, Issue 1, 11-16

Vasyl Koval was born in
Ternopil in 1975. In 1998 he
received B.Sc. in “Mana-
gement Information Systems”
at Ternopil Academy of
National Economy, Institute of
Computer Information Tech-
nologies. In 1999 he obtained
M.Sc. in “Economic Cyber-
netics” at Ternopil Academy of
In 2004 he obtained Ph. D.

National Economy.
degree.
Now he works as Vice-dean and Associated

Professor at Faculty of Computer Information
Technologies, Ternopil National Economic
University.

His research area includes: Robotic Systems;
Distributed Systems; Sensor Fusion Techniques;
Sensor Fusion Algorithms; Data Acquisition
Systems; Stereo Vision; Stereo Matching; Image
Processing; Artificial Intelligence; Neural Networks;
Robot Navigation Systems; Sensor Systems, etc.

Oleh  Adamiv  graduated
Ternopil Academy of National
Economy in 2000 with
speciality “Information Sys-
tems in Management”, 2001 —
Master in Economical Cyber-
netics, 2007 — PhD degree.

At the moment he is a
cheaf of International Informa-
| tion Department at Faculty of
Computer Information Technologies, Ternopll
National Economic University.

Areas of scientific interests includes: Atrtificial
Intelligent, Neural Networks, Robotics, Autonomous
Control, Robot Navigation.

Anatoly Sachenko is
Professor and Head of the
Department of Information
Computing Systems and
Control and Research
advisor of the Research
Institute for Intelligent

Computer Systems, Ternopil
National Economic Univer-

; sity. He earned his B.Eng.
Degree in Electrical Engineering at L'viv Polytechnic
Institute in1968 and his PhD Degree in Electrical
Engineering at L'viv Physics and Mechanics Institute
in 1978 and his Doctor of Technical Sciences
Degree in Electrical and Computer Engineering at
Leningrad Electrotechnic Institute in 1988. Since
1991 he has been Honored Inventor of Ukraine,
since 1993 he has been IEEE Senior Member.

His main Areas of Research Interest are

Implementation of Artificial Neural Network,
Distributed  System and Network, Parallel
Computing, Intelligent Controllers for Automated and
Robotics Systems. He has published over 450
papers in areas above.

Viktor Kapura graduated
Ternopll Academy of
National Economy in 2005
as bachelor of Computer
Engineering, and Ternopil
State Economy University as
specialist in 2006 in
Computer Systems and
Networks.

How he works at Research Institute of Intelligent
Computing Systems.

Research interests: projective geometry, 3D
reconstraction methods, digital image processing.

Hubert Roth was
studying “Electrical
Engineering” at Univer-
sity Karlsruhe, Ger-
many, from 1974 until
1979 with emphasis in
“Control Engineering
and Computer Science”.
Until 1984 he was working as a Scientific Co-worker
at the Institute for Automatic Control Engineering at
the University Karlsruhe and got his doctoral degree
in Electrical Engineering. From 1984 until 1988 he
was employed as a System Design Engineer at
Dornier System, Spacecraft Control Department, in
Friedrichshafen, Germany. After this industrial
internship he went back to academia and worked as
a Professor for Control and Sensor Systems at the
University of Applied Sciences, Ravensburg-
Weingarten, Germany, for 12 years. In the year
2000 he became head of the Institute for Automatic
Control Engineering in the faculty of Electrical
Engineering and Computer Science at the University
of Siegen, Germany. In parallel he is Vice Chair of
the Centre for Sensor Systems (ZESS) at the
University of Siegen and is head of the working
group “Automation, Mechatronics and Medical
Engineering” in this centre. Prof. Roth is Vice Chair
of the Technical Committee on Computers and
Telematics of the “International Federation of
Automatic Control” (IFAC).

The main teaching interests of Prof. Roth are in
the fields of Control Theory, Robotics, Mechatronic
Systems and Attitude Control for Space
Applications. His research interests are focused on
Mobile Robotics, Aero-space applications and Tele-
control as well as environmental exploration.

16





