AzC IFToMM 2010

Intemational

jum of
symgt:thIanism

and Machine
Science

Symposium Proceedings




Proceedings of the International Symposium of Mechanism and Machine Science, 2010
AzCIFToMM — Izmir Institute of Technology
5-8 October 2010, Izmir, TURKEY

AzC IFToMM
International Symposium of
Mechanism and Machine Science

Proceedings

5-8 October 2010
Izmir-Turkey



Proceedings of the International Symposium of Mechanism and Machine Science, 2010
m AzCIFToMM — Izmir Institute of Technology
mm 5-8 October 2010, Izmir, TURKEY

Symposium Chairs

Prof. Dr. Sc. Rasim Alizade - Azerbaijan Committee of International Federation for the Promotion of MMS
Prof. Dr. Sc. Arif Pashayev - National Aviation Academy, Azerbaijan
Prof. Dr. Zafer Ilken - Izmir Institute of Technology

Scientific Committee

Rasim Alizade Turkey Kostas Terzidis USA
Arif Pashayev Azerbaijan Zhong You Great Britain
B. Zafer Ilken Turkey Yan Chen Singapore
Bernard Roth USA Eres Soylemez Turkey
Karl Wohlhart Austria Abdulkadir Erden Turkey
V.S. Siromyathikov Russia Kemal Ozgéren Turkey
Ayaz Abdullayev Azerbaijan Biilent Yardimoglu  Turkey
Alishir Alifov Russia Serhan Ozdemir Turkey
Adalat Samedov Azerbaijan Can Dede Turkey
Nazim Mirnasiri Australia Salih Okur Turkey
Dan Zhang Canada Ozgiir Kilit Turkey
Ramiz A. Sadigov Azerbaijan Koray Korkmaz Turkey
Charis Gantes Greece

Simon Guest Great Britain

Local Organizing Committee

Metin Tanoglu Koray Korkmaz
Biilent Yardimoglu Erkin Gezgin
Serhan Ozdemir Yenal Akgiin

Can Dede E. Selahattin Umdu

Symposium Coordinators

Erkin Gezgin, Yenal Akgiin, Can Dede

Proceeding Book Editing & Posters

Erkin Gezgin, Yenal Akgiin



Proceedings of the International Symposium of Mechanism and Machine Science, 2010
m AzCIFToMM — Izmir Institute of Technology

mm 5-8 October 2010, Izmir, TURKEY
Table of Contents
Key Lectures 09
Structural Synthesis of Robot Manipulators 11
Rasim ALIZADE
Revisiting a Noble Structural Modification Method for Linear and Nonlinear Dynamic 33

Reanalysis of Machinery
H. Nevzat OZGUVEN

BioMimetic/BioInspired Robots and Mechatronics Engineering Design 45
Abdiilkadir ERDEN
Kinematic Analysis of Spatial Mechanical Systems with a Systematic Approach to 55

Describe Joint Kinematics
M. Kemal OZGOREN

Session 1: Structural Synthesis and Kinetic Architecture (SsKa) 71
Linkages, Cams, Gearing and Transmissions (LcGt)

Research of Velocity and Acceleration of Suspension Point of New Constructive 73
Decision of a Mechanical Drive for Sucker-Rod Pumps
Ali NAJAFOV, Ayaz ABDULLAYEYV, Yusif YAGUBALIYEV

Structural Synthesis of Multiloop Manipulators with General Constraint One 78
Rasim ALIZADE, Ozgiin SELVI, Erkin GEZGIN

Multifunctional 7R Linkages 85
Karl WOHLHART

Survey of Rigid Body Motions In Space and Subspaces by Using Method of Intersections 92
Erkin GEZGIN

Structural Synthesis of Novel Parallel Manipulators 96

Fatih Cemal CAN, Erkin GEZGIN

Design of Foldable Shelter 102
Peilin TIAN, Yan CHEN

A Method for Kinetic Tesselation with Planar Mechanisms 107
Aylin GAZI, Koray KORKMAZ

A Novel Spatial Scissor-hinge Structural Mechanism for Transformable Roofs 116
Yenal AKGUN, Koray KORKMAZ, Werner SOBEK, Charis GANTES

Design of Novel Mechanism Based on Bennett Linkage for Architectural Application 123
Koray KORKMAZ, Yenal AKGUN, Feray MADEN



Proceedings of the International Symposium of Mechanism and Machine Science, 2010

m AzCIFToMM — Izmir Institute of Technology
mm 5-8 October 2010, Izmir, TURKEY
Designing a Bricard Linkage Module to Stabilize Unstable Space Frames 130

Melodi Simay ACAR, Koray KORKMAZ

Obtaining New Linkages from Jitterbug-Like Polyhedral Linkages 137
Gokhan KIPER, Eres SOYLEMEZ

Session 2: Control Systems (Cs) 145
Mechanisms of Flying and Space Machinery (MfSm)

Structure of a Complex Diagnosis System for Aviation Engines 147
Arif. PASHAYEV, Ramiz SADIQOV, Parviz ABDULLAYEV, Ajdar SADIQOV, Azer MIRZOYEV

Vibration Control of Rail Vehicle Body Using Parameters Adaptive PID 155
Muzaffer METIN, Rahmi GUCLU, Fatih DUMAN

An Electro-Hydraulic Spherical Manipulator, Dynamic Modelling and Simulation: A Case Study 162
Mehmet TOPALBEKIROGLU, L.Canan DULGER, Ali KIRECCI

Neural Network-based Nonlinear Control Design for Twin Rotor MIMO Systems 172
Alper BAYRAK, Mohammad SALAH, Nitendra NATH, Enver TATLICIOGLU

Adaptive Identification of Tire Cornering Stiffness and Vehicle Center of Gravity 179
Alper BAYRAK, Enver TATLICIOGLU, Michael L. MCINTYRE

State Space Smoothing through Singular Value Decomposition (SVD) 184
Hakki Erhan SEVIL, Serhan OZDEMIR, Tung BILGINCAN

Moving sliding Mode Control of a DC Motor Driven Four-Bar Mechanism 190
Alper Kadir TANYILDIZI, Orhan CAKAR

Space Vector Modeling and Control of a Three Pole Magnetic Bearing 198
Baris Oguz GURSES, Aysun BALTACI, Mutlu BOZTEPE, Mehmet SARIKANAT

Vibration Control of Beams Via electromagnetic Fields 204
Baris Oguz GURSES, Aysun BALTACI, Mutlu BOZTEPE, Mehmet SARIKANAT

Numerical Modelling of Protection of Gas Turbine Blades from Influence of igh Temperature 209
A.PASHAYEV, R. SADIQOV, A. SAMADOV, R. MAMMADOV

Single and Multi Objective Genetic Algorithm Optimizations of the Laminated Composites 219
Used in Satellite Structures
Levent AYDIN, H. Se¢il ARTEM

The Influence of the Spring Rate on the Dynamics of the Special Centrifugal Regulator 227
Jafar AGALAROYV, Vugar JAVADOV
Fault Detection and Isolation using Redundant Sensors for a Wind Turbine with 232
Doubly-Fed Induction Generator (DFIG)
Hakki Erhan SEVIL



Proceedings of the International Symposium of Mechanism and Machine Science, 2010
m AzCIFToMM — Izmir Institute of Technology
mm 5-8 October 2010, Izmir, TURKEY

Session 3: Mechatronics (Mc) 239
Robotics (Rb)

Dexterity of a Welding Industrial Robot 241
Karl GOTLIH, Tomaz VUHERER

Design Kinematic Solution and Control of a 3-PUU Translational Parallel Manipulator 246
Erol UYAR, Lyutvi Yusein YUMER, Ismet ATES

Morphology of a Single Actuator Tetrapod Walking Spider Robot 254
Servet SOYGUDER, Hasan ALLI

Gaits and Trajectory Planning with Optimal Hip-Mass Positioning strategies for 259
4-DoF Parallelogram Bipedal Robot
Nazim Mir NASIRI, Hudyjaya Siswoyo JO

Integration of the Hybrid-Structure Haptic Interface: HIPHAD v1.0 267
Tung BILGINCAN, Erkin GEZGIN, Can DEDE

Navigation of a Hydraulically Actuated Mobile Robot Using Stereo Vision 285
Ali KILIC, Sadettin KAPUCU

Decoding Process and Characterization Studies of a 2D Laser Scanning Range Finder 295
Gokhan BAYAR, A. Bugra KOKU, E. ilhan KONUKSEVEN

Design and Control of an Inserting Mechanism for PP (Polypropylene) and PE (Polyethylene) Sacks 300
Gokhan BAKIR, L. Canan DULGER
Multiaxis Three Dimensional (3D) Circular Weaving: Concept to Prototype Design Methodology and 308
Preliminary Investigation of Feasibility of Weaving Method
Kadir BILISIK
Robust Optimal Design of a Micro Series Elastic Actuator (uSEA) 318

Ozan TOKATLI, Volkan PATOGLU

Design and Multi-criteria Optimization of a Haptic Interface 328
Aykut Cihan SATICI, Ahmet Mehmet ERGIN, Volkan PATOGLU

Kinematic Analysis of the Cam Lever Mechanisms of the Cotton Cleaning Machines 337
Fazil VELIYEV, Mazakhir FARZALIEV

Session 4: Dynamics and Vibrations of Machinery (DvM) 341
Computational Kinematic Synthesis and Analysis (CkSa)

Dynamics and stability of Large Turbine Generators 343
Jan DUPAL, Tomas KURUC

An adaptive Tuned Vibration Absorber Using a String Mass System with 349
Quasi-zero Stiffness String Tension Adjustment Mechanism
Mustafa Ali ACAR, Cetin YILMAZ



Proceedings of the International Symposium of Mechanism and Machine Science, 2010
m AzCIFToMM — Izmir Institute of Technology
mm 5-8 October 2010, Izmir, TURKEY

Vibration Characteristics of a Vertical Roller Mill
Engin H. COPUR, Metin U. SALAMCI, Tuncay KARACAY, Emine TOKA

Vibrations of Crank Slider Mechanism with Multi Cracks and Micromechanisms' Side Effects
Vedat KARADAG

The Free Vibration of Symmetrically Laminated Conical Shells with Freely Supported Edges
A.H. SOFIYEV, E. SCHNACK, A. Deniz, M. AVCAR

About Some Methods of Calculation Nonlinear Oscillations in Machines
A. A. ALIFOV

On Function Generation of Watt I Mechanisms for Finger Design
Qiong SHEN, Kevin RUSSELL, Raj S. SODHI

A New Geometric Algorithm for Workspace Analysis in Planar 3-RRR Manipulator
Ozgiir KILIT, Sedat SAVAS

A New Geometric Algorithm for Direct Position Analysis of Planar 3-RRR Manipulator"
Ozgiir KILIT

Interactive Least Squares Synthesis of a Watt I Six Bar Path Generator
Andrew B. KIKIN, Anton A. KIKIN

An Experimental Evaluation of Earthquake Effects on Mechanism Operation
Marco CECCARELLI, Ozgiin SELVI

Session 5: Dynamics and Vibrations of Machinery (DvM)
Nanotechnology and Micro: Manipulators, Robots, Mechanisms (NtMm)

The Influence of the Vibration Frequency on the Torsion Stiffness of the Driving Coupling
I. KHALILOV

The Dynamics of Actuators of the Technological Machines in the Textile Industry
Mazakhir FARZALIEV, Elman DJAFAROV

The Photoelectric Properties In203-SiO2-Si-M Structures
A.Z. BADALOV, B.A. YUSIFOV, Sh. H. ZEYNALOVA

Process of Growth and Self Organization on of Nanofragment on TlGaSe2 Vicinal Surfaces
A.M.PASHAEV, B.Y.TAGIYEV, FX. ALESKEROV, K.Sh. KAHRAMANOV

355

361

372

378

383

389

396

403

408

417

419

425

429

434



Proceedings of the International Symposium of Mechanism and Machine Science, 2010
AzCIFToMM — Izmir Institute of Technology
5-8 October 2010, Izmir, TURKEY

Navigation of a Hydraulically Actuated Mobile Robot Using Stereo Vision

Ali KILIC'*, Sadettin KAPUCU'

"Gaziantep University
Faculty of Engineering, Mechanical Engineering Department, 27310 Gaziantep/TURKEY
akilic@gantep.edu.tr, kapucu@gantep.edu.tr

Abstract

Mobile robots may be able to navigate in an unknown
environment acquiring visual information of their surroundings
with the aim of estimating the position and orientation of an
obstacle which is in front of it. In this study, a robust stereo
depth perception and obstacle detection algorithms are
proposed  for collision free navigation of a hydraulically
actuated experimental crawling mobile robot in an unknown
indoor environment. For safely navigation of the mobile robot
within its environments and reliably move from start point to
destination point, a navigation algorithm, obstacle avoidance
strategy and motion planning algorithms are implemented on the
robot and the behavior of robot was observed. Experimental
results were presented to show how the robot is able to reach
destination point without collision with any obstacle.

Keywords: Stereo vision, Mobile robot navigation, Stereo
vision obstacle detection, Depth perception via stereo vision.

1. Introduction

Mobile robots are a kind of robots which have the
capability to navigate around their environment and are
not fixed to one physical location in contrast with
industrial robots. Mobile robot which is placed in an
unknown environment must discover unaided and collect
sufficient information about its surroundings to be able to
accomplish its task. For such a robot, the most important
requirement is adequate sensing. Visual information is
widely used for navigation and obstacle detection of
mobile robots. In order to navigate a mobile robot in
unknown environment, the obstacle, which is in front of
the robot, must be detected and depth information of the
obstacle must be calculated. However, in order to avoid
obstacles, when there is enough information about
obstacles and their distance from the robot, complete
information about the object in front of the robot is not
required. Obstacle avoiding is an essential task for mobile
robots. This problem has been investigated to solve for
many years by researchers and a lot of obstacle detections
and avoiding systems have been proposed so far.
Nevertheless designing an accurate and totally robust and
reliable system remains a challenging task, in the real

environments.

In the mobile robot navigation, there are two
important requirements: perception and navigation. In this
study, stereo vision has been used as a perception sensor.
Due to large number of available literature on the concept
of mobile robot navigation, there is small number of
studies closely related with mobile robot navigation using
stereo vision.

Real time or nearly real time stereo images are
available from different stereo hardware systems. But raw
stereo images are useless for robot obstacle avoidance and
navigation tasks. These images require significant post-
processing operation to extract three dimensional, range
information. For example, researchers generally have
applied some image processing and image enhancement
techniques. Additionally researchers have applied various
navigation and obstacle avoidance techniques which are
developed for different sensors.

Don Murray et al. [1, 2] studied stereo vision based
mapping and mobile robot navigation. They used
occupancy grid mapping and potential field path planning
techniques to form a robust cohesive robotic system for
robotic mapping and navigation in both Spinoza [1] and
Jose robots [2]. In these projects, trinocular, which is
described as three camera stereo vision system, was used.
Researchers used some techniques to improve the quality
of stereo vision results on a working system and several
example implementation results are given in related
references.

Kumano and Ohya [3] proposed a new obstacle
detection method. This method was based on stereo depth
measurement but there was no corresponding point
matching. Proposed method was fast enough for mobile
robot navigation, but, not suitable robust for obstacle
detection. For example, some ghost objects could not been
detected during navigation.

Chin et al. [4] proposed an approach for robot
navigation using distance transform methodology (DT).
DT can be used in path planning for indoor robot
navigation and also in performing obstacle avoidance
simultaneously. But DT method is inefficient when
performing both the tasks of path planning and obstacle
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avoidance. Usually, both have to be coupled and DT is
normally only used for path planning. The DT
methodology developed in that paper [5] can solve the
navigation problem by optimizing the DT algorithm and
reducing the processing area. Finally, the researchers
performed simulation and actual tests on their autonomous
mobile robot to verify the algorithm.

Sabe et al. [6] performed stereo vision system on a
humanoid robot QRIO and also they developed a method
for path planning and obstacle avoidance allowing the
robot autonomously walk around in a home environment.
Researchers’ approach was based on floor extraction
using Hough transform from image captured by sterco
vision camera.

Stereo vision system also has been used for small
mobile robot. It is a very challenging work and it requires
small computing system instead of computer. Mingxiang
and Yunde [7] studied on stereo vision system on
programmable chip (SVSoC) which can be implemented
by one Field Programmable Gates Array (FPGA). The
researchers used three miniature CMOS cameras that are
trinocular stereo systems with triangular configuration and
all these systems were mounted on small hexapod robot
for obstacle avoidance and navigation.

Recently stereo vision system has been tried to use on
a passenger car as a driver assistant systems to perform
with reliability to avoid any potential collision with the
front vehicle. The feasibility of these systems in passenger
car requires accurate and robust sensing performance. Huh
et al. [8] developed an obstacle detection system using
stereo vision sensors. Proposed method utilized stereo
vision feature matching, epipolar constraint and feature
collection in order to robustly detect initial corresponding
pairs. After initial detection the system executed the
tracking algorithm for the obstacles. After this operation
system could detect a front obstacle, a leading vehicle
then the position parameters of the obstacles and leading
vehicles could be obtained. Researchers also implemented
this system on a passenger car and their performances
were verified experimentally on a Korean highway.

The main concentration of this study is to have an
autonomous robot that will be able to visually navigate an
unknown environment and be able to keep away from the
obstacles during navigation. Obstacles detection and
avoidance have been performed by our robot using
computer stereo vision system.

A navigation algorithm for a mobile robot has been
developed using stereo vision by MATLAB programming
language. In the navigation algorithm, the starting and
destination coordinates are specified and robot travels
from the starting point to the destination point without
having any prior knowledge of the environment. Thus,
robot has been able to avoid static obstacle in this manner.
Consequently, this study describes obstacle avoidance, in

other words, collision free navigation using stereo vision
perception system has been implemented on a
hydraulically actuated crawling mobile robot.

2. Stereo Vision

Stereo vision is a widespread technique for inferring
the three dimensional position of objects from two or
more simultaneous views of a scene. Mobile robots can
take advantages of a stereo vision system as a reliable and
an effective way to extract range information from the
surroundings. Accuracy of the results is generally
adequate for applications such as depth perception and
obstacle avoidance. Figure 1 shows overall stereo vision
system and all operations which are used in this study.
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Fig.1: Stereo vision system and all operations
2.1 Pre Processing Operations

Pre processing operations are all the operations that
are done before stereo matching. These operations have
crucial role in stereo vision depth perception, because raw
images are not adequate enough for depth perception and
images should be prepared for matching operation. In this
study five different pre processing operations are used
which are;

Image Grabbing: In stereo vision image grabbing is
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performed via stereo rig in which two cheap USB web
camera are used although, there are a lot of professional
stereo rig in the market. Today most webcams are of a
reasonable quality and have a sufficiently high frame rate
to be practical on slow moving robots

Color Adjustment: Color adjustment operation is the
second operation of the pre processing operations. This
function is used for making contrast or brightness
adjustment of stereo image pair. Contrast is the difference
in brightness between two adjacent pixels. On the other
hand, brightness refers to the overall lightness or darkness
of an image. This operation is necessary in order to
improve the match quality, so stereo image pair should be
set same contrast and same brightness level.

Stereo Rectification: In order to improve stereo
correspondence in other words in order to get correct
depth map, images require some pre-processing
operations for example reduction of noise, adjustment of
illuminations or a white balance of each cameras. But the
most effective pre-processing operation is the calibration
of the cameras [9] and rectification of images to use of the
epipolar constraint. Meaning of epipolar constraint is pixel
in the left image the corresponding point in the right
image lies on the same horizontal line (i.e. epipolar line).
This constraint is used to reduce the searching area of the
correspondence algorithms that calculates depth maps.

Image Cropping: After rectification operation some
useless areas appear on both left and right images as seen
in Figure 2. For reducing computation time of stereo
match, useless areas which are on the images are cut out
by using image crop operation.

Image Smoothing: Image smoothing operation (i.e. image
blurring) is the last operation of pre processing operation
and is used to make blur stereo image pair because image
blurring reduces the sharp color changes. According to
experimental results sharp color changes reduce stereo
match quality. Because of that reason image smoothing
operation were added into pre processing operations.

Fig. 2: After rectification operation some useless areas
appear on both left and right images

2.2 Stereo Match

Stereo vision correspondence analysis tries to solve
the problem of finding which pixels or objects in one
image correspond to a pixels or objects in the other image.
This is stereo correspondence and also called as stereo
matching. Stereo corresponding algorithms require a
measure of similarity in order to find correspondences
between the left and right image. The stereo
correspondence algorithms can roughly be divided into
feature based and area based, also known as region based
or intensity based [10].

Feature based algorithms extract features (e.g. edges,
angles, curves, etc.) from images and tries to match them
in two or more views. They are very efficient but as
drawback they produce poor depth maps.

Area based algorithms solve the correspondence
problem for every single pixel in the image. Therefore
they take color values and / or intensities into account as
well as a certain pixel neighborhood. A block consisting
of the middle pixel and its surrounding neighbors will
then be matched to the best corresponding block in the
second image.

In a robotic application generally an area based stereo
algorithm has been used. Because feature based ones do
not generate dense depth map and have difficulty to match
smooth surfaces. Also the area based algorithm is faster
than feature based. The main challenge of adopting an
area based correspondence algorithm is its computational
cost. An area based algorithm produces a dense depth
map, which means that for each pixel of an image the
algorithm tries to find its mutual pixel on the other view.
This process is quite computationally expensive, but
profiting on optimization techniques and by preprocessing
operation such as image calibration and rectification.
Finally we can reach a good compromise between the
depth map density and its computation time.

In recent studies Sum of Absolute Differences (SAD)
and Sum of Squared Differences (SSD) are the most
widespread area or region based stereo correspondence
algorithms in robotic and real time applications. Because
they are faster than other algorithms and they give dense
depth map (i.e. disparity map). According to these
reasons, SSD type stereo matching algorithm is used in
this study [10, 11].

SSD,(x,y) = ZZ[ILOC +iy+))
T3

—Ig(x+dy+ i,y +dy,+j)?
Where;
I; = Left image (Reference image)
I = Right image
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x = Image Coordinate in x direction
v = Image Coordinate in y direction
i = Enumerator in x direction

j = Enumerator in y direction

dx = Disparity in x direction

dy = disparity in y direction

In this study, during calculation of disparity between
two stereo image pair, epipolar line constraint has been
used. In other words stereo images are rectified with
horizontal epipolar line. Because of that reason disparity
in y direction is zero disparity only exist in x direction.

Disparity Map: A disparity map is a method for storing
depth of each pixel in an image. Each pixel in the
disparity map corresponds to the same pixel in a reference
image. Determine the disparity of a physical point in
multiple point of view projections. By repeating this
process for all points of the 3D scene the correspondence
phase computes a disparity map. Figure 3 shows how
disparity estimation works from any world scene.

In Figure 4 are shown left and right pictures, which
are taken from our stereo hardware, and in Figure 5
histogram equalized disparity map are shown. In disparity
map objects which are on red pixels are close to cameras
and objects which are on blue pixels farther away from
cameras.

shift = disparity
=

Left Camera  Right Camera

2.3 Post Processing Operations

Post processing operations are all the operations that
are done after stereo matching. These operations have
crucial role in stereo vision depth perception because raw
disparity map are not adequate enough and it is
meaningless for depth perception and obstacle avoidance.
Because of that reason disparity map should be passed
through the following operations. In this study five
different operations are developed which are;

Median Filter: The median filter is a non-linear digital
filtering technique, often used to remove noise from
images or other signals. Median filtering is a common step
in image processing. It is particularly useful to reduce
speckle noise and salt and pepper noise [12]. After stereo
matching produced, disparity map includes some noise
due to mismatching. In order to remove this noise after
stereo matching, median filter has been used. Figure 6
shows median filtered left disparity map.

Fig. 6: Median Filtered Disparity Map
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Histogram: An image histogram is type of histogram
which acts as a graphical representation of the tonal
distribution in a digital image. It plots the number of
pixels for each tonal value. By looking at the histogram
for a specific image a viewer will be able to judge the
entire tonal distribution quickly. [13]

In disparity map each color represents a disparity
level. Hence histogram of disparity map gives information
about object or objects positions and by using this
information an object is recognizable. In Figure 7
histogram of the median filtered disparity map shown in
Figure 8 and Histogram of it after ghost object removed.
In the figure horizontal axis indicates disparity value 0 to
32 and vertical axis shows number of pixels.

In this study our stereo matching algorithm searches
disparity at 5 bit level. In other words the closest object
has a disparity value 32 and most far object has a 0
disparity value. If we look at the full histogram of the
disparity map we can see two different groups. Of course
the number of groups can be changed. But the important
group is last one in every time because robot navigation
calculations are done for closest object. So the other
objects can be canceled as seen histogram plot which can
be seen in Figure 8.

The interpretation of histogram is main important
operation for object detection and its disparity. After
finding the closest object disparity level and physical
parameters of the objects can be found easily.

Object Analysis: This function has been enhanced for
finding the object position and object size from disparity
map. Because object position and size are important
parameters for collision free robot navigation. This
function firstly takes closest object disparity information
from histogram and then according to disparity level
function combines neighbor disparity level and construct
the near shape of the real objects.
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Fig. 7: Histogram of the Median Filtered Disparity Map
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Fig. 8: Histogram of the Median Filtered Disparity Map
after Ghost Objects Removed

Obstacle Analysis: Object analysis function is used to
calculate area and centroid of the object which is found in
object analysis step. Area of the object helps to get an idea
about the obstacle size. Centroid of the object is used to
calculate depth of obstacle instead of calculation of each
pixel of the obstacle and also is used to determine position
of the obstacle in the image.

Figure 9 shows calculated obstacle centroid and
contour of the object. Also in the figure there is a blue box
which shows the obstacle centroid.

Fig. 9: Closest Obstacle Found by Stereo Vision

Depth Calculation: In depth calculation step, real depth
of the obstacle centroid is calculated. Disparity value of
obstacle centroid has been calculated in stereo match step.
Using disparity value of centroid, depth of the obstacle
can be calculated via triangulation method and previously
calculated parameters, which are internal and external
camera parameters, in the stereo camera calibration step.
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3. Robot Navigation

For any mobile robotic system, the ability to navigate
in its environment is one of the most important
capabilities. Mobile Robots, which are equipped with
computer vision, may be able to navigate around an
unknown environment acquiring visual information of
their surroundings with the aim of estimating the position
of obstacles which stay in front of it. Actually mobile
robot navigation consists of two main tasks. Firstly
remaining operational that is avoiding dangerous
situations such as, collisions, secondly going through the
start point to destination point. In other words, robot
navigation is an ability to determine its own position in its
frame of reference and then to plan a path towards some
goal location while avoiding collisions. Navigation of
mobile robots can be defined as the combination of the
three fundamental abilities which are Perception,
Localization and Motion control.

Perception is the interpreting its sensor data (i.e.
stereo image data) to meaningful depth data. Localization
denotes the robot's ability to establish its own position and
orientation within the start point or any reference. Also in
that it requires the determination of the robot's current
position and a position of a goal location, both within the
same reference or coordinates frame. Motion control is the
modulating of motor outputs to achieve the desired
trajectory. Furthermore, interrelation between perception,
localization and motion control can be seen in Figure 10
[14,15]

[ PERCEPTION J
= SENSORS
REAL WORLD REAL WORLD

ENVIRONMENT

BEALUWCRLE LOCALIZATION J

' ACTUATORS ‘

MOTION CONTROL J il {1\

Fig. 10: Mobile Robot Navigation
3.1 Perception

One of the most important tasks of an autonomous
mobile robot of any kind is to acquire some useful
information about its environment. This is done by taking
measurements using various sensors and then extracting
meaningful information from those measurements.

In previous part, mobile robot stereo vision perception
system has been discussed. However, only depth

perception is not adequate for mobile robot navigation. In
order to safely navigation obstacle detection must be done
by the robot perception system. Actually, not only
obstacle detection but also position measurement of the
robot has a crucial role during navigation. Because of that
reason, odometry sub system has been developed for safe
navigation. Perception system of our mobile robots can be
easily divided into two main groups;

e  Depth Perception and Obstacle Detection
e Position Estimation of Robot

In this study obstacle detection of the robot includes a
lot of calculations. The prepared stereo vision perception
system gives high quality depth map, which is 240x320
pixels with 32 disparities, using two calibrated cameras
with an algorithm named Sum of Squared Differences
(SSD). But unfortunately using only depth map,
accomplishing of mobile robot navigation is impossible.
Hence an obstacle detection system has been developed
and reported at the post processing part. So in this part,
only position measurement and position estimation of the
robot are going to be discussed.

In order to perform robust and accurate robot
localization, mobile robotic systems need some odometry
sensors. There are a wide variety of odometry sensors
used in mobile robots such as servo potentiometer or
encoder for position measurement of wheels or tracks,
tachometer for velocity measurement of wheels or tracks
or GPS (Global Positioning System). GPS can give
latitude, longitude and altitude of the robot but
unfortunately for indoor applications GPS is useless. The
mobile robot used in this experiment is equipped with two
servo potentiometers, two encoders and two tachometers.

During the experimental studies an experimental
crawling robot, which is hydraulically actuated small scale
tank, has been used. The research robot was developed
and constructed at University of Gaziantep, Mechanical
Engineering Department, Robotics Laboratory.

Our robot employs two servo potentiometers for
position measurement of the tracks. They are enough for
robust localization. Potentiometer has a capability to
infinite turn. During linear movement each potentiometer
gives a signal like a saw tooth. But unfortunately these
signals are meaningless and due to the analog signal
drawbacks they contain noise. In order to convert these
analog voltage signals into the meaningful distance value,
an odometry algorithm was developed. This algorithm is
combination of some linear filter like mean filter, low pass
filter, and also counting and summing algorithms. This
algorithm calculates position of each track, turned angles
and walked distances. Finally, measured and calculated
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parameters are sent to navigation algorithm and they are
used for accurate localization.

3.2 Localization

Autonomous mobile robots need localization ability
to move and to get to any goal location. During mobile
robot navigation, both location and pose information of
the mobile robot in its surroundings are very important. So
robot current location, walked distance and distance
between goal (destination) location and current location
must be known by the robot navigation algorithm for
accurate localization. Actually in order to sense robot
current location, there are three methods. The first one is
landmark sensing which can be usable with computer
vision but it requires extra computation time and it needs
landmarks. The second one is GPS (Global Positioning
System). It is easy to use but it is useless for indoor
applications. Third one is dead reckoning (i.e. odometry).
It is very easy to use and of course it needs some
calculations as it was discussed in previous section. But it
is the most applicable method for our applications.

With the help of odometry algorithm, mentioned in
previous section robot is able to estimate its own position
at any time and also it is able to calculate the distance
between current location and goal location. Figure 11
shows data flow of obstacle avoidance algorithm operated
during robot navigational motion. The prepared robot
navigation algorithm contains four different sub
algorithms which are;

e Stereo Vision Depth Perception and Obstacle
Detection Algorithm

e Odometry Algorithm
e  Motion Planning Algorithm

e  Motion Control Algorithm

Start Navigation

/ Specify Destination Point Coordinates /

v

| Calculations Between Start and Destination Location |

v

#| Rotary Movement

—b| Linear Forward Movement |

v

Ll Are There Any Obstacles?

# Yes
v

Go Back The Route

| Pose Calculation Between Current and Destination Location |

L Is Here Destination Location?

¢ Yes
StopNavigation

Fig. 11: The Proposed Robot Navigation Algorithm

Navigation algorithm of robot starts with specifying
destination location coordinates. Navigation area of the
robot is a two dimensional plane and it can be thought like
a two dimensional Cartesian coordinate system. Goal
location coordinates has to be entered to the algorithm by
the user both in x and y directions. In the next step
navigation algorithm calculates the shortest distance
between start point and destination point and turning
angle. During this calculation the start point coordinates
are taken into account as a zero in both x and y directions.
After the shortest distance and the turning angle
calculated, by the help of robot motion control algorithm,
the robot will turn up to calculated the turning angle and
then robot starts to move in forward direction. During
movement, stereo vision and depth perception algorithm
checks the existence of obstacles. In the navigation
algorithm “Are there any obstacles?” question is
completely related with stereo vision depth perception and
obstacle detection algorithm and detail of the algorithm
can be seen in Figure 1. If the obstacle detection algorithm
detects any obstacle, the robot tries to escape from
collision and after escaping it tries to go back to the target
route by the help of motion planning algorithm as shown
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in Figure 12. If there aren’t any obstacles on the route then
the robot keeps itself on the route and it keeps on linear
movement. Finally at each position robot motion planning
algorithm checks rest distance between current location
and goal location by the helps of odometry algorithm. If
the robot reaches the destination point then the navigation
algorithm stops the navigation.

¥y

N~

| 4
/} s

Fig. 12: Obstacle Avoidance Strategy
3.3 Motion Control

Motion control of the robot is interconnection
between perception algorithm and robot locomotion
system. A basic motion planning problem is to produce a
motion that connects a start position and a goal position,
while avoiding collision with detected obstacles. Prepared
stereo vision depth perception and obstacle avoidance
algorithm (i.e. perception algorithm) gives depth map of
the robot’s current scene, and also if the algorithm detects
any object, it is able to recognize as an obstacle, it is able
to calculate the distance between robot and object and it is
able to calculate centroid, occupied area and position of
the obstacle. However, to escape the obstacle which is
detected by the perception algorithm robot must have a
motion control mechanism. Motion control of robot
contains two sub algorithms which are;

e  Motion Planning Algorithm
e Locomotion Control Algorithm
At the beginning of the motion, motion planning
algorithm calculates shortest distance and turning angle.

During navigation if perception algorithm detects any
obstacle, it sends the position information of obstacle to

the motion planning algorithm. According to the obstacle
information motion planning algorithm plans proper
obstacle avoidance motion.

Motion Control Algorithm arranges track driving
voltages according to the information which comes from
the motion planning algorithm. In other words, the motion
planning algorithm sends only distance and angle
information to the motion control algorithm and then the
motion control algorithm converts the distance and the
angle information into voltage values by help of the
odometry algorithm. Finally the motion control algorithm
sends to voltage value to the robot locomotion system and
also speed of the tracks are decided by this algorithm.

4. Robot Locomotion System

During the experimental studies an experimental
crawling robot, which is hydraulically actuated, has been
used. The robot is powered by four stroke air cooled
single internal combustion engine motor. The IC engine
drives the pump shaft of hydraulic power pack unit with a
time belt reduction. Robot has two independent hydraulic
motors and each hydraulic motor is connected to tracks
separately. Hence velocities of the tracks can be changed
separately. Hydraulic motor can be defined as a motor
which is able to convert to hydraulic power into
mechanical power. Rotation speed of the hydraulic motor
is proportionally dependent on flow rate of the fluid (i.e.
oil). The torque which is produced by the hydraulic motor
is proportionally dependent on the operating pressure. In
our robot operating pressure of the hydraulic system is set
manually by helps of pressure relief valve. But the flow
rate, which is sent to hydraulic motor, is changed by direct
operated servo solenoid valves. Basically, servo valve is a
type valve that produces an output that is proportional to
the electronic control signal. For the any type of
application there are many type of servo valve which are
able to control direction, flow and pressure. In our robot
flow rate and direction of the hydraulic motor are
controlled by servo valves. Each hydraulic motor is
controlled with one servo valve and flow rate passing
through the hydraulic motor is proportional with the signal
sent to the servo valve and it is also proportional to
rotational speed of the motor. In order to operate the servo
valve, the servo valve requires a power amplifier. To
control the robot by computer, an interface is necessary
between computer and hydraulic amplifiers. Our robot is
equipped with data acquisition and motion control card for
that purposes. This card is also used for getting
potentiometer and tachometer information to the control
computer.

An interconnection between all electronic mechanic
and hydraulic hardware, which are constructed on the
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robot, can be seen in Figure 13. Also general appearance
of robot can be seen in Figure 14.
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Fig. 13: Robot Hardware Architecture
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5. Conclusion

This study has focused on the study of developing
stereo vision depth estimation and obstacle detection
system from depth map for mobile robotic applications.
Developed algorithm has been used for safely navigation
(i.e. collision free) of real hydraulically actuated
experimental crawling mobile robot in unknown indoor
environment. Within the scope of this study four main
works have been accomplished. These are;

e  Developing Stereo Vision Depth Perception
and Obstacle Detection Algorithm.

e  Constructing and Calibrating Stereo
Hardware

e  Developing Navigation, Obstacle
Avoidance, Motion Planning and Motion
Control Algorithms

e  Constructing Fully Autonomous Crawling
Mobile Robot

In this study stereo vision depth perception method
for mobile robot navigation is divided into three main
groups which are pre processing operations, stereo
matching and finally post processing operations.
Interconnection between all these function are given in
Figure 1.

In proposed approach pre processing operation has
five main functions which are image grabbing, color
adjustment, stereo rectification, image crop and image
smooth. All these pre processing functions are prepared to
improve stereo match quality.

In order to accomplish safe robot navigation in
unknown environment autonomous robot need to know
not only depth map but also position, size and depth of the
obstacle. The prepared stereo vision perception system
gives high quality depth map, which is 240x320 pixels
with 32 disparities, using two calibrated cameras with an
algorithm Sum of Squared Differences (SSD). But
unfortunately using only depth map, accomplishing of
mobile robot navigation is impossible. At this point, post
processing operations have been developed to extract
depth, size and position information of the obstacle from
disparity map. The proposed post processing operations
has five main functions and it starts with median filter and
it is going on sequentially with histogram of depth map,
object analysis, obstacle analysis and it finishes with
depth calculation.

In order to acquire sequentially image form robot
surroundings, robot needs a stereo hardware system. To
implement this operation a stereo hardware are designed
and constructed with two CCD sensor USB webcams.
Prepared stereo hardware is very cheap but it has some
drawbacks in contrast to the professional stereo hardware.
Firstly, during constructing stereo hardware it needs good
design and good assembly work otherwise there will be
some misalignment between two cameras and it will cause
low stereo match quality. Secondly, our system does not
need any frame grabber so it is very cheap solution. But,
getting synchronize stereo image is very hard and passing
time which is require for image grabbing is higher than
the professional solutions. In contrast to professional
stereo image grabbing hardware prepared stereo rig must
be calibrated in offline by user.
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are motion planning, obstacle avoidance and motion
control algorithms and combination of all these algorithms
is called as robot navigation algorithm. Motion planning
algorithm is used for planning of robot motion, it
calculates shortest distance between current position and
destination position and required turning angle. By helps
of obstacle avoidance algorithm, robot tries to escape
obstacles according to the position and size of the
obstacle. Motion control algorithm is interconnection
software between robot locomotion system and navigation
algorithm. In other words, motion control algorithm
changes distance and angle value into track voltages and it
does communication between control card and computer.
In order to succeed position control of the mobile robot,
kinematics of the robot is taken into account during
writing codes of locomotion control algorithm.

To execute developed stereo perception algorithm and
navigation algorithm an experimental crawling vehicle are
modified and improved to build up a real autonomous
robot. In order to control the robot easily and to combine
all algorithms which are developed during this study.
After optimization and combining all algorithms and
codes, behavior of robot is observed, by use of developed
algorithms, the robot is able to reach destination point
without collision any obstacles.
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