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1 INTRODUCTION

1.1 Motivation

Robots are mainly used in the industry sector by qualified operators in a known
environment. However, robots will be suitable to be used more widely, for performing
more complex tasks — even in an unknown environment — by the evolution of computer
science and artificial intelligence. According to robotics trends, it is predicted that
mobile robots will appear in average households in the following decades [1,2].
Standardization activities address these changes in the robotics sector [3]. According to
ISO 8373:2012 vocabulary, service robots are defined as robots that perform useful

tasks for humans or equipment excluding industrial automation applications.

One problem in this exponentially growing field is path planning in human
living areas. Robots in households should be operated easily and intuitively, and they
have to fit in the human social environment. This means that the user should not need to
read complex user manuals or decode robot indications in order to be able to operate the
robot. Earlier studies developed human-robot interaction based on human-to-human
communication, but robotics is not advanced enough to reach the physical and cognitive
capabilities of humans. Therefore human-animal interaction can serve as a better model
for designing service robots [4]. The human-dog relationship is a good example for this
paradigm as dogs developed social cognitive skills during their domestication that helps
humans conclude the dog’s intent and target. The proposed novel approach of path
planning [5] is based on the prediction that household animals live in a similar
environment and are about the same size as household robots will be in the near future.
As people lived together with household animals for thousands of years, people can
interact with them more easily and can interpret the communicative implications of their
locomotion. Therefore mobile robots can indicate certain intents or conditions to people

by exhibiting the same motion attributes as animals.

Consequently, the movement of a service robot has not only the function of
reaching a position, but it is also an element of social integration, which has a
significant communication meaning. Therefore the path planning of autonomous service

robots has become an emphatic research area of ethorobotics.
1



Ethological research studies addressed the same problems and proposed the
implementation of dogs’ visual communication elements [6,7] in order to enhance
human-robot interactions. Behavioral models for robot-human communication were
also proposed [8—13], but the robotics implementation of path planning in this context
has not yet been studied. The objective is not to implement exact motions of certain
animal species, but to design a path planning algorithm for mobile robots inspired by
household animals, with the aim of enhancing human-robot interaction. The main

question is the mathematical description of certain motion attributes.

1.2 Goal of the dissertation

The goal of the dissertation is to present a concept for the path planning of

mobile robots in household environments.

According to ethological studies, animals such as pets (e.g. dogs) have
communicative implications in their movements, which are intuitive and easy to
understand by humans. By incorporating ethologically studied motion attributes into
robot motion, we believe it is possible to make human-robot interaction easier and more
intuitive. This is important because it is predicted that mobile robots will appear in
average households in the following decades. Just as mobile phones have evolved over
the years in order to be easy and intuitive to use without the need to read complex user
manuals (for example, it is possible to scroll pages on a smartphone as if it were a book),

human-robot interaction can be made to evolve in a similar way.

We specified the requirements of mobile robot path planning in household

environments as follows:

e [t should take communicative means of locomotion into account in order to
facilitate human-robot interaction.

e Path planning should include orientation information independently from robot
velocity direction in order to realize animal-like holonomic movement.

e Method should be capable to be used in unknown environment.

e Algorithm should handle dynamically changing environment, such as moving
obstacles and moving target. Target should be approximated with zero relative

velocity.



e (Calculations should be feasible on nowadays robot control architectures real-
time, online.

We have successfully adapted three ethologically studied motion attributes of
animals to robot motion, both in simulated and real environments. The well-known
traditional APF method [14] was extended by certain motion characteristics of
household animals. The main contribution of this dissertation is the definition of an
online, local path planning method by adapting animal motion attributes in order to
assist human-robot interaction. The algorithm was implemented in an embedded system

and evaluated on MOGI-ETHON (Figure 7.3), a holonomic drive mobile robot.

1.3 Structure of the dissertation

The rest of the dissertation is divided into seven sections. Section 2 and 3
describe the theoretical background, the state of the art, and present all the related
studies and developments which led to and predefined our goals. Section 4 introduces
the full scope of the ethorobotics path planning research methodology. Section 5
focuses on motion attributes and the algorithm is presented along with its scope.
Experimental evaluation of the proposed method is presented in Sections 6 and 7 by
describing simulation and measurement, respectively. Section 8 concludes the

dissertation.



1.4 NOMENCLATURE

The notations used in this dissertation are enumerated along with its units. In

order to facilitate the distinction between vector and scalar values, vectors are

underscored all over the dissertation.

Abbreviations

APF

DOF

CNC
FPGA

IC

PID controller
OSI model
RISC
RTAI
SCARA
NIST
EMC

Roman letters

X,y,z  [m]
Ax, Ay, Az [m]

CI1' q2' CIx
Aqy1,Aq,, Agy

an ya; Za [m]

a1r9a2) Qax
x:(t)  [m]
Xo(t)  [m]
vr(t)  [m/s]
vr(t)  [m/s]
Vops(t) [m/s]
Ay, Ay [']
a,b [-]
mn [-]

artificial potential field

degrees of freedom

computer numerical control

field programmable gate array

integrated circuit
proportional—integral—derivative controller
open systems interconnection reference model
reduced instruction set computing

real-time application interface

selective compliance assembly robot arm
National Institute of Standards and Technology
Enhanced Machine Controller

Robot reference coordinates in Cartesian coordinate system
Robot position difference from previous position control
circle in Cartesian coordinate system, proportional

to robot velocity

Robot reference coordinates in joint coordinate system
Robot position difference from previous position control
circle in joint coordinate system, proportional

to robot joint velocity

Robot measured coordinates in Cartesian coordinate system
Robot measured coordinates in joint coordinate system
Euclidean distance between the robot and the target
Euclidean distance between the robot and the obstacle
velocity of the robot at time t

velocity of the target at time t

velocity of an obstacle at time t

scalar positive parameters

non-negative constants

positive constants



P,O [-]

Uatt(xJBR'BT) [J]
Urep(x'ZRlZT) [J]
Faee(x,vp,v7) [N]
Eep(x,vr,vr) [N]

do,dy. [-]
NRrr [-]
Nyrr [-]
n, [-]
TSGC [m]
Trob [m]

Amax- [M/s"2]
Irob is [kg m’\2]

Greek letters

a,y, 61 ( [']

B [-]
Pre f [rad]
Pr [rad]
®y [rad]
Prob [rad]
t [Nm]
T1, T2, T [N/m]

scalar parameters

attractive potential function

repulsive potential function

attractive force function

repulsive force function

potential and force function parameters

unit vector pointing from the robot to the target

unit vector pointing in the direction of the relative velocity
of the robot with respect to the target

unit vector corresponding to the axis of robot rotation
constant representing a security distance between the robot
and an obstacle in order to avoid collision

radius of the robot assuming a cylinder-shaped

max acceleration of the robot

moment of inertia of the robot

non-negative constants

positive constant

reference orientation of the robot with respect to the
positive x-axis

direction of the vector pointing from the robot actual
position to the robot working envelope at the target position
direction of the robot’s actual velocity vector

robot’s orientation with respect to the positive x-axis
artificial torque applied to the robot

torque applied to robot joints
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2 STATE OF THE ART IN ROBOTICS

2.1 SERVICE ROBOTS

Nowadays, robots in households are performing simple tasks, such as vacuum
cleaning. One of the first mass produced mobile robot for households is the Roomba
vacuum cleaner robot as shown on Figure 2.1, produced by iRobot. The first release was

launched in 2002.

Figure 2.1. Roomba vacuum cleaner robot

However, by the evolution of computer science and artificial intelligence, robots
will be suitable to be used more widely, for performing more complex tasks than
vacuum cleaning. Emphatic topic in this growing area is the elderly persons support
[15]. Figure 2.2 shows the 4" generation of Care-o-bot. It was designed by Fraunhofer
Institute. It has the mechanical capability to perform complex tasks in everyday life, and
artificial intelligence is being developed to achieve complex tasks. It is currently mainly
used in research areas, therefore it supports open platforms for flexibility, such as the
Robot Operating System and CANopen. By the development of artificial intelligence,
Care-o-bot may be the one of the service robot types which will appear in the average

households in the soon future.



Figure 2.2. Care-o-bot 4'" generation service robot

Ethorobotics aim to support social adaptation of service robots appearing in
human living environment, such as the above mentioned Roomba and Care-o-bot. Early
researches laid the foundations of ethorobotics [16] by defining the process of creating
models based on observing human-animal interaction, and used this model for robotics
adaptation. Further studies created more sophisticated emotional and behavior models

and defined validation processes for successful model adaptation to real robots [17].



2.2 ROBOT CONTROLLER ARCHITECTURES

A deep investigation of motion control architectures is required for the design of
a path planning algorithm which is suitable for real robotics applications. The motion
control of CNC machines, industrial robots, military robots [18] and mobile robots has

similar functions, therefore motion controller architectures have many similarities.

Common problems include trajectory planning, calculation of kinematics,
actuator position control, and power electronics. Motion controllers commonly contain

the following main hardware and software units as shown in Figure 2.3.

x+tAX, q1+Aq1, qi,

i +A +A q2 iti
Trajectory | YTAY. [ Inverse | 27AQ2 Interpolator > | Position/Speed
q3 Controller

Planner z+Az " | Kinematics | q3+AQq;, | ,
4 qs ... |

. . T . T2 . 3 . T.
S Motor Motor Motor
i Drive Drive Drive
v v v v
Motor Motor Motor
Encoder Encoder Encoder
Programming | Direct |, [ [ [
Interface Xa,YaZa Kinematics | Gat 5022 »Ges...

Figure 2.3. Basic elements of motion control systems

a) Programing interface
This is different in all kinds of motion control applications. It is usually a PC-based
graphical user interface, in which the user can enter coordinates or commands to the
robot or machine. In case of autonomous robots, complex tasks may be given by
the operator. The interface may also display feedback regarding the robot’s current
state and position.

b) Trajectory Planner

Breaking complex motion task into discrete motions while taking kinematics and

dynamics limits into account.



c)

d)

g)

Interpolator

Breaking discrete motions into small motion primitives for speed controller.
Calculation frequency should be equal to or greater than underlying speed
controller frequency.

Inverse Kinematics

Calculates the joint reference motion states from the desired robot Cartesian motion
state. Consequently, this module calculates every joint reference position and
velocity in a joint coordinate system based on the robot’s reference velocity and
position in a Cartesian coordinate system. E.g. in case of mobile robotics, an
inverse kinematics unit calculates reference wheel speeds and positions from the
robot’s desired velocity and position.

Direct Kinematics

Based on the joint angles and velocities it calculates the actual position and velocity
of the robot as opposed to Inverse kinematics. The inputs of the component are the
angles and angular velocities of the joints, the output is the robot’s actual position
and velocity in a Cartesian coordinate system. It is usually used to calculate
feedback on the robot’s Cartesian position based on rotary sensors placed on the
motors.

Position/Speed controller

Closed loop motion controller of a single motor based on speed or position input
reference and encoder feedback. The outputs are the torque references for the motor
drives.

Motor drive

It usually contains power electronics and a closed loop current controller. The
reference of the current controller is the input torque, while the feedback of the
controller is the measured current. This module is often integrated with a joint

controller.

This section henceforward describes four different approaches for controlling

robots of different kinds [19]. The first is a joint controller which can be the smallest

element of a system, and controlled by a server running central trajectory planning. The

second is a compact three axis motion controller, which works as a small plug&play

unit for small sized robots. The third concept expands the small plug&play controller by

10



high computation capability in order to handle dynamic calculations for the motion
control of dynamically attached joints. The fourth concept combines the low-level
adaptability (ability to control different kinds of systems by attaching different servo
power modules) and the high-level flexibility (connectability to each other to form a
complex robotics system) of the open-source Linux RTAI software system. All the
systems are universal in the sense that they can be connected to many different
machines including mobile robots. They were all developed as real-time components in

order to make them flexibly connectable to each other.

Most motion controllers used in industry are similar to one of the concepts
described below. The development of these motion control systems had a key role in the
design of a mobile robot path planning algorithm, which can be applied to nowadays’

motion controllers.

Decentralized, per motor controller

In case there is no precise real-time synchronization necessary between machine
joints, it is possible to detach the real-time connection of Inverse Kinematics and
Interpolator and to design a complex modular joint unit which contains interpolation, a
position/speed controller, a current controller and power electronics. In this way,
multiple instances of one type of hardware and software unit drive the robot joints.
These joint controller units are connected to a higher level controller, which handles
robot kinematics, trajectory planning problems, and the user interface. The main
advantage of this architecture is its flexibility: new joints can be attached or joints can
be reconfigured with the reuse of the common joint hardware and software component.
It has certain small delay in control due to communication which makes it unfit for
high-speed simultaneous precise movements, e.g. for high speed CNC machine joints,

but it fits to a slower assembly robot and to most mobile robotics applications.

11



Figure 2.4. Prototype of joint controller

A joint hardware and software controller was developed to test the performance
of this concept and get experimental results. Prototypes were manufactured as shown in
Figure 2.4, and two controllers were attached to the first two angular joints of an
ADEPT 604-S type SCARA robot. The block diagram of the hardware architecture is
displayed in Figure 2.5.
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Figure 2.5. Hardware block diagram of joint controller prototype



The control software was implemented in a SUZAKU-V FPGA board. Custom
logic and a PowerPC processor were configured to run Linux kernel and realize soft
real-time interfaces. The board is connected to an RT-Middleware [5] server via
Ethernet. Furthermore, the electronics developed includes a power amplifier for DC
motors, signal conditioning and the necessary power converters. It was developed to be
the smallest element of a robotics cell. The test measurements with the SCARA robot
proved the concept. Jitter between speed controllers caused few millimeters of
following error on the path, which is acceptable for pick&place tasks. Neglecting
dynamic coupling of SCARA joints did not cause significant controlling issues, either,

due to the relatively high gear ratio of the robot joints.

Decentralized, multiple axis controller

The joint control concept supports expandability and requires short development
time when adapted to new robots due to using the only existing hardware. However, it is
not suitable for high-speed, precise synchronization of the axis, therefore a three axis
compact motion controller is proposed [21]. A single compact controller unit also has
the advantage of lower manufacturing costs compared to three pieces of independent

joint controllers in case of manufacturing in higher quantities.

Figure 2.6. Prototype of a decentralized, multiple axis motion controller unit

Three axis CNC machine joints, robotic arm joints and mobile robot drives are
often linearly independent or have a negligible dynamic effect on each other due to their

kinematics structure and high motor gear ratio. Figure 2.6 shows the proposed
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decentralized three axis motion control unit. It can get the joint position references from
an external PC based programming interface. It is universal in the sense that it is
capable to control different mechanical structures with dynamically independent joints,
because the control task is similar, only the kinematics function and parameters have to

be set properly. Figure 2.7 shows the hardware block diagram of the proposed system.
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Figure 2.7. Hardware block diagram of the decentralized multi-axis controller

prototype

The controller can be configured to machines of different kinds by adjusting
position controller parameters. Position controller tuning is supported by the auto tuning
feature of the proposed controller and the step response monitor of the axis for further
fine tuning. It is possible to control additional functions along outputs, as well as
isolated inputs. These I/O interfaces can be accessed through a Modbus interface.
Proposed controller was successfully applied to a 3 axis CNC machine as well as to
MOGI-ROBI, a holonomic mobile robot, as Figure 2.8 shows. Industrial application
includes enclosure and toroidal power transformer as Figure 2.6, while is case of mobile
robot, controller was powered directly from battery, and electronics was assembled
under robot frame as Figure 2.8. The embedded hardware and most software parts of the

controller was the same in case of the two different aforementioned robots.
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Figure 2.8. Mobile robotics application of decentralized, multiple axis controller on

MOGI-ROBI, a holonomic mobile robot

The proposed decentralized motion controller is a universal hardware element
for many kinds of different machines, therefore the hardware cost in this concept can be

reduced by the increasing manufacturing quantities.

Centralized, multiple axis controller
The third one is a compact semi-universal 4-axis robot controller [22], which
means that the hardware can be used for different robots, but the software needs to be

customized depending on the mechanical structure.

A simple 8-bit RISC microcontroller based system as described in the previous
section is eligible for handling the user interface and for computing independent PID
loops. A controller like that is universal, because there are no machine specific
computing processes that have to be customized for different mechanical systems. There
are many simple adaptive parameter learning methods for independent joints, hence the
controller is able to drive different machines with a short configuration time if equipped
with suitable power stages, a versatile encoder and an I/O interface. However, to control
a nonlinear dynamic system, the computing hardware has to solve the computationally

demanding inverse dynamic Lagrange equation.
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Figure 2.9 shows a complex hardware, developed to handle this computational

task.

Figure 2.9. Prototype of a centralized, multiple axis motion controller unit

The hardware block diagram is shown in Figure 2.10. This FPGA-DSP based
platform is able to compute all the functions that a standalone unit needs: Interpolation,
path planning, inverse kinematics and inverse dynamics calculations, encoder feedback
processing, PID (or PD) control with computed torque method, data conversions, and

external interfaces to PC and other industrial units.
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Figure 2.10. Hardware block diagram of a centralized, multi-axis controller

capable to control dynamically attached joints

Designing versatile power modules and I/O interfaces will extend controller
compatibility with different kinds of machines; however, the robot’s dynamic model has
to be integrated into the firmware, and there is no prevalent method today to solve it
within a short time and without a specialist. The most important disadvantage of this
system is the difficulty of custom dynamic contribution caused by difficult embedded
system design. However, robot manufacturers often follow similar universal hardware
architectures in case of serially produced robots where user customization is not

required.

Universal multiple axis controller

The fourth concept provides the widest level of low-level adaptability by
supporting dozens of protocols and signal levels to connect different robots and

machines. This concept also ensures high-level flexibility by supporting the connection
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to each other to form a complex robotics system, based on the open-source Linux RTAI

software system.

The US government sponsored Public Domain software systems for the
numerical control of milling machines were among the very first projects developed by
the first digital computers in the 1950s. In fact, the need for and the concepts of
universal motion controllers do not represent a novel issue in industry. Universality was
described by modularity, portability, extensibility, and scalability requirements two
decades ago, when the development of EMC (later renamed to LinuxCNC) was already
started [23]. The project was originally launched by the NIST in 1989 [24] and the
software was released into the public domain in 2000, allowing external contributors to
make changes and reuse the code. The characteristics of universality still constitute an
actual topic as the available hardware elements are improved and the control
architectures are developed. Today, LinuxCNC is a very reliable and popular open
source software system that can be used under General Public License for numerical

control.

In order to connect different machines to the PC based LinuxCNC, an FPGA
based real-time PCI motion control card was developed [25,26], as shown in Figure

2.11.
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Figure 2.11. Custom PCI motion control card

The proposed hardware can be easily configured to control any mobile robots or
industrial machines by LinuxCNC. The card has several IOs and further RS485 and
CAN based communication for further expansion. In the software engineering sense the
core of the system is LinuxCNC. The user can integrate self-developed software
modules into LinuxCNC, like hardware drivers, kinematics modules, and
communication interfaces, or any other software modules. For example, in case of a
custom mobile robot equipped with custom CAN BUS motor drives and RS485 I/O
expanders for interfacing sensors, the user can modify LinuxCNC built-in kinematics to
match the custom robot, and can also include custom communication protocols for
sensors. In this case the PCI card handles the OSI L1-L3 layers of machine-specific
CAN and RS485 communication, while the LinuxCNC driver handles PCI

communication and all the higher OSI Layers of machine interfaces.

FPGA allows not only flexible peripheral connectivity of different sensors [27],
but it is capable to accelerate parallel computation of higher software level algorithms

as well (e.g. path planning [28]).
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The hardware block diagram of the proposed motion controller is shown in
Figure 2.12. A Linux RTAI kernel driver was developed in order to support real-time
communication in LinuxCNC. The hardware is equipped with a PCI interface IC from
PLX technology, which handles the PCI protocol and provides a 32 bit asynchronous
parallel bus forward to a Xilinx FPGA. In this way the FPGA can be directly addressed
and reached from the Linux driver. The role of the FPGA is to implement
communication peripherals and hard real-time tasks. More advanced calculations, such

as dynamics, can be achieved by compiling a soft-core processor to the FPGA.
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Figure 2.12. Hardware block diagram of the motion control card

Many different communication protocols are supported including CAN based
CANOpen and DeviceNET, traditional analogue speed and current references, different
kinds of incremental position reference signals, RS485 interface, and opto-isolated I/Os.
Motion controllers usually follow similar architectures when centralized motion control,

modularity, and connectivity are all required.
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Figure 2.13. Mobile robotics application of universal multiple axis controller

Proposed controller was applied to dozens of industrial robots, CNCs, and
mobile robots. Figure 2.13 shows the MOGI ETHON robot including an industrial PC
and the controller system. PCI card can be seen in the middle of the figure on the top of
the PC in horizontal position. Developed controller is universal in terms that the
hardware and the embedded software (running on PCI card) don’t need to be changed in
different applications as the motion control task require the same hardware and software

units.
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3 PATH PLANNING ALGORITHMS AND APF

Several research studies targeted mobile robot path planning [29], which led to
such achievements as path planning based on Genetic algorithms [30], Sample-based
motion planning [31], Neural networks [32], Fuzzy logic [33-35], Support Vector
Machines (SVM) [36], and APF [37-39].

Global path planning techniques require knowledge about the environment,
therefore they are often studied by including map building [40]. They are guaranteed to
find a path if one exists; however, their computation time increases exponentially as the
degrees of freedom (DOF) of the robot increase. This computational complexity limits
their use for real-time path planning in unknown, dynamic environments. Ant colony
algorithms [41,42] and neural networks [43] can also be used for global optimization,
but convergence is also slow. Offline path planning calculations [44] are detached from
the trajectory tracking of robot movement, therefore they can only be used in a static,

known environment.

Local algorithms are usually based on the Dynamic Window Approach [45—47]
or APF due to simple implementation and low processing needs. Both can get input data
directly from range sensors without the need for processor consuming map calculations
and estimations. APF is suitable for underlying real-time control with the lack of global
information, but it has a problem of local minima [37,38,48] which needs to be handled
by global algorithms at a higher layer. All these studies were focused on finding the
optimal path from the point of view of target distance, obstacle avoidance distance [49],
travelling time, or energy. Many research works address the path planning implications
of human-robot interaction [50], but mainly focus on collision-free paths. This research
is new in terms of describing mobile robot trajectory planning by taking human-robot

communication into account.

APF is based on the idea that the target attracts the robot, while the obstacles
generate repulsive force fields in order to avoid collision. The sum of the attractive and
repulsive forces control the robot according to Newton’s second law. The name shows
the analogy of this method to electrostatically charged particles, which repulse and

attract each other. Traditional attractive potential function is described as Equation (1):
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Uaee (%) = 5 axe ()] (1)

where x;(t) is the Euclidean distance between the robot and the target, a, is a

positive scaling factor.

The force vector function pointing from the robot to the target is calculated by

taking the negative gradient of the potential function:

OUqee(xt)
Fare(xe) = =VUge(x) = %QRT = X () npr] )

where ngr 1s the unit vector pointing from the robot to the target. Please note
that negative sign was simplified by choosing ngr unit vector instead of the opposite

directional unit vector nrp.

Early uses of the APF method in robot control assumed artificial repulsive
forces inversely proportional to the square of the distance as Equation (4), similarly to
the force interacting between static electrically charged particles described by

Coulomb's law.

Upep (X5) = =6 ——1 3)

2 xo(t)

where x,(t) is the Euclidean distance between the robot and the target, § is a

positive scaling factor.

The force vector can be calculated by taking the negative gradient of the

potential function as follows:
1
E’ep(xo) = _VUrep(xo) = 6%(_t)2ﬂ0Rﬂ 4

where npp is the unit vector pointing from an obstacle to the robot center. Please
note that negative sign was simplified by choosing npp unit vector instead of the

opposite directional unit vector ng,.

Later studies enhanced force functions in order to optimize the resulting path
and avoid trap situations. APF based methods are computationally inexpensive,
therefore they can be applied to stand alone mobile robots equipped with laser scanner
for obstacle detection. Other researches use camera systems and external image

processing nodes for detecting obstacles [51,52]. APF is used also for modifying an
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offline generated path during path tracking for handling small dynamic changes of the

environment [53-56].

The APF method was an active research area until the decade of the 2000s, and
this research field has been progressing until recent years, but it is a less active research
topic nowadays as the main problems of this area are already well described. However,
there are a few later studies which investigate APF in newer aspects, e.g. multi-agent
robot navigation [57,58]. We have also decided to use the APF method because it
properly fits our addressed problem, and it is not yet explored by the proposed approach.
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4 Methodology

Natural or animal-like motion attributes are
not engineering notions, therefore I cooperated with

ethological scientists

Ethorobotics studies are based on the

observation of human-animal interaction to
highlight and quantify vitals and create motion
models. Models are implemented to real robots.

Robotics includes a

implementation task also
validation process in which previously created
motion model is compared with similarly created
model from robotics implementation. The
observation of human-robot interaction serves as
feedback for earlier observation, model creation and

implementation processes, as shown in Figure 4.1.
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animal motion,
human-animal
interacation

Motion model,

highlighting vitals,

quantification

[l

i
Robotics

implementation

il

Huma‘ﬁ-robot
interaction

Figure 4.1. Motion research

methodology of ethorobotics

My research in ethorobotics focuses on the mathematical description and

robotics implementation of motion attributes. I examined the literature of path planning,

in particular the methods which can also be used in an unknown, dynamically changing

environment. I worked out the mathematical description of motion attributes described

by ethological studies. I implemented simulations according to different parameters and

dynamic scenarios. The real robotics evaluation confirmed simulation results.
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S PROPOSED PATH PLANNING METHOD

5.1 Adapted animal attributes

This chapter points out three motion-related animal characteristics with
communicative implications, which are proposed to be adapted to mobile robot path
planning. People’s interpretation of these animal motion attributes will be explained

along with the proposed corresponding meaning in case of mobile robotics.

Object proximity seeking

Objects often mean protection or hiding for animals. These are not just obstacles
which have to be bypassed. Most visibly, cats often go close to the wall even if it results
in a longer path as demonstrated in Figure 5.1. This antipredator behavior specific to
small mammals is well described by ethological studies. It is affected by anxiety-related
medicines, therefore medical companies also analyze it in their widely used animal tests

called open field tests [59].

People’s interpretation of the object proximity seeking behavior of animals is the
avoidance of interaction. A mobile robot could behave in the same way if it does not
intend to initiate an interaction, e.g. when the robot has an already defined task and does

not expect new commands.
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Figure 5.1. The path (a) with and (b) without the object proximity seeking motion
characteristics. This nature is specific especially to small mammals, like cats or

rodents, as they often stay close to objects for hiding and protection.
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Social adaptability

As ethological research points out [60], dogs distinguish between their owner,
familiar people, and strangers. When a dog moves to a target, it approaches differently
living, non-living, known and unknown obstacles, respectively, e.g. it stays in closer

proximity with its owner [7].
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Figure 5.2. Demonstration of different paths specific to dogs in case (a) Person 2
has a more important role (e.g. Person 2 is the owner), (b) people have the same

social role

People intuitively perceive the dog’s approach or avoidance, and expect
interaction according to it. In case of robotics, this motion characteristic could have
similar meaning in order to enhance robots’ social adaptability. Therefore, we suggest a
differentiation between obstacle avoidance and approach during path planning based on
the social role of the different obstacles. The social role of each person or obstacle could
be assigned individually by a higher-level algorithm. Figure 5.2 shows the effect of this

motion characteristic on the resulting path.
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Target pointing orientation
The movement of animals is holonomic in the sense that animals can move to

any direction and change orientation at the same time, independently.

Moving

// Orientation

Figure 5.3 Holonomic movement

Angle difference between velocity and orientation often shows the intent or
attention of the animal [7]. For example, Figure 5.4(a) shows a typical path and
orientation of a dog, which comes from behind a person to the person’s front for
initiating interaction, while Figure 5.4(b) shows the same path without any difference

between orientation and velocity direction.

Based on orientation information, people can get a notion about the target,
attention, or future movement of the animal. Mobile robots could do the same to
provide feedback to people about their objective and future movement as Figure 5.3
shows. For example, if a robot is waiting for a person to initiate an interaction, it could
indicate this intent by continuously facing that person even if the robot has to follow

him or pass to the person’s other side.
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Figure 5.4. (a) A typical path and orientation of a dog, which comes from behind a

person to the person’s front for initiating interaction. Orientation and direction of
movement are different, indicating the dog’s objective. (b) The same path in case
of a not natural, non-holonomic movement, in which the movement of the dog

would not indicate the robot’s intent before reaching its target.
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5.2 Proposed algorithm

APF is based on the idea that the target attracts the robot, while the obstacles
generate repulsive force fields in order to avoid collision. I propose a novel APF method
in order to navigate mobile robots in unknown, dynamic environments, while adapting
animal locomotion attributes (described in Section 5.1) including orientation

information.

Contrary to conventional potential functions, our proposed repulsive potential
function is not monotonic, which means that an obstacle can attract the robot depending
on the distance and parameter range. However, for conventional reasons, the function of
obstacles is named repulsive function; and the function of the target is called attractive

function.

Target is represented with a single point, generating a single attractive virtual
force to the robot. In real robotics applications, obstacles are detected by range finders
(e.g. 360° laser sensors) which can measure obstacle surface distance in discrete angle
resolution. Repulsive virtual force is calculated as the sum of forces generated by the

independently detected obstacle surface primitives.
I make the following assumptions:

Assumption 1. The robot geometry is approximated with a cylinder shape of radius
Trob-

Assumption 2. The position and velocity of both the robot and the target are well

known.

Assumption 3. The position and velocity of obstacle surfaces which are not covered

can be accurately measured on-line.

Attractive potential function

The conventional APF method defines an attractive potential function as a
function of the relative distance between the robot and the target. This conventional
method cannot handle moving targets efficiently, and it cannot provide soft landing

solutions, consequently the robot reaches the target with non-zero velocity. Later studies
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[37], [61] included velocity information in attractive potential function for handling a

moving target and providing soft landing as stated in Equation (5).

Uaee (0, Vg, v1) = ax (O™ + o ||vr(8) — vr ()| )

where x;(t) is the Euclidean distance between the robot and the target;
vg(t), vr(t) denote the velocity of the robot and the target at time t, respectively;
||2R(t) — ZT(t)” is the magnitude of the relative velocity between the robot and the

target; a, and a, are scalar positive parameters; m and n are positive constants.

The main disadvantage of this attractive potential function from the point of
view of animal motion planning is that the attraction force significantly depends on the
distance to the target. It causes significantly different paths in case of medium and long
distances to the target, which is not natural for animal motion. The extended attractive
potential field is inspired by animal motion. The idea of taking velocity into account is

adapted as follows:

Uatt(xt;ZR'ZT) = %x + ﬁ _%+ V”ER - ZT“zﬂ (6)

where a and y are non-negative, [ is a positive constant.

. . 2, . . .
The term regarding velocity (y” VR — ZT” ) is chosen to be quadratic, following
the nature of robot kinematics energy, in order to avoid collisions and to carry out soft

landing efficiently.

2 . .
It can be seen that %xt + ﬁ — % and y|| Vg — VUr || are both non-negative. This

means that Uatt(xt,yR,yT) approaches its minimum of zero if and only if both the

relative velocity and the distance between the target and the robot approach zero.

The force vector function pointing from the robot to the target can be calculated

by taking the derivative of the potential function:

Fatt(xt'ZR'ZT) = _VUatt(xtlZR'ZT) =
_ OUq¢e(xevRVT) OUqt¢(xeVR.VT) | 7
Ox¢ —RT dwg-vr) —RT

where ngr is the unit vector pointing from the robot to the target and nypr

denotes the unit vector pointing in the direction of the relative velocity of the robot with
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respect to the target. Please note that negative sign in Equation (7) was simplified by
choosing nzy and nyrr unit vectors instead of the opposite directional unit vectors nyg

and nyrg.

OUqt¢(xe,vRVT) _ o a

ox; 5 G pr | ®)
Uqaet(xtvRYT)
o = 2z —vrl ©)
Fate (%o v, vr) = (35 = gz e + 2¥[|2 — | mver (10)

The main advantage of the proposed attractive potential field is shown in Figure
5.5: when the velocity is constant, the force field is almost constant in the cases when

the robot is ‘far’ from the target. The force function in Figure 5.5 is given by:

”Fatt(xt’ VR, BT)“MAX =

Jim [Face (e, v 20)| = || e + 2¥ll2e = wrl ver |1 an
”Fatt (xt’ VR, ZT)”MIN =

iy oo 20l = 2 - a2
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Figure 5.5. The solid line shows the proposed attractive force function versus the
corresponding values of robot-target distance, where the robot-target relative
limxt—cofatixt, vh vi=afZnR7+2yvRk—vl nVR7Y (11)(12). The dotted and the
dashed lines respectively show the linear and exponential characteristics of
attractive force functions widely used in the literature, e.g. Equation (5). The main
advantage of the proposed function is that the force field is almost constant,
resulting in a path that is independent of the target distance when the robot is not

close to the target, while the function still ensures soft landing.

Repulsive potential function
Implementing the object proximity seeking property (Section 5.1, Figure 5.1) is
not possible with a monotonic repulsive potential field. In order to solve this problem,

while taking all mentioned animal motion attributes into account, I propose the

repulsive potential function as follows:

§3xt -5 (22453 + 5 (L + dody ) 22 -

2
VR—V .
Urep (eor Ve, Voms)= | —8dodix, +8C + g Lomsl iy < g, g (13)
2
k lvr-voss|| L if x, > dy
2amax
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where:

do = Tsec + Trop (14)
di=dy+PO0Y (15)

1 1
C=dodi;—di T (16)

Tsec 1S @ constant representing a security distance between the robot and an
obstacle in order to avoid collision. 7, is the radius of the robot assuming a cylinder-
shaped robot. § and { are non-negative constants, vz and vy denote the robot and
obstacle velocity vector, respectively. The maximum acceleration of the robot is @y, qy-
P and O are scalar parameters: P is related to obstacles individually, adding social
adaptability; O is a parameter of robot behavior meaning “object proximity seeking”;

both as described in Section 5.1.

The effects of the parameters mentioned above and the advantage of the

proposed potential function will be more visible by calculating the force function:

F;‘ep(xor (4 BOBS) = _VUrep(xor (4 ZOBS) =

0 Urep (xO'ZR'ZOBS)
0(vr—v0Bs)

dUrep(%0VRV0BS)
0x, -

or t NyorY a7

where nyp is the unit vector pointing from an obstacle to the robot center and
nyor denotes the unit vector pointing in the direction of the relative velocity of the
obstacle with respect to the robot. Please note that negative sign in Equation (17) was
simplified by choosing npg and nyor unit vectors instead of the opposite directional

unit vectors nzo and nygop.
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The partial derivatives are:

0Urep (X0, Vg, VoBs) _

dx,
+5(d% + 2dydq)x, — 5dod% = 6(x, — do)(x, — d1)2ﬂ 18)
aUrep(x'zR'EOBS) _ ||2R_EOBS”
d(vr-voBs) amax 1 (19

Substituting Equation (18) and (19) into (17) we get:

Vp — D
f —6(x, — do)(xo — d1)*npr + ZMHVOR
apmax
F;‘ep(meR'BOBS) = 4 Jf xo < dy
l(nzkgﬂgvom Jf xo > dy
MAX

(20)
Figure 5.6 shows the shape of the proposed force function and its main
parameters d, and d,. In case x, > d;, the artificial force function is not a function of
X,, it is affected only by relative obstacle-robot velocity marked in Figure 5.6 and
calculated as:

||2R—ZOBS||
Fim(Vr, voss) = F(Vr, Vops)lx,>a, = fmﬂvozzﬂ (21)
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Figure 5.6. The solid line shows the proposed repulsive force function as a function
of the robot-obstacle distance. The dotted line shows the exponential
characteristics of functions mainly used in the technical literature. The main
advantage of the proposed function is that all attributes described in Section 5.1
can be adapted, including the attraction interval of the repulsive force function
(between d0 and d1), while the function is suitable for real-time control in a

dynamic environment.
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I summarized the final conclusion of the repulsive potential field in the first

thesis of this dissertation as follows.

Animal-like motion attributes can be described mathematically using artificial
potential field based motion planning by applying a repulsive potential function
according to Equation (22).

2
1

(65x8 - 6(222) 3 + 6(F + dody ) 22 — dodix, +

2
1 1 |zr—vossl” :
Urep<xo,zR,zogs)=$ +8(dodi—di ) +¢EELifx, <dy 1 (22)
2
(”ZR_ZOBS” ' if x, > d1
2amax

where x, is the distance between the robot and the obstacle; v andvggg
denote the robot and obstacle velocity vector, respectively; d, defines the rate of
obstacle approximation; d; characterizes the action radius and gradient of the
function; § and { are non-negative constants; and the maximum acceleration of

the robot is a,, 4.

Related publications: [P1,P3,P5,P13-P15]
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Control law
The previous sections described attractive and repulsive potential functions
which allow the mathematical description of certain animal-like motions. This section

proposes the application algorithm of the functions for controlling mobile robots.

Unlike the motion constraints of differential or car-like driven robots [62], the
velocity and angular velocity of holonomic robots can be controlled independently.
Linear and angular motion influence the maximum limits of each other, but that is not
within the scope of this dissertation. I assume a maximum speed and an acceleration
range of operation in which linear and angular motion limits can be achieved

independently.

The forces are calculated in real time as the sum of the attractive function and

repulsive functions based on Equations (10) and (20), respectively.

Fsym = Fatr (xt, Z) + X Frep(x0, 1) (23)

The control method was designed to use 2D laser sensor data directly, and the
obstacle surfaces were subdivided into surface units. As a consequence, it is considered
that, for each sensor-visible (i.e. non-obstructed) obstacle surface, each surface unit of

the obstacle will apply a repulsive force to the robot, according to equation (20).

Assuming that the mass of the robot m,.,;, is known, the robot’s acceleration can

be determined by Newton’s second law:

i = Dsumg 24)

Myrob

The acceleration and velocity of the robot are limited to the feasible velocities

and accelerations constrained by wheel slip, motor torque and tip-over situations [63—

66].

While attractive force calculations get information directly from range sensors,
repulsive force calculations require overlaying obstacle recognition and social roles to

differentiate obstacles in order to achieve social adaptability.

The second thesis of this dissertation describes the application algorithm as a

block diagram with proposed potential functions for adapting social rules.
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Path planning algorithm with social adaptability (differentiating between
animate, inanimate, known and unknown obstacles) is feasible according to Figure

5.7.

Social
rules APF function

parameters
determination

h 4

V¢

APF repulsive
—» Obstacle P Robgt
> N force elocit
recognition ; Y 'y
calculation |+ Reference Kinematic & vector
velocity C >
: + calculation dynamic limits
APF attractive 7Y
S > force
_ Sensor calculation
information X

Figure 5.7. Realization of social adaptability by artificial potential field based path

planning method
Related publications: [P1,P2,P6-P8,P16]

Proposed path planning algorithm of Figure 5.7 fits to the modular concepts of
nowadays robot control architectures described in Section 2.2. Trajectory planner unit
shown on Figure 2.3 can calculate APF functions, reference velocities, and robot motion
limits, then provide robot velocity vectors to inverse kinematics unit. Motion control
architectures described is Section 2.2 should be supplemented with laser sensor, and a
higher level obstacle recognition unit for assigning different APF function parameters to

obstacles with different social roles.

Robot orientation
I propose orientation as the function of both the target’s direction relative to the
robot and the direction of the robot’s velocity vector. Reference orientation is calculated

as follows.

Pref = APy + b ory (25)

where @,.r is the reference orientation of the robot with respect to the positive

x-axis; @ defines the direction of the vector pointing from the robot actual position to
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the robot working envelope at the target position; ¢,, is the direction of the robot’s
actual velocity vector; a and b denote the non-negative constants of weighted average.

It is proposed that a and b be such thata + b = 1.

A simple torque function based on a P-type controller is proposed for adapting

the orientation information as described in Section 5.1:

= G((pref - (prob)ﬂzﬂ (26)

where n, is the unit vector directed along the positive z axis, which is
corresponding to the axis of rotation; ¢, is the robot’s orientation with respect to the
positive x-axis (—m < @0 < T); 0 1S a non-negative constant, and 7 denotes the
artificial torque applied to the robot. An orientation potential function for the APF

method can be calculated by substituting (25) to the integral of (26) with respect

t0 . Prop-

I stated the third thesis of this dissertation for describing orientation along the

path.

Animal-like orientation along a path, which differs from the direction of
movement, can be adapted to the path planning of holonomic mobile robots using
the artificial potential field method based orientation potential function as per

Equation (27).

2
Uang( Py, Prob, P1) = O (a Py Prob + b @1 Prop — (prZOb) T 27)

where ¢, denotes the direction of robot velocity vector, @,,, is the
orientation of the robot with respect to the positive x-axis, @ defines the direction
of the vector pointing from the robot actual position to the robot working envelope

at the target position, o is a positive constant, a and b are non-negative constants.
Related publications: [P1,P4,P9-P12]

Assuming that the inertia of the robot I.,, is known, the robot’s angular
acceleration can be determined by Newton’s second law:

©=-19 (28)

Irob
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The path planner algorithm calculates the trajectory path, starting from the initial
position with zero velocity and angular velocity, and then sequentially calculates the

next position by taking the double integral of acceleration (24) and angular acceleration

(28).

Local minima problem

The APF method, like any local path planning algorithm, has the local minima
problem. It means that, if there is a local minimum of the potential field and the robot
stops there, the robot can never reach the target. APF based path planning has three

basic cases of local minima as shown in Figure 5.8.

T t
Obstacle >< Target >< e
>< Target Obstacle § %
0 ®
o] o]
O @)
I I I
A A\ A
Robot Robot Robot

Figure 5.8. Three basic cases of APF local minima, (a-c) from left to right,
respectively. In case (a), the target is close to the repulsive field of an obstacle. In
case (b), there is an obstacle between the target and the robot. This case is also
called a U-trap, because the robot often gets trapped if the obstacle has a U shape.
In case (c) there is a narrow passageway between two obstacles and the repulsive

forces of the obstacles do not allow the robot to pass through them.
This problem can be solved by a global algorithm at a higher software layer.
There are basically two kinds of solutions.

One group of possible solutions tries to generate a potential field that is free of
local minima [67], or to modify the potential field in order to get out of the trap. This
group of methods also includes those that add virtual obstacles or virtual targets in order

to modify the potential field. These algorithms often need global information, they may
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be computationally expensive, and it is usually not guaranteed that they find a path even

if one exists.

Another group of algorithms changes behavior when a local minimum is
detected, and changes back to the APF method when escape conditions are met. Most of
them are based on wall following methods with sophisticated decision making and

escape conditions [48].

The local minima problem is investigated and well-described in the technical
literature [37-39,48,67]. Figure 5.9 shows a block diagram of the robotic
implementation, which is overlaid by a traditional wall following method based on the

BUG algorithm [68].

APF method

v

Trap is bypassed Trapped by local minimum

A

BUG algorithm

Figure 5.9. Block diagram of the APF method with a BUG algorithm at a higher
layer. The APF is changed to the BUG algorithm in case the APF stops at a local
minimum. Path planning changes back to APF after the trap is bypassed.

When the robot stops at a local minimum, the potential of the local minimum is
saved and the APF method is replaced by the BUG algorithm. In that mode, the robot
goes straight to the target. If obstacles are in the way, they are bypassed by a wall
following method, then the robot continues on a straight line to the target. The BUG
algorithm changes back to APF when the potential of the actual position is lower than
the potential saved in the local minimum (i.e. the robot has bypassed the local

minimum).
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6 SIMULATION SOFTWARE ENVIROMENT

Before real robotics experimentation, a simulation was implemented in
MATLAB in order to tune parameters and evaluate results. The simulation calculates
the potential and force functions proposed above, and simulates the path. The
MATLAB simulation with graphical user interface was compiled to a Windows
executable (exe). It can be downloaded from the link in the appendix. Furthermore, the
proposed MATLAB algorithm can be used in other simulation environments (e.g. V-
RAP), or can be used for real robotics evaluation (e.g. using ROSbridge interface to

ROS) [69].

Robotics implementations of local path planning algorithms are usually based on
distance sensors. The noise of these measurements is often innegligible. The distance
measurement error of a laser scanner is usually under +/-5 mm, but low cost laser
sensors have as high as about +/-25 mm deviation in the typical indoor distance range
which is smaller than or equal to approximately 6 meters. In order to model the
measurement error, white noise with zero mean and 25 mm deviation was added to the

simulated distances.
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Figure 6.1. User interface of implemented simulation

An obstacle map can be loaded in the simulation program in square grayscale

bitmap image form, which corresponds to a 10 meter square area. White pixels denote a
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free area, while darker pixels represent obstacles. Gray pixels represent obstacles, with
different social rules as proposed in Section 5.1, and referred to as P in Equation (15). In
our simulation, one pixel in the map refers to a 10 cm square shaped obstacle, which we
call an “obstacle primitive”. Each of the four sides of an obstacle primitive is called a
“surface primitive”. Virtual forces are generated by obstacle surface primitives, which
are not covered by other obstacle surfaces. The virtual forces of obstacle primitives are
calculated on the basis of Equation (20), and proportionally scaled by the surface
primitive size depending on the view angle of the surface from the point of view of the

robot.

Simulation GUI (Graphical User Interface) allows different maps to be selected
or new maps to be loaded. At the time of the first loading of a map, a time consuming
pre-calculation is done. During that, simulated sensor data of every free place primitive
(white pixel) is calculated and saved to a .MAT extension file, i.e. that file contains
distance and direction information about every obstacle “surface primitive” from the

view of all places which the robot may reach.

Robot start position and target position can be chosen by pressing the start and
target button respectively then clicking to the required position on the map.
Implemented GUI also enables limited evaluation of dynamic simulations. A constant
velocity vector can be set to the target, and also one other constant velocity vector can
be set defining the velocity of all the obstacles. Artificial force and potential function
parameters can be set and the resulting function characteristics are shown on a graph.
Robot parameters (e.g. mass, size, dynamics limits) and simulated measurement

deviation can also be adjusted on the simulation user interface.

Based on map and parameter settings, force and potential fields are calculated
and shown on the simulator program window as in Figure 6.3 to Figure 6.4 and Figure
6.6 to Figure 6.7. These representations correspond to zero robot velocity. At the next
simulation step, the path is iteratively calculated from the start position according to the
applied force of the APF algorithm. This calculation takes velocity information into
account according to Equations (10),(20). The calculated path is shown on the map, at
the force field graph and the potential field graph as well. Graphs can be rotated and
zoomed, and they can be shown in black and white by checking a checkbox in order to
assist printed documentation.
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Simulation 1. - Object proximity seeking

10 T T T T

¥ [m]

X [m]

Figure 6.2. Map and calculated path of the first scenario. The “diamond-shaped”
dots show the path that demonstrates the object proximity seeking characteristics
of the proposed algorithm, while the “crosses” show the resulting path of the
traditional APF method. By comparing these results it is possible to see the
obstacle-adjacent path of the proposed method, which was achieved by applying a
non-monotone repulsive force (i.e. the obstacle attracts the robot in certain

distance and velocity ranges).

Figure 6.2 shows the map of the first scenario in order to present an object
proximity seeking adaptation for reflecting interaction avoidance. The resulting path of

the traditional APF method is also presented for comparison.

The parameters were chosen as follows. Attractive APF function constants: @ =
100,8 = 1.2,y = 4 repulsive function constants: § = 15, = 0.5,0 = 1m; robot
parameters: Trop = 0.3 M, Tooe = 0.6 M, Vppgy = 1.5m/S, Apgxy =3 m/s?, m =
20 kg; and orientation constants: a = 0.66, b = 0.34. Figure 6.3 to Figure 6.4 show

force field and potential field graphs, respectively, in the first test scenario.
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Figure 6.3. Force field representation of object proximity seeking scenario at zero

velocity.
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Figure 6.4. Potential field representation of object proximity seeking scenario at

zero velocity.

The calculated path of the first scenario shows that the object proximity seeking
characteristics described in Section 5.1 were successfully implemented. The magnitude

of these characteristics can be changed by adjusting the repulsive force function
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parameter O as shown in Equations (15) and (20). The distance between the robot and

the obstacle can be also changed by the parameter 7,..

Simulation 2. - Social adaptability
Figure 6.5 shows the map of the second scenario in order to demonstrate social
adaptability characteristics. Both the path that results from our proposed method and a

path computed by the traditional APF method are shown for comparison.
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Figure 6.5. Map and calculated path of the second scenario. The “diamond-shaped”
dots show a path demonstrating the social adaptability characteristics of the
proposed algorithm, while the “crosses” show the resulting path of the traditional
APF method. By comparing these results it is possible to see that the proposed
method assigns different function parameters to different obstacles, resulting in a

selective approach to different obstacles.

The parameters were set as follows. Attractive APF function constants: ¢ =
100, f = 1.2, y = 4; repulsive function constants: § = 3, { = 0.5,0 = 2 m; robot
parameters: Trop = 0.3 M, Tope = 1M, Vygy = 1.5M/S, gy =3 m/s?, m =

20 kg; and orientation constants: a = 0.22, b = 0.78.

Individual P values are set as grayscale brightness on the bitmap of the
simulation program (Figure 6.5) for adding social adaptability. Black means parameter
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P=1, while light gray (nearly white) would represent P=0. The evaluated map represents
people with P value of 0.24 to the left, and 1 to the right. Figure 6.6 and Figure 6.7
show force field and potential field graphs, respectively.
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Figure 6.6. Force field representation of social adaptability characteristics

evaluation scenario at zero velocity.
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Figure 6.7. Potential field representation of social adaptability characteristics

evaluation scenario at zero velocity.
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Simulation 3. - Target pointing orientation

Figure 6.8 (a) shows the map and the calculated path of a target pointing
scenario. Figure 6.8 (b) shows a traditional, non-holonomic path for comparison. Target
pointing means that the robot is continuously considering the working envelope at the
target position (as explained in Section 5.1). The working envelope of the target is
indicated as a red-colored, “diamond-shaped” dot on the simulation scenarion of Figure

6.8.
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Figure 6.8. Map and calculated path of the third scenario. Figure (a) shows a path
that includes orientation information for demonstrating the target pointing
characteristics of the proposed algorithm, while Figure (b) shows the resulting
path and orientation of the traditional APF method (where orientation is defined
as the direction of velocity). By comparing these paths it is can be observed that
the proposed method takes both velocity and target position into consideration,

providing feedback to people about the target and future movement of the robot.
The parameters were chosen as follows. Attractive APF function constants: @ =
100, B = 1.2, y = 4; repulsive function constants: § = 15, { = 0.5,0 = 0.6 m; robot
parameters: Trop = 0.3M, Tooe = 1.1 M, Vppgy = 1.5m/S, A = 3 m/s?, m =
20 kg; and orientation constants: a = 0.02,b = 0.98.
The simulations have proved that, with appropriate parameters, the proposed
algorithm is capable to adapt the animal motion attributes described in Section 5.1 to the

robot’s behavior.
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Simulation 4. — Dynamic environment

This section evaluates the proposed method in two different dynamic scenarios.
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Figure 6.9. Consecutive instants in the map and simulated path in the first
dynamic scenario with a moving target.
Figure 6.9 shows the first dynamic scenario with a single moving target. The
target has a constant velocity of v, = [0, —1.3] % The simulation results confirm that

the attractive potential function described in Section 5.2 is capable to approach a
dynamic target, i.e. the robot reaches the moving target without a collision with the

53



target (with zero relative velocity). The parameters were chosen as follows. Attractive
APF function constants: a=100, B=1, y=14; repulsive function parameters had no effect
in  this  scenario;  robot  parameters: Tyop = 0.3 M, Ty = 0.4 M, Vg, =

1.5m/s,amax = 3 m/s?, m = 20 kg; and orientation constants: a = 0.13,b = 0.87.

Figure 6.10 represents the second dynamic scenario including a moving target
and moving obstacles as well. The target has a constant velocity of v;,, = [0, —0.4] %,
and all obstacles have a constant velocity of v, = [0,0.5] % The simulation results
show both dynamic obstacle avoidance and a moving target approach capability, using

the proposed potential functions described in Sections 5.2.

The parameters were chosen as follows. Attractive APF function constants:
a=100,p=1,y=14; repulsive function constants: =60, (=50, O=0.6 m; robot parameters:
Trop = 0.3M, Tooe = 0.4 M, Vppgy = 2M/S, gy =3 m/s?, m=20kg ; and

orientation constants: a = 0.1, b = 0.9.
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Figure 6.10. Consecutive instants on the map and simulated path in the second

dynamic scenario with a moving target and moving obstacles.
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7 MEASUREMENT SETUP

Beside the main scope of describing animal-like path planning, I mainly focused
on feasible implementation. The proposed methods are designed to fit to current robot
control architectures described in Section 2. Force calculations of the proposed method
as in Figure 5.7 can be implemented in the trajectory control unit of most current robot
controller architectures shown in Figure 2.3, while all other necessary units for
controlling a robot, like kinematics and inverse kinematics are part of existing robot
controllers. The proposed path planning method is local, online, and able to compensate
robot positioning errors caused by small time jitter between wheel control loops, based
on the real-time laser range sensors. Therefore it can be implemented in each of the four

types of the most prevalent motion control architectures discussed in Section 2.

Based on simulation results, robotic implementation was developed and
evaluated on MOGI-ETHON (Figure 7.3), a holonomic drive mobile robot [70]. The
proposed algorithm needs real-time information on the robot, the obstacles, and the
target motion states. Therefore MOGI-ETHON was equipped with a RPLIDAR 360°
type laser scanner. The proposed algorithm assumes that the position and the velocity of
obstacle surface primitives which are not covered by other obstacles can be accurately
measured on-line. The positions of surface primitives were approximated from two
consecutive range measurements with a small 1° angle difference. From that the average
distance and size of the surface is calculated for further calculation of virtual force.
Using a laser range finder in a static environment (e.g. to measure the position of an
obstacle) is simple, but using range finders to determine the velocity of obstacle surface
primitives is a challenging task, which needs to find matching points of obstacles in
consecutive range measurements. The dissertation assumes that this is given, and does
not deal with this problem. Obstacles in our dynamic experiment measurements were

moving with constant velocity, which was previously given to the algorithm.

The described robotics evaluation is based on laser range sensor data, but the
proposed method is general in the sense that it can be built on other distance
measurement methods, like low cost laser diode with commercial camera [71], higher

resolution laser scanner assisted with 3D camera [72], or sensor fusion of other types
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[73,74]. The same sensor data is used for localization [75,76], often combined with

odometry.

RPLIDAR 360 oy [ On- board PC running Linux
[

|
|
| laser scanner | | jm———————————————-————= |
: R Linux RTAI,
| Position user space |
: 3 '
[
: a8 Lpoy- Obstacle motion state !
| I : calculation :
: | | 1| - Target motion state calculation | I
e 7 = Path planning :
) [
: [
Holonomic plat'form | TCP Server :
drives I )

—— e ——————————

Linux RTAI real—time:

e |8 |mmeee
=]
<
% 245
La
~-——|0
~

kernel space
[ 125 ms RT thread ]
- TCP Client

|
|
|
i
[ 1 msRT thread] !
|
|
|
|
|
|

Drive wheel 3

CAN| | - odometry
Drive wheel 2 4 PCI- - kinematics calculations
CANLA card - CAN communication
Drive wheel 1 | with motor drives

Figure 7.1. Block diagram of implementation. Distances were measured by a
RPLIDAR 360° type laser scanner, calculations were performed in a Linux RTAI
real-time operating system, and the holonomic robot platform was moved by DC

motors with custom drives

The architecture of the robot is shown in Figure 16. An on-board Linux
computer reads the sensor data every 180 ms triggered by Linux RTAI timers. Path
planning calculations are processed in user space at the same rate. The calculated paths
are sent to a 1 ms robot kinematics thread, which is responsible for kinematics
calculations, odometry, and communication with the motor drives. A PCI motion
control card [77] provides the interface between Linux RTAI and DC motor drives via

CAN BUS.
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Figure 7.2. Schematic representation of cameras in the MOCAP motion tracking

vision system.

Indoor localization was needed for path measurement during robotics evaluation,
and it was compared to the simulation. Similarly to outdoor localization technics, which
are usually based on satellites in known positions (GPS, GLONASS, BEIDOU,
GALILEO) [78], most indoor localization technics are also based on beacons in known
positions. They can be equipped with ultrasonic sensors, radio transmitters [79], infra
transmitters, or cameras [80]. In our robotics evaluation, the path was measured with the
latest version of MOCAP [81] six camera motion capture system. Figure 7.2 represents
the camera setup in the MOCAP system. The position of the cameras is well known.
From each camera a three-dimensional ray can be calculated with the camera focus as
the initial point. Theoretically, the position of a marker in three dimensions is calculated

by triangulation as the intersection of these rays.
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Figure 7.3. Arrangement of the real robot experimental environment. Position and
orientation of the robot were tracked by a six camera vision system. Two of the

cameras can be seen at the upper corners of the picture.

Figure 7.3 shows the experimental environment. Start and target position were
given in a similar manner to Figure 5.1 and Figure 6.2. The parameters were chosen as
follows. Attractive APF function constants: 0=120,=1.2,y=4; repulsive function
constants: 6=15,(=1.2,0=1.2 m; robot parameters: 1., = 0.3 m, T5oc = 0.5 M, Vo =

1.5m/s,amgx = 3 m/s?, m = 20 kg; and orientation constants: a = 0.02,b = 0.98.

Two lighting optical markers were placed on the robot in order to track both the
position and the orientation. The measured path from the vision system was imported to
MATLAB in order to compare simulation and real environment results as shown in

Figure 7.4.
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Figure 7.4. Measured path and simulated path. The dotted gray line is the

simulated path and the continuous black line shows the measured path.
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Figure 7.5. Absolute (a) position, and (b) orientation errors along the path.

The most significant error is an accumulative offset, which is caused by robot
positioning error. Robot position and orientation are calculated by an odometry method.
Odometry uses data from the wheel encoders to estimate changes in position over time.
It has an accumulative error, which is mainly caused by wheel slip. This error can be
eliminated by periodically calibrating the robot position with laser sensors or a vision
system. Other significant errors are of a non-deterministic nature, mainly caused by

laser sensor noise. Figure 7.5 shows position and orientation errors of measurement.

The camera vision system also involves inaccuracy, but in a smaller magnitude.
The theoretically intersecting rays calculated from the cameras are not intersecting, they
are skew due to camera position errors, limited picture resolution, and camera distortion.
This problem is solved by a marker positioning algorithm, which approximates the

marker position as the closest point approached by these rays.

Three more measurements were taken on the same path with similar results. The
two-dimensional correlation coefficient of x-y coordinates between simulated and real

paths is above 99%, thus the robotics implementation validates the simulated results.
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8 THESES AND FURTHER RESEARCH

This chapter first summarizes the dissertation in the form of theses along with
short background explanation and practical application. Henceforward chapter 8.4

propose further researches.

8.1 Thesis 1

Animal-like motion attributes can be described mathematically using
artificial potential field based motion planning by applying a repulsive potential

function according to Equation (29).

1 do+2d d3
( Txb-5 (%) X3+8 (?1 + dodl) x2 — 8dod3x, +

2
Urep(Xo Vr vops)={ +8(dodi 2 —at D)+ glzezomsl iy < g, g 20

1 12 2apmax

2
| glzevossl ifx, > dy

2amax

where x, is the distance between the robot and the obstacle; vz and vgpg
denote the robot and obstacle velocity vector, respectively; d, defines the rate of
obstacle approximation; d; characterizes the action radius and gradient of the
function; § and { are non-negative constants; and the maximum acceleration of

the robot is a,, ;.

Related publications: [P1,P3,P5,P13-P15]
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Background explanation

Equation (29) parametrically defines animal-
like motion attributes such as the approximation of
obstacles and the velocity along the path depending on
the position of the robot and the target. A local, online
path planning method is suggested, which describes
animal-like motion attributes and can be used in an
unknown, dynamically changing environment.
Contrary to conventional potential functions, our
proposed repulsive potential function is not monotonic.

This means that an obstacle can attract the robot

depending on the distance and parameter range,
therefore to the function can describe the object

proximity seeking motion characteristics of small

mammals as illustrated in Figure 8.1.

Obstacle Target

;/ Motion
A path

|
]
/
’

4

Start

Figure 8.1. Object

proximity seeking motion

characteristics, specific to

small mammals

The artificial force vector function can be described by deriving the potential

function of Equation (29):

E”ep(xo'ZR'EOBS) = _VUrep(xO'ZRJZOBS) =

VR—7V,
—8(xy — do)(xo — d1)*npg + Z%va

(
|
=4 ,ifxOSdl

L ||ZR—ZOBS|| n
amax

Jif xo > dy

7 GO

where nyp is the unit vector pointing from an obstacle to the robot center and

nyor denotes the unit vector pointing in the direction of the relative velocity of the

obstacle with respect to the robot.
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Practical application
Figure 8.2 shows the simulation results of the proposed algorithm for describing
a path similar to Figure 8.1. Simulation calculations are based on Equation (29) with the

following parameters: § = 15, { = 0.5, d, =

10
Toraah 09m, di = 1.9m, v, =15 m/s,
arge
8 y, D] - Amax = 3m/s?,m = 20 kg.
6 4 Simulation was also verified by real
—_ 4 : : :
£ @ robotics evaluation using the robot shown on
>4 e hand . . . .
< Figure 7.3. This simulation scenario does not
2| Start contain local minimums, but for more general
usability, robotics implementation includes an
0

0 2 4 6 8 10 overlaying BUG algorithm based method,

which detects trap situations and steers the
Figure 8.2. Simulation of object P
L. . . robot out of the local minimum.
proximity seeking motion
characteristics, specific to small

mammals
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8.2 Thesis 2

Path planning algorithm with social adaptability (differentiating between
animate, inanimate, known and unknown obstacles) is feasible according to Figure

8.3.

Social .
rules APF function
»  parameters
determination
h 4 ¢
g APF repulsive
»  Obstacle P Robgt
! recognition force' Ref velocity
calculation + eference Kinematic & vector
velocity P o >
. i calculation dynamic limits
APF attractive _T e
S > force
. enso.r calculation
information &

Figure 8.3. Realization of social adaptability by artificial potential field based path

planning methods

Related publications: [P1,P2,P6-P8,P16]

Background explanation

According to ethological studies, dogs approximate differently their owner, a
known person, an unknown person, and inanimate obstacles, which behaviour has also a
communication meaning. In case of artificial potential field based path planning, social
adaptability can be realized by applying different virtual repulsive potential functions to
obstacles depending on their social role. This means that two similar sized obstacles
with different social significance will generate different virtual forces. According to
Figure 8.3, the force vector field calculation is influenced not only by distance sensor
information, but also by social rules defining the different velocity required and distance

of approximation near different obstacles.

This way of realization allows path planning in a dynamically changing

environment, so as to approximate obstacles differently based on their social role.

66



Practical application

Figure 8.4 shows an APF force vector field and path simulation including social

adaptation. The robot travels from one corner to the opposite corner of a ten meter by

ten meter area. The two similar sized obstacles have different social roles (eg. unknown

and known person), and they
are located symmetrically.
The effect of the different
social roles can be achieved
by different potential
functions. Equation  (30)
was used to calculate force
vector fields with the
following parameters:
6 =3, (=05

Vmax = 1.5%

Amax = 3 m/s?

doqerr) = 1.78 m

do(rigur) = 3.3 M

di=2m,m=20kg.s

R .

el R

ot Rl

Y [m]

|
W

‘L\

!

a0 X[

Figure 8.4. Artificial force vector field and

path of APF method based path planning

simulation in case of different potential
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8.3 Thesis 3

Animal-like orientation along a path, which differs from the direction of
movement, can be adapted to the path planning of holonomic mobile robots using
the artificial potential field method based orientation potential function as per

Equation (31).

2
Uang( Pv» Prob ‘pT) =0 (a Py Prob + b @1 Prop — %) B®B1)

where ¢, denotes the direction of robot velocity vector, ¢,,, is the
orientation of the robot with respect to the positive x-axis, @ defines the direction
of the vector pointing from the robot actual position to the robot working envelope

at the target position, o is a positive constant, a and b are non-negative constants.

Related publications: [P1,P4,P9-P12]

Background explanation

The movement of animals is holonomic, therefore they are capable to move
aside, in a different direction from their orientation. According to ethological studies,
orientation and moving direction differences often indicate the target position or the
intention of the animal. Similar motion attributes may make the movements of mobile

robots more predictable to humans.

Orientation along the path can be described by orientation potential function as
per Equation (31). The artificial torque vector function can be calculated by taking the
derivative of Equation (31):

I( Pv Prob, (pT) = _VUang( Pv) Prob, ¢T) =

a an v¥rroo
= - g(a(:rfb b(pT)ﬂZ =o(a @y +bor— (prob)ﬂz T (32)

where n, is the unit vector of rotation, which is perpendicular to the x-y plane,
pointing outside. In case of the proposed method, the orientation of the robot is not only
a function of velocity direction, but also a function of target direction, similarly to

animal motion.
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Practical application

Figure 8.5 shows a simulation arrangement where the robot departs from the
starting position, goes around an obstacle and stops in a position in front of its target. In
case (a) the orientation of the robot corresponds to the direction of velocity, while in
case (b), orientation is a function of velocity direction and also a function of working

envelope position according to Equation (31).

10 - « - - 10 . -
T Target sy Target
8| g 1 &
1O ]
1 O
6 4 - 6t 4
4 4
E § E ;
=4! ; _—— b
Start Start
2 . 2t
0 : : : : 0 : :
0 2 4 6 8 10 0 2 4 6 8 10
X[m x[m}
a) (b

Figure 8.5. Simulation of holonomic mobile robot path planning
(a) Orientation corresponds to the direction of velocity
(b) Orientation is a function of velocity direction and also a function of
target position
The simulation of Figure 8.5 (b) was calculated by Equation (31) using the
following parameters: « = 100, § =12, y=4,6 =15, (=05, dy=14m,d; =
2M Vpgx = 1.5M/S, Qg = 3 m/s?, m=20kg,oc =1,a =0.02,b = 0.98.
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8.4 Further research

My work is the first step of the ethorobotics path planning methodology which
was described in Section 4. In the next step ethology researches create motion models
and use proposed simulation and robotics implementation for real robotics
implementation. The observation of human-robot interaction provides feedback to
motion models and implementation. The final goal of this iterative research process is to

assist human-robot interaction by defining ethology inspired mobile robot motion.
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9 THESES IN HUNGARIAN / TEZISEK MAGYARUL

Jelen melléklet a 8.1-8.3 fejezetek forditasa, mely magyarul is Osszefoglalja a

téziseket, és a hozzajuk tartozo6 rovid magyardzatokat, alkalmazéasokat.

9.1 1. Tézis

Allatok akadalyelkeriilésére jellemzé mozgasjellemzok matematikailag
leirhatéoak mesterséges potencial tér alapu palyatervezéssel a (33) osszefiiggés

szerinti akadaly potencial fiiggvény alkalmazasaval.

2
fa%x‘g ~8 (@) X3+ 8 (% + dodl) x2 — 8dod3x, +

2
1 1 VR—V,
Urep(o, 0, vons)={ +8 (dodi s —at )+ ¢lezoml - hay <, g 33)
2
\ ¢ ee—zoss , hax, >d,
2amax

ahol x, a robot és az akadaly tavolsaga, vz a robot sebesség vektora, vgpgg
az akadaly sebesség vektora, dy az akadaly megkozelitésének tavolsagara jellemz6
paraméter, d; az akadaly hatoésugarara és a fiiggvény meredekségére jellemzo

paraméter, §, { nem negativ konstansok, ay4x a robot maximalis gyorsulasa.

Kapcsolodo publikaciok: [P1,P3,P5,P13-P15]
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Hattér magyarazat

A (33) Osszefuggés paraméteresen definial
( ) &g P Akadaly cél

allatok mozgasara jellemzd tulajdonsdgokat, mint a

kiilonboz6 akadalyok megkozelitésének tavolsaga, <7
;’/ Mozas

Apélya

l1étrehozhat6 olyan lokalis, online, dinamikusan valtoz6 A

T
I

kornyezetben is alkalmazhato palyatervezési modszer,

mely leir allatokra jellemz6é mozgésjegyeket. A javasolt <j

/
—

fliggvény a szakirodalomban elterjedt fliggvényekkel ﬁ

ellentétben nem monoton, tehat az akadilyok adott | Start

mozgasallapotban és tavolsigban nem feltétleniil 9.1 Abra: Kisemlésok
taszitjak, hanem vonzzak a robotot, igy l1étrehozhaté a mozgasara jellemzo
9.1 abraval szemléltetett kiseml6ésok mozgasara akadaly megkozelités

jellemzé akadaly megkozelités is.

A robotra haté mesterséges erd vektorfiiggvény meghatarozhat6 az (33) egyenlet

szerinti potencial fliggvény tdvolsag szerinti derivaltjaként:
E’ep (xO’ Ur, ZOBS) = _VUrep (xO’ 4:3 ZOBS) =

VRp—7,
—8(xy — do)(xo — d1)*npg + (—”J:l _OBS”QVOR
MAX

— yhax, <d, B4)

( ||2R_EOBS” n

a Nyor, yha x, > dy
MAX

ahol npgr egységvektor, ami az akadalytdl a robot irdnydba mutat, és nyor

egységvektor, ami a cél robothoz képesti relativ sebességének iranyaba mutat.
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Gyakorlati alkalmazas

A javasolt algoritmussal szimulaciot végeztem a 9.1 dbra szerinti akadaly

megkozelités 1étrehozasara. A 9.2 abran lathatd szimulacids eredményt az (33) szerinti

10
Cel
8 ﬁ-rp .
4
6 2
_ 4
= 24
=4 R e
o
2 Start
0

0 2 4 6 8 10
x[m]

9.2 Abra: Kisemlésok mozgasara
jellemzo6 akadaly megkozelités

szimulacioja

potencial fliggvény felhasznéldsaval az alabbi
paraméterek  mellett  kaptam: § = 15,
(=05 dy=09m, di = 19m, v, =
1.5 m/s, amgx =3m/s?,m=20kg.

A szimulaciot a 7.3 éabran lathato
robottal elvégzett valds robotikai kisérlet is
igazolta. Jelen elrendezés nem tartalmaz lokalis
minimumokat, de az altalanosabb
alkalmazhatdsagért az implementacio tartalmaz
BUG algoritmus alapt médszert, mely észleli a
csapdaba keriilést, és kivezeti a robotot a

lokalis minimumbdl.
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9.2 2.Tézis

Szocialis adaptivitassal rendelkezé (é16, élettelen, ismerds, ismeretlen

akadalyokat megkiilonboztetd) palyatervezési algoritmus a 9.3 abra szerint

megvalosithato.
Szocialis _ _
szabalyok | APF figgveny
paraméterek
meghatarozasa
vy
Akadaly APF taszito Robot
i 4 er§ szamitas sebessé
felismerés Referencia Kinematikai & vektor g
sebesség | dinamikai >
—t szamitas korlatok
APF vonzoé y
Szenzor "] erd szamitas
informaciok T

9.3 Abra: Szocialis adaptivitas megvalositisa mesterséges potencial tér alapu

palyatervezési médszer segitségével

Kapcsolodo publikaciok: [P1,P2,P6-P8,P16]

Hattér magyarazat

Etologiai kutatdsok kimutattak, hogy a kutyak kiilonb6z6 mértékben kozelitik
meg a gazdajukat, ismert, ismeretlen személyt, és élettelen akadalyt, melynek
kommunikécids jelentése is van a kornyezetiik felé. Mesterséges potencial tér alapu
palyatervezés esetén a szocidlis adaptivitas az akadalyonkeént kiilonbozd, annak szocialis
szerepétol fliggd potencidl fiiggvény alkalmazasaval valosulhat meg, tehat kettd azonos
kiterjedésti akadaly a szocidlis szerepétdl fliggden kiilonbozd teret general. A 4. abra
szerint az APF erd vektortér szamitasat a szenzor informécidkon feliil olyan szocialis
szabalyok is befolyasoljak, melyek leirjak a kiilonboz6 szocialis toltettel bird akadalyok

megkozelitésének sebességét és tdvolsagat.

A 93 szerinti megvaldsitdsban megfelelé potencial fliggvények

alkalmazéséaval létrehozhat6 olyan dinamikus kornyezetben alkalmazhat6 palyatervezési

abra

modszer, ami az egyes akadalyokat a szocialis szerepe alapjan kiilonb6z6 moddon

kozeliti meg.
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Gyakorlati alkalmazas

Az 9.4 abran egy szimuldcid soran szamitott APF eré vektortér, valamint az

abbol szamitott szocidlis szerepnek megfeleldé palya lathatd. A szimuldcios

elrendezésben a start €s cél pozicid egy tiz méter oldali négyzet alapti helység atlojanak

végpontjaiban helyezkedik el. A két ugyanakkora, de kiilonb6z6 szocialis szereppel bird

akadaly (példaul: ismeretlen és ismerds személy) az elrendezésben szimmetrikusan

helyezkedik el. Az akadalyok
kiilonb6z6 szocidlis szerepének
hatdsa a kiilonb6zd virtualis
erotérrel  érheté el. A
szimuladci6 sordn a (34)
egyenlet szerinti erd-fliggvényt
alkalmaztam az alabbi

paraméterek mellett:
6=3,(=05,
Vmax = 1.5 %,
Amax = 3 m/s?,
doerry = 1.78 m,
dO(RIGHT) =3.3m,

di=2m,m=20kg.s

0 0 X[

9.4 Abra: APF médszer mesterséges

erdtere és palya szimulacioja

akadalyonként kiilonb6z6 potencial
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9.3 3. Tézis

Az allatok mozgasara jellemzo, a mozgas iranyatol eltéré orientacio
(testhelyzet) adaptalhaté holonomikus mobil robotok palyatervezésébe a (35)
osszefiiggés szerint meghatarozott mesterséges potencial tér alapdi orientacios

potencial fiiggvény alkalmazasaval.

2
Uang( Py Prob ‘pT) =0 (a Py Prob + b @1 Prop — %) B5)

srer

konstans, a, b nem negativ konstansok.

Kapcsolodo publikaciok: [P1,P4,P9-P12]

Hattér magyarazat

Az allatok mozgasa holonomikus, igy képesek az orientacidjuktol eltérd
iranyban, oldalra is mozogni. Etoldgiai kutatdsok kimutattdk, hogy az allatok
mozgasanak iranyatol eltéré orientacid gyakran jelzi a cél iranyat, vagy az allat
szandékat. Ennek megfeleld mozgasmintdk ily modon kiszdmithatobba tehetik a

robotok mozgésat az emberek szdmara.

A palya menti orientdci6 leirhatd a (35) egyenlet szerinti orientacios potencial
fliggvény segitségével. A robotra hatd mesterséges nyomaték vektorfliggvénye

kiszamithat6 a (35) egyenlet szogpozicio szerinti derivaltjaként:

I( Pv, Prob, (pT) = _VUang( Pv) Prob, ¢T) =

a an v¥Troo,
= L PObID 1y, = 5@ gy + b Pr = Prop)s 1 66

ahol n, a forgas egységvektora, mely az x-y sikb6l merdlegesen kifelé mutat. Az
igy megfogalmazott egyenleteket felhasznalva a robot orientdcidja az 4allatok
mozgasdhoz hasonléan nemcsak a robot mozgasanak irdnyatol, de a robot

munkaterének iranyatol is fiigg.
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Gyakorlati alkalmazas

A 9.5 abra szerinti szimulacios elrendezésben a robot a start poziciobol indulva

munkaterének irdnyat (@) a 9.5 abran pirossal jeldlve adtuk meg. Az (a) szimulécidban
a robot orientacidja végig megegyezik a robot sebességvektoranak iranyaval, mig a (b)
elrendezésben a (35) szerinti potencidl fliggvényt felhaszndlva az orientacid fiigg a

munkatér iranyatol is.

10 T T T 10 . . ,
Cel ¢ Cél
81 @@W&j 1 81 E;& .
40 R &
6 3 iﬁ
T 4 £ §
=4} s 1 =4 b
Start Start
2 - 2t
00 2 8 10 00 2 8 10
x[m] x[m]
(a) (b)

9.5 Abra: HolonomiKus robot palyatervezésének orientaciés szimulacioja
(a) Az orientacio megegyezik a sebességvektor iranyaval
(b) Az orientacio fiigg a cél poziciotol is
A 9.5 (b) szimulacié a (33) és (35) potencial fliggvények alkalmazéisaval, az
alabbi paraméterek mellett késziilt: « = 100, f =1.2, y =4, =15, { =0.5,d, =
14m,dy =2m Vg, = 1.5m/s,amee = 3 m/s?, m=20kg

0.02,b = 0.98.

, o=1 , a=

&9



10 SIMULATION SOURCE CODE

The MATLAB simulation source code, and the compiled Windows executable
(.exe) are available as supplementary material to [P-1]
(http://www.sciencedirect.com/science/article/pii/S0921889016302159), or they can be
downloaded directly from the author’s website:

www.generalmechatronics.com/doc/publ/PathPlanning_FElsevier2015.zip
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