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1 INTRODUCTION 

The need for automation and robotics solutions is an everyday topic in the 

industrial sector. There is also a growing need in daily life situations, such as motorized 

wheelchairs, or services like floor cleaning, lawn moving, window cleaning and other 

things solvable by mobile robotics. Engineering solutions in robotics have reached a 

technical level in which mobile robots can be used in the service sector. The motion in 

an indoor or an outdoor environment is the most important task of a mobile robot, 

which is impossible without appropriate localization and optimized energy consumption. 

The research detailed in this PhD thesis was made with the MTA-ELTE 

Comparative Ethology Research Group (Group number: 01 031)1, the Mechatronics, 

Optics and Mechanical Engineering Informatics Department of Budapest University of 

Technology and Economics and with the University of Miskolc. As an active member 

of the MTA-ELTE research group I worked with ethologists, neurobiologists, 

geneticists, engineers and information scientist for more than three years on research 

and development of etho-robotic solutions mainly focused for social robotics. (Etho-

robotics is a new interdisciplinary science where ethologically inspired solutions and 

behavior models are used for robotic solutions.) The challenges and the requirements of 

the MTA-ELTE group’s etho-robot developments indicated the hypothesis and the 

theses detailed in this PhD research. The nature created several solutions that are 

already detailed in biology papers and description of animal behavior models so 

engineers can work out solutions inspired by ethology. 

The required accuracy of the robot position and orientation measurement is 

usually defined by the application. The accuracy requirements are different in case of 

outdoor and indoor mobile robotics, where the travel distance is also different. As an 

example, 2 meters inaccuracy is acceptable during a 250 meters long quad copter flight, 

but in case of an indoor robot the width of a corridor can be only 2 meters. For indoor 

localization, several vision and kinematics based methods and applications exist like [1], 

[2], [3], [4] or [5]. The kinematics based solution calculates the robot position and 

                                                

 

1 http://mta-etologia.elte.hu Last view: 2017.04.14. 

http://mta-etologia.elte.hu/
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orientation from the angular position of the wheels, which accumulates the error on to 

the slippery floor and the tolerances of the robot mechanics. Arising from its operation, 

it has an accumulative error, which is handled by the upper level sensors and algorithms. 

In general mobile robots use kinematics based odometry for low level positioning, and 

vision or laser sensors for higher level navigation. The vision based methods require 

embedded computers or normal external PC-s to provide enough calculation throughput 

for the algorithms. Odometry error has significant effect on motion planning and 

mapping, which can be improved by optimized interior design and sensor fusion since 

different paths and path planning methods have different costs related to the odometry 

errors, energy consumption or travel time. The main contributions of this thesis are to 

provide sensor fusion methods for mobile robots and numerical methods to test and 

improve motion path evaluation for different applications where ethologically inspired 

solutions can improve robotics like service robotics, robotics transportation, and 

wheelchair motion. [6], [7] When robotic solutions, mobile robots, smart applications 

and automated solutions are being used in situations of daily life we have to interact 

with them in a way that works both for the living creatures (humans, dogs) both for the 

machines. This field of mobile robotics requires the implementation of different 

engineering tools with new approach, and investigation of sensor technics and path 

evaluation point methods that can be applied in general for any wheeled mobile robots. 

Since the wheelchair related standards (ISO 7176-10:2008 and ISO 7176-5:2008) were 

defined engineering has changed a lot to satisfy the needs of handicapped people and 

these solutions can be used and extended to improve indoor mobile robotics further. [8], 

[9] The basic concept in the design process of a service robot is that the robot should be 

able to move around the same obstacles and maneuvering space as wheelchairs since the 

working environment of a robot has a significant effect on the power consumption and 

on the navigation performance. Holonomic robots are more common year by year both 

in industrial (like electrical warehouse forklift) and service (like robotic toys) sectors 

[10], [11] and the main reason is that holonomic robots are capable to move along all 

the 3 DoFs (move along two horizontal axes and turn around the third vertical axis) of 

the ground plane at the same time. Living creatures are also capable to perform 

holonomic motion and their orientation is not necessary parallel to their direction of 

motion (like crabs usually move sideways) and in social interaction it matters and helps 
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to avoid the uncanny valley [12]. In holonomic motion position and orientation are 

independent parameters and this feature provides more sophisticated motion 

possibilities but requires new evaluation methods. See Figure 1.1 for reference. [P15] 

 

Figure 1.1 Orientation and direction of motion are independent in case of holonomic robots [P15] 

From the user point of view, the energy consumption of wheelchairs or robots 

and the navigation accuracy of them are important issues, and a deeply investigated 

design of a sensor fusion can significantly extend battery life and improve robot motion. 

The evaluation of motion related sensor data and motion path related cost functions can 

provide engineering tools for the implementation of ethologically inspired robotics 

solutions. The biological inspiration that was used during research and development 

will be detailed later in the hypothesis sections of this document. 

1.1 Etho-robotics introduction 

As it was mentioned above etho-robotics is a new field of science which 

provides different engineering tools for implementation of ethologically inspired 

solutions like [13], [14], [15], [16] and further evaluation methods and theories are used 

in ethology. As a general introduction and overview of the etho-robotics approach the 

main message of the MTA-ELTE research group can be read here. 

“Social robotics is a thriving field in building artificial agents. The possibility to 

construct agents that can engage in meaningful social interaction with humans presents 

new challenges for engineers. 
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In our opinion all social robots should be seen as companions and more 

conceptual emphasis should be put on the inter-specific interaction between humans 

and social robots. We argue that companion robots should be designed with a broad 

range of not necessarily sophisticated (human-like) social skills, which correspond to 

the expected function and the level of social interaction with humans. We identify 

problems in social robotics from an ethological point of view, and argue that a closer 

look at human-animal interaction, especially the detailed investigation of the social 

relationship between humans and dogs, may provide important insights for designing 

believable social behaviors for social robots. 

We suggest that dog-human interaction provides a rich source of knowledge for 

designing social robots that are able to interact with humans under a wide range of 

conditions. Dogs are especially promising for inspiration because they share numerous 

social niches with humans. It is very important, however, that companion robots should 

not be a copy of dogs but their behavior should delineate the general design features of 

social behaviors, which play an essential role in interactions that develop between dogs 

and humans. 

The design of the robots should be maximally functional and only their behavior 

should reflect the specific aspects of the dog behavior complex that can emerge within 

the ranges of their functionality. Depending on their function, social robots should 

display the relevant subset of dog behaviors that suit best the actual social 

relationship.”2 

As a part of this approach mobile robots and robotic solutions in social robotics 

should be using biologically inspired methods and provide an appropriate engineering 

basis for behavior model implementation. It is also important to highlight that both the 

robot behavior, motion and appearance should help to avoid the uncanny valley effect 

(Figure 1.2) which suggests that in case an artificial entity (like a humanoid robot) looks 

like a human then it has a negative impact for social interaction. 

                                                

 

2 http://mta-etologia.elte.hu/?p=2&s=1 Last view: 2017.05.14. 

http://mta-etologia.elte.hu/?p=2&s=1


5 

 

 

Figure 1.2 The uncanny valley.“MacDorman and Minato's simplified version of the figure 

appearing in Mori's original Energy article1 illustrating the perceived familiarity of different artifacts 

ranging in human likeness from an industrial robot to a healthy human being. The ‘uncanny valley’ is 

shown as a dip in the curves for both still and moving artifacts, with moving artifacts depicted as being 

judged not only more familiar than still artifacts, but also more uncanny.” [12] 

In the frame of the MTA-ELTE Comparative Ethology Research Group different 

etho-robots robots were designed for human-robot and dog-robot interaction. Further 

details of the robots can be read in the following sections of this document and in the 

author’s publications like [P6], [P7], [P11], [P13], [P15], [P16], [P17], [P18], and [P19]. 

1.2 Main goals of the dissertation 

In the last few years the market of robotics has significantly changed and the 

growing sector of service robots requires new considerations and approach in human-

robot interaction as it was mentioned above in the etho-robotics introduction section. 

Within the problems we discovered with the research group the indoor localization of 

mobile robots in an uncontrolled non-standard environment like a University corridor  

was an important issue and needs to be solved according to the increasing mobile robot 

market, service and consumer electronics sectors. The main goal of the dissertation is to 

improve mobile robot motion both from low level motion control and both from path 

https://www.nature.com/articles/srep00864#ref1
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planning side with the consideration of etho-robotics, human-robot interaction and 

behaviour modelling requirements. In the consumer electronics sector the 

manufacturing of mobile robots (or any products) are usually optimized for minimal 

raw material and production cost which means that software based solutions with low 

calculation throughput requirements are beneficial for products manufactured in high 

quantities.  

Living creatures are using multiple senses at the same time and focusing on 

them depending on the situation and the internal states of the behavior model however 

the sense itself also has an effect on the behavior. [17], [18], [19] The position feedback 

(motion control goals) related goal is to find an easy to implement embedded based 

solution of an ethologically inspired sensor fusion method for social robotics to improve 

robot odometry with the possibly lowest price. Service robot usually does not have any 

kind of embedded computers, but has simple RISC (Reduced Instruction Set Computer) 

microcontroller based embedded systems. The proposed solution should be a platform 

independent module without any external localization elements, like infra light beacons, 

ultrasonic markers, visual markers, etc. Part of the goal is to make it run on any indoor 

mobile robot (both holonomic and non-holonomic motion) after adjusting the robot 

related constants and tuning the system. 

Living creatures evaluate their actions (like motion on a path) before they 

perform them and make their decisions with following their behaviour models. [20], [21] 

The path evaluation (motion analysis goals) related goal is to find a general method to 

investigate different robot platforms and motion paths from energy consumption and 

navigation error point of view that can be used by behaviour models. During mobile 

robot path planning ISO 7176-10:2008 and ISO 7176-5:2008 (electrically powered 

wheelchair) compatible buildings were considered to find the optimal solutions over the 

minimal standardized requirements [8]. Using floor map based path planning solutions 

the proposed method should provide feedback both for the planner and both for the 

behaviour model of the robot or a multi agent robot group. The thesis should describe 

comparable cost functions for any mobile robot platforms (both holonomic and non-

holonomic) and for any designed paths. 
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1.2.1 Hypothesis related to motion control goals 

As it was mentioned above the motion control related goal of the dissertation is 

to develop an etho-inspired navigation feedback method for indoor mobile robots. 

Living creatures use their senses 3  for navigation, food taking and for social 

communication as the environment and the situation requires. [17], [18], [19] For 

example for birds there is a difference in long flying and flying from one tree to the 

other (since sensing the magnetic field has a more significant effect in long distance 

navigation) and in parallel to this sensing and behavior have effects on each other. 4 My 

hypothesis is that a sensor fusion method can be implemented for etho-robotics where 

the basic concepts of bio-sensing and behavior modeling can be used. 

The robot odometry calculated from the robot kinematics accumulates the 

position error caused by wheel slipping but an optical flow based measurement is 

independent from wheel slipping so both methods have different plausibility which can 

be considered during the sensor fusion and the development. The result should be a 

platform independent embedded system with high accuracy on relatively low cost to 

serve the needs of the consumer electronics sector without an expensive camera and 

real-time embedded computer based high level robot localization solution. The 

localization module should be easy implement in any kind of indoor mobile robots to 

measure the position and the orientation of the robot during motion, even in case of a 3 

DoF holonomic drive like kiwi or mecanum 5  drive. Also the application of 

omnidirectional wheels in mobile robotics requires high accurate position and 

orientation feedback methods contrary to differential drives. (See [P19] for reference.) 

The navigation module should collect different position and orientation related 

sensor data and estimate the robot position and orientation based on etho-inspired 

sensor fusion for behavior modelling, where the fusion method should be based on 

sensor plausibility functions with physical data available on mobile robot platforms. 

                                                

 

3      http://www.the-scientist.com/?articles.view/articleNo/32525/title/Electric-Sensation/ Last 

view: 2017.04.15. 

4  http://www.the-scientist.com/?articles.view/articleNo/46824/title/Sensory-Biology-Around-

the-Animal-Kingdom/ Last view: 2017.04.15. 

5 http://thinktank.wpi.edu/resources/346/ControllingMecanumDrive.pdf Last view: 2017.04.15. 

http://www.the-scientist.com/?articles.view/articleNo/32525/title/Electric-Sensation/
http://www.the-scientist.com/?articles.view/articleNo/46824/title/Sensory-Biology-Around-the-Animal-Kingdom/
http://www.the-scientist.com/?articles.view/articleNo/46824/title/Sensory-Biology-Around-the-Animal-Kingdom/
http://thinktank.wpi.edu/resources/346/ControllingMecanumDrive.pdf
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1.2.2 Hypothesis related to motion analysis goals 

Living creatures evaluate their actions (like motion on a path) before they 

perform them and make their decisions with following their behaviour models. [20], [21] 

The path of motion is usually evaluated with consideration of risk and food intake in 

case of single animals and for animal groups where the optimal group size is also part of 

the decision. [21], [22], [20] My hypothesis is that for behaviour modelling of social 

robotics an ethology based motion path evaluation model can be created for single 

robots and for multi agent robot groups as well. 

The motion analysis related goal of the dissertation is to develop a cost function 

based general motion path analysis method to investigate navigation error and energy 

consumption for behavior modeling of single robots and multi agent robot groups. In 

general the global path planning methods take into consideration only a couple of robot 

related constant data (e.g. robot dimensions, degree of freedoms, turning radius) and the 

feedback from the robot platform itself is mostly limited to local path planning [23] 

related sensor data (e.g. position, orientation, obstacle distance). The ethology inspired 

evaluation method should be able to compare different paths with the same robot 

platform (and even holonomic and non-holonomic mobile robot platforms on the same 

path) from the energy consumption and navigation error point of view. 

The result should be a case by case (path by path) feedback for the high level 

mobile robot behavior model and planning algorithms of single robots and multi agent 

robot groups. 

1.3 Layout of the dissertation 

The first part of the dissertation is an introduction to give a general impression 

about the topic. As part of the introduction I summarized the goals of the dissertation in 

general and in relation with different mobile robot control related topics highlighting the 

etho-robotics research and the hypotheses of it. At the next section the reader can find 

the nomenclatures what defines the abbreviations used in this document. 

The next parts summarize the theoretical background and the literature including 

state of the art, mobile robot control and path tracking. The state of the art section has 

an overview about nowadays motion control and path tracking problems in general to 

give a picture about the problems inspired this research. The motion control section 

provides details about the most common motion control solutions in general, the motion 
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control methods were implemented during the research and the problems were found. 

The path tracking section provides details about path tracking in general, the methods 

were implemented, the problems and the etho-robotics requirements that were necessary 

for the behavior modeling. 

The rest of the sections summarize the contribution and the conclusion of the 

dissertation including sensor fusion details, cost function details and the summarized 

thesis. The contribution section has details about the new approach in sensor fusion and 

in path evaluating cost functions including the ethology inspired solutions and their use 

cases in behavior modelling. The sensor fusion subsection itself describes the 

implemented sensor fusion method, the simulation and the experimental results. The 

cost function subsection itself describes the approach, the implemented navigation and 

energy consumption related cost functions, the simulation and the experimental results. 

The conclusion section describes the four thesis in four subsections, the open issues and 

further developments. 

The last sections are the author’s publications, the bibliography and the 

appendix. 
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2 Nomenclature 

2.1 Roman letters 

𝑥𝑟𝑒𝑓 , 𝑦𝑟𝑒𝑓 [m]  position references of the robot on the ground floor 

𝑥, 𝑦   [m]  real position of the robot 

�̈�, �̈�, �̈�  [m/s2] robot acceleration from accelerometer 

�̂�𝜌, �̂�𝜌  [m]  robot position calculated from inverse kinematics 

�̂�𝜎 , �̂�𝜎  [m]  robot position calculated from optical flow 

𝑎𝑥0,𝑦0,𝜑0  [-]  constant multipliers of the first sections of the recursive filters 

𝑏𝑥1,𝑦1,𝜑1   [-]  constant multipliers of the second sections of the recursive 

filters 

�̂�, �̂�   [m]  position input of the recursive filters 

�̃�, �̃�   [m]  position output of the recursive filters 

𝑘1,2   [-]  constant multipliers of the plausibility counted from kinematics 

𝑖   [A]  current 

∆𝑡𝑐𝑜𝑛𝑡  [s]  time period of the controller 

ℎ̂   [-]  plausibility of the optical flow sensors 

ℎ𝐴, ℎ𝐵  [m]  height of the optical flow sensors 

𝑆𝑄𝑈𝐴𝐿  [-]  surface quality of the optical flow sensor 

𝑅𝑅𝑒𝑓  [-]  reference value of the surface quality 

𝑘   [m2]  constant multiplier of the optical flow plausibility equation 

𝐸   [J]  energy 

𝑠   [m]  travelled distance (length of the path) 

�̇�   [m/s] velocity on the path (tangentially) 

𝑚   [kg]  mass 

𝑡   [s]  time 

∆ℎ   [m]  relative height 

𝑔   [m/s2] gravity 

𝑻   [-]  transformation matrix 

𝒆𝒙, 𝒆𝒚  [-]  orthonormal base 

𝒗𝒏   [m/s] robot velocity at the end of the n-th path section 
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𝑐   [-]  cost of an agent 

𝐶   [-]  cost of the multi agent system 

𝑟   [-]  risk of an agent 

𝑅   [-]  risk of the multi agent system 

𝑏   [-]  benefit of an agent 

𝐵   [-]  benefit of the multi agent system 

𝑝   [-]  the subtraction of benefit and cost 

𝑑   [-]  the subtraction of energy and risk 

𝐺   [-]  group size 

2.2 Greek letters 

𝜑𝑟𝑒𝑓  [rad] orientation reference of the robot 

𝜑   [rad] orientation of the robot 

�̇�   [rad/s] angular velocity of the robot 

�̈�   [rad/s2] angular acceleration of the robot 

𝜔1, 𝜔2, 𝜔3 [rad] orientation of the wheels 

𝜌𝑚, 𝜙𝑚, 𝜃𝑚 [rad] orientation of the robot calculated from magnetometer 

�̇�𝑔, �̇�𝑔, �̇�𝑔 [rad/s] angular acceleration of the robot calculated from gyroscope 

�̂�𝜌   [rad] orientation of the robot calculated from inverse kinematics 

�̂�𝜎   [rad] orientation of the robot calculated from optical flow 

�̂�𝜍   [rad] orientation from magnetometer, gyroscope, accelerometer 

�̂�   [rad] orientation input of the recursive filter 

�̃�   [rad] orientation output of the recursive filter 

𝜉   [-]  plausibility of the odometry 

𝜏�̇�   [-]  coefficient of translational motion 

𝜏�̇�   [-]  coefficient of the rotational motion 

𝛩   [kgm2] moment of inertia 

𝜺𝑛   [-]  position error estimation matrix of the n path 

휀𝑠𝑛   [-]  position error estimated from benchmark measurements 

휀𝜑𝑛   [-]  orientation error estimated from benchmark measurements 
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3 Theoretical background and preliminary research 

The word “robot” was used first in Karel Capek’s R.U.R (Rossum’s Universal 

Robots) play in 1921.6 The first electronic robot was created by William Grey Walter in 

England in 1948.7 Unimate the first digital and programmable robot was developed by 

George Devol in 1954 and it was sold to General Motors in 1961 to manipulate hot 

metal in a factory. 8  Since 1961 robotic solutions were implemented in factories, 

militaries, agriculture and even at the service sector. 

3.1 State of the art 

Nowadays robots are mostly used in the industrial sector but the application of 

robotics is growing year by year in agricultural, medical, military, security or service 

sectors as well. This dissertation is related to mobile robotics and focusing on different 

motion control and path planning related issues. 

3.1.1 Robot definition 

Several definitions exists for robot since Karel Capek’s play in 1921. The most 

common and simple one is defined in the Oxford English dictionary as the following: 

“A machine capable of carrying out a complex series of actions automatically, 

especially one programmable by a computer.”9  

The International Organization of Standardization also has a definition for 

manipulation industrial robots in ISO 8373: “An automatically controlled, 

reprogrammable, multipurpose, manipulator programmable in three or more axes, 

which may be either fixed in place or mobile for use in industrial automation 

applications.”10 

                                                

 

6 https://www.britannica.com/biography/Karel-Capek Last view: 2017.04.15. 

7 http://www.rutherfordjournal.org/article020101.html Last view: 2017.04.15. 

8  http://spectrum.ieee.org/automaton/robotics/industrial-robots/george-devol-a-life-devoted-to-

invention-and-robots Last view: 2017.04.15. 

9 https://en.oxforddictionaries.com/definition/robot Last view: 2017.04.15. 

10 https://www.iso.org/obp/ui/#iso:std:iso:8373:ed-2:v1:en Last view: 2017.04.15. 

https://www.britannica.com/biography/Karel-Capek
http://www.rutherfordjournal.org/article020101.html
http://spectrum.ieee.org/automaton/robotics/industrial-robots/george-devol-a-life-devoted-to-invention-and-robots
http://spectrum.ieee.org/automaton/robotics/industrial-robots/george-devol-a-life-devoted-to-invention-and-robots
https://en.oxforddictionaries.com/definition/robot
https://www.iso.org/obp/ui/#iso:std:iso:8373:ed-2:v1:en
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The International Federation of Robotics defined service robots as: “A service 

robot is a robot which operates semi- or fully autonomously to perform services useful 

to the well-being of humans and equipment, excluding manufacturing operations.”11 

3.1.2 Mobile robot definition 

Mobile robots have their ability to move in their environment and not fixed to 

one location. Depending on the environment mobile robots are capable to move or 

rotate along 1-6 DOFs and change their position and their orientation. This thesis is 

focusing on ground mobile robotics with 2 and 3 DOFs. 

3.1.3 Mobile robot control 

Mobile robots are usually controlled with position and orientation or velocity 

and angular velocity references either in reference coordinate system (Descartes 

coordinate system fixed to the environment) or in body coordinate system (Descartes 

coordinate system fixed to the robot body). Usually both the inverse kinematics and the 

direct geometry equations are implemented in the low level robot control to provide 

position and orientation feedback and to calculate the references for every actuators 

real-time. (Or the wheels can be controlled by current as well [24].) These functions are 

running with the consideration of different robot models [25], [26] and sensor values 

getting information from the environment or the robot itself [27] to make sure the robot 

can accelerate, move with constant velocity and decelerate according to its physical 

capabilities even without any implemented robot dynamics. [28], [29] 

3.1.4 Problems of mobile robot control 

The main problem in mobile robot control is the position and orientation 

feedback and it often requires sensors outside of the robot in certain scenarios like [30]. 

The wheels are slipping on the floor [31], [32] and as every mechanical assembly 

mobile robots also have inaccuracies within the production tolerances. In humanoid 

                                                

 

11 https://ifr.org/img/office/Service_Robots_2016_Chapter_1_2.pdf  Last view: 2017.04.15. 

https://ifr.org/img/office/Service_Robots_2016_Chapter_1_2.pdf
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robots all the joints are connected to another and can be homed with different sensors 

but mobile robots are not fixed to the ground and also cannot be homed during motion 

only in case of dedicated homing locations. The wheeled mobile robots are usually have 

2 (for example a differential drive) or 3 DoFs (for example a kiwi drive) and the main 

issue with holonomic drives is the shape of the special wheels (omni or mechanum 

wheels). “Omni wheels are wheels with small discs around the circumference which are 

perpendicular to the turning direction. The effect is that the wheel can be driven with 

full force, but will also slide laterally with great ease.”12 See Figure 3.1, Figure 3.10 

and Section 3.2.3 for further details. 

 

Figure 3.1 Omni wheel 

(https://en.wikipedia.org/wiki/Omni_wheel, 2015.12.28.) 

3.1.5 Mobile robot path tracking 

Path planning in general can be separated for global path planning and for local 

path planning where global path planning generates a path between start position and 

goal position and local path planning modifies a small part of the path in case of any 

unexpected static or dynamic obstacles. [33], [34], [35] During motion on path the 

                                                

 

12 https://en.wikipedia.org/wiki/Omni_wheel Last view: 2017.02.27. 

https://en.wikipedia.org/wiki/Omni_wheel
https://en.wikipedia.org/wiki/Omni_wheel
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actual position and orientation of the mobile robot can be updated with any external 

localization tools (like camera systems) [4], [36], [37].  

3.1.6 Problems of mobile robot path tracking 

To be able to track the path the robot needs an accurate motion control system 

and position feedback. [38] Both position feedback [39] and energy consumption [40] 

are depending on the path of motion since a longer path with more turns, curves, 

acceleration and deceleration requires more energy and generates more navigation. 

3.2 Mobile robot control 

3.2.1 Mobile robot control theory 

Path planning algorithms provide references for the mobile robot and it is often 

controlled without accurate absolute position and orientation feedback so only the servo 

amplifiers have their own angular position feedback during motion. The actual position 

and orientation of the robot is calculated from the direct geometry (robot odometry), 

however such a technique like this cannot compensate for slips of the wheels and 

mechanical errors of the structure, like gearbox backlash. [41], [42], [43] This control 

method is usually implemented in real-time low level embedded systems designed for 

mobile robot control purposes. [44], [45], [46] 

In case of 3 DOFs robot motion (e.g. holonomic drives), the robot can change 

the position and the orientation at the same time, but a 2 DOFs robot (e.g. differential 

drives) cannot. This section describes the theoretical background of the inverse 

kinematical and direct geometrical functions of the example robots. The transformation 

between the reference coordinate system and the body coordinate system can be 

described as (3.1)-(3.2) (See Figure 3.2 and Figure 3.3), 

 𝑇𝑊→𝑅: ℜ
3
𝑅𝑜𝑡(𝑧,𝜑)𝑇∙𝑇𝑟𝑎𝑛𝑠(𝑥,∆𝑥)−1∙𝑇𝑟𝑎𝑛𝑠(𝑦,∆𝑦)−1

→                              ℜ3 (3.1) 

where 𝑅𝑜𝑡(𝑧, 𝜑)𝑇  is the rotational transformation around axis 𝑧, 𝑇𝑟𝑎𝑛𝑠(𝑥, ∆𝑥)−1  and 

𝑇𝑟𝑎𝑛𝑠(𝑦, ∆𝑦)−1 are the linear transformations along axes 𝑥 and 𝑦 and for a point it can 

be expressed as (3.2). 

 𝑷𝑅 = (𝑷𝑊 − 𝑨𝑜𝑓𝑓) ∙ 𝑹𝒐𝒕(𝑧, 𝜑)
−1 (3.2) 



16 

 

Equation (3.2) can be expressed as (3.3), 

 𝑷𝑅 = [

1 0 0 (𝑥𝑤 − ∆𝑥)

0 1 0 (𝑦𝑤 − ∆𝑦)
0
0
0
0
1          0        
0          1        

] [

cos𝜑 𝑠𝑖𝑛𝜑 0 0
−𝑠𝑖𝑛𝜑 cos𝜑 0 0
0
0

0
0

1
0
0
1

] (3.3) 

where index R is related to body coordinate system and index W is related to reference 

coordinate system. The inverse kinematical functions of a 2-wheeled robot with 

differential drive can be described as (3.4) and (3.5), 

 𝜔𝑊1 =
1

𝑅𝑊
(𝑣 −

1

2
∙ 𝐿 ∙ 𝜔) (3.4) 

 𝜔𝑊2 =
1

𝑅𝑊
(𝑅𝑊 ∙ 𝜔𝑊1 + 𝐿 ∙ 𝜔) (3.5) 

where 𝐿 is the distance between the wheels and 𝑅𝑊 is the radius of the wheels. In this 

case the robot has two wheels with drives (𝜔𝑊1, 𝜔𝑊2) and one caster wheel (wheel with 

free rotation and free steering),  𝑣 and 𝜔 are the velocity and the angular velocity of the 

robot. 

 

Figure 3.2 The kinematic parameters of a differential drive, where 𝜔𝑊1   𝜔𝑊2 are the angular 

velocity of the wheels, 𝑥𝑟𝑜𝑏, 𝑦𝑟𝑜𝑏, 𝑧𝑟𝑜𝑏 are the body coordinates, 𝑥𝑊, 𝑦𝑊 , 𝑧𝑊 are the reference 

coordinates, 𝜑 is the orientation, 𝒂𝑜𝑓𝑓 is the offset (position), 𝒗𝑥,𝑦 is the velocity and 𝜔 is the angular 

velocity. The body and the reference coordinate systems are Descartes 3 dimensional frames. The body 

coordinate system has an origo on the ground level in the middle of the axis defining the wheels with 

positive Y direction towards the front of the robot. The reference coordinate system has an origo on the 

ground level with vertical Z axis with any preferred position in the working environment of the robot. 
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The position of the robot and the direct geometry can be expressed as (3.6)-(3.8),  

 𝜑 = ∫
𝑅𝑊∙𝜔𝑊2−𝑅𝑊∙𝜔𝑊1

2
𝑑𝑡 + 𝜑0 (3.6) 

 𝑥 = ∫
𝑅𝑊∙𝜔𝑊2+𝑅𝑊∙𝜔𝑊1

2
∙ cos𝜑 𝑑𝑡 + 𝑥0 (3.7) 

 𝑦 = ∫
𝑅𝑊∙𝜔𝑊2+𝑅𝑊∙𝜔𝑊1

2
∙ sin𝜑 𝑑𝑡 + 𝑦0 (3.8) 

where 𝜑0, 𝑥0, 𝑦0 are the values of the start position and orientation of the robot and 

𝜑, 𝑥, 𝑦 are the actual robot position and orientation. 

The holonomic control of a drive can be more complicated since it has 3 degree 

of freedoms. [47] The inverse kinematical functions of a 3 wheeled holonomic drive 

(kiwi drive) can be described as (3.9)-(3.11), where K and C are constants used to obtain 

real units during implementation. 

 

Figure 3.3 The kinematic parameters of a kiwi drive, where 𝜔𝑊1   𝜔𝑊2 𝜔𝑊3 are the angular 

velocity of the wheels, 𝑥𝑟𝑜𝑏, 𝑦𝑟𝑜𝑏, 𝑧𝑟𝑜𝑏 are the robot coordinates, 𝑥𝑊, 𝑦𝑊, 𝑧𝑊 are the world coordinates, 

𝜑 is the orientation, 𝒂𝑜𝑓𝑓 is the offset (position), 𝒗𝑥,𝑦 is the velocity and 𝜔 is the angular velocity. The 

body and the reference coordinate systems are Descartes 3 dimensional frames. The body coordinate 

system has an origo on the ground level in the middle of robot geometry with positive Y direction 

towards the front of the robot. The reference coordinate system has an origo on the ground level with 

vertical Z axis with any preferred position in the working environment of the robot. 

In this case the robot has three omnidirectional wheels with drives (𝜔𝑊1, 𝜔𝑊2, 𝜔𝑊3). 

 𝜔𝑊1 = 𝐾(𝐶𝜔 − 𝑣𝑥 sin 30
∘ − 𝑣𝑦 cos 30

∘) (3.9) 

 𝜔𝑊2 = 𝐾(𝐶𝜔 − 𝑣𝑥 sin 30
∘ + 𝑣𝑦 cos 30

∘) (3.10) 
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 𝜔𝑊3 = 𝐾(𝐶 ∙ 𝜔 + 𝑣𝑥 ∙ 2) (3.11) 

The position of the robot and the direct geometry can be expressed as (3.12)-(3.14). 

 𝜑 = ∫
𝜔𝑊1+𝜔𝑊2+𝜔𝑊3∙sin 30

∘

𝐾∙𝐶∙(sin30∘+2)
𝑑𝑡 + 𝜑0 (3.12) 

 𝑥 = ∫−
𝜔𝑊1+𝜔𝑊2−2∙𝜔𝑊3

2∙𝐾∙(sin30∘+2)
𝑑𝑡 + 𝑥0 (3.13) 

 𝑦 = ∫−
𝜔𝑊1−𝜔𝑊2

2∙𝐾∙cos30∘
𝑑𝑡 + 𝑦0 (3.14) 

In the experimental results sections we have worked with Ethon robots what are 3-

wheeled mobile robots with kiwi drive. (See Figure 3.4, [P6] and [P15] for reference.) 

 

Figure 3.4 Ethon robots 

3.2.2 Implemented mobile robot control methods 

3.2.2.1 Embedded system based 

The block diagram of Ethon robot can be seen on Figure 3.5. The center of the 

whole robot in this service robot application is the PC, what deals with the ethological 

behavior model and provides references for the robot drive which is implemented in the 

central embedded controller (motion control and IO card). The embedded deals with 

interpolation, time-velocity, time-angular velocity profiles, kinematics, geometry and 

CAN references for the servo amplifiers. The emergency stop button switches down the 
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power of all the servo peripheries, but it allows to run the PC and the central motion 

control card at the same time for data gathering purposes. 

 

Figure 3.5 Block diagram of Ethon robot 

Figure 3.7 shows the block diagram of Ethon robot control in details including 

the wheel rotations, position and angular position or velocity and angular velocity 

references either in reference coordinate or body coordinate system. (In case of 

references in reference coordinate system the robot transforms the values into body 

coordinate system.) All of the functions are running on 1 kHz real-time and the velocity 

control function calculates the required velocity to reach the goal position in every 

control cycles based on the current position of the robot (calculated from the robot 

odometry). An interpolation between the rotational and translational motion with a ramp 

function is implemented to make sure the robot will accelerate, run on maximal velocity 

and decelerate during motion. It limits the velocity or the angular velocity values to 

make sure the robot will finish both motions (rotational and translational) at the same 

time. The inverse kinematics function generates the angular velocity for the wheels and 
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the wheel position function increases the wheel position references with the angular 

velocity values in discrete time steps. (The position is the integral value of the velocity.) 

The DC servo amplifiers are synchronized on 1 kHz with the central motion control 

card via CAN-bus and the wheel references are provided also on 1 kHz to the servo 

amplifiers. The servo amplifiers are running PD position controls on 1 kHz as well 

where the position feedback of the wheels had discrete values with digital filtering in 

the encoder module embedded processor. Having filtered discrete wheel position values 

we were able to use PD controllers without integral coefficients and the wheels were 

tuned with Ziegler-Nichols approach13 using a  PC based tuning software developed by 

Géza Szayer co-author. (See Figure 3.6 and [P10] for further details.) 

 

Figure 3.6 User interface of the DC servo tuning software [P5] 

                                                

 

13  http://www.mogi.bme.hu/TAMOP/robotiranyitasok/book.html#ch-4.1.6.1 Last view: 

2017.04.15. 

http://www.mogi.bme.hu/TAMOP/robotiranyitasok/book.html#ch-4.1.6.1


21 

 

 

Figure 3.7 Ethon control block diagram 

The control of the wheels should be able to command the wheels to make sure 

they follow the references and reach the commanded positions in every control cycle 

and in case of a follow error the servo amplifier generates an error sign and the central 

controller disables all the power electronics. 

3.2.2.2 Real-time PC based 

The other implementation of the robot control system is real-time computer and 

Linux based. With Bence Kovács and Géza Szayer co-authors we developed a motion 

control system for a real-time kernel and Linux based LiunxCNC software which is a 
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USA government founded open source GNU/Linux software for numerical control of 

machines like CNCs, latches, milling machines, hexapods, humanoid robots etc.14 

The center of the controller is the PCI based motion control card which was 

designed to be open source and plug and play. At the integration of a robot at a 

production line, or implementing unusual solutions in service robotics different kind of 

signals and information of the robot can be necessary to be observed at a complex 

system besides the usual motion planning data. [48], [49] The PCI card can be used in a 

normal PC with a real-time Linux OS and it has the benefit that any further PC based 

solutions can be implemented next to the LinuxCNC and the robot specific equations. 

The block diagram of the system can be seen on Figure 3.8. 
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Figure 3.8 LinuxCNC based robot controller block diagram 

                                                

 

14 http://linuxcnc.org/ Last view: 2017.04.10. 

http://linuxcnc.org/
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The main component of the system is the PCI card which has a PLX controller 

with PCI based communication, and it is connected to a Xilinxs Spartan III FPGA via a 

32 bit parallel bus. The FPGA and the PCI driver handle the connection between the 

hardware and the software layers which means we can access any low level information 

of the system on both layers and it is also not possible to implement another high level 

system next to it (like ROS). (Robot operation system (ROS) is an open source Linux 

based mobile robot control system.)15 [50] The CAN based, analog or incremental servo 

amplifiers (the ones we used in Ethon robots) of the machine can be connected to the 

PCI card directly or via optically isolated and differential driver modules. Six axis can 

be interpolated with one card and the LinuxCNC software environment can handle two 

cards and can interpolate up to nine axis which means that the system was able to 

handle a kiwi (or mecanuum) drive easily. 

From the software point of view some of the registers can be written (like step 

variables) and some of the registers can be read (like encoder variables). At point-point 

control for the robot we only calculate the next point (position, joint coordinate), and 

the path is not prescribed between the start and the goal position. At continuous control 

the interpolator of the system calculates continuously to get path points frequently and 

create a smooth motion between the start and the goal position. Having the functions 

mentioned here we can implement the mobile robot control methods on Linux and plug 

and play the PCI card based hardware elements. 

In case of this implementation the servo amplifiers are directly connected to the 

PCI card and the kinematic equations of the mobile robot and the peripheries are 

implemented in the LinuxCNC kinematics module. This PC based solution requires 

more calculation throughput but it is more flexible and provides a PC to run any other 

computer based applications at the same time (like camera based navigation modules or 

ROS). 

                                                

 

15 http://wiki.ros.org/ Last view: 2017.04.10. 

http://wiki.ros.org/
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3.2.3 Detailed description of the control problems that were found 

In case of 3 DOFs (holonomic drives), the robot can change the position and the 

orientation at the same time which means holonomic robots have mechanisms to control 

all 3 physical DOFs on the ground plane. This research was inspired by Ethon (see 

Figure 3.9), which is a kiwi drive based holonomic mobile robot, made for ethological 

research and designed by our MTA-ELTE Comparative Ethology Research Group 

(MTA 01 031). [P5], [P11], [P13], [P15], [P18], [P19] The research was focused on 

human-robot, human-dog and dog-robot interactions to improve behavior modeling. 

During our experiments different robots were used but most of the works was 

performed with Ethon robot since we designed its shape, motion performance and other 

abilities according to the needs of human-robot interactions. On a slippery floor after 

15-30 meters of motion in different directions the odometry of Ethon accumulated 2-5 

meter error in position and 10-30° in orientation. This amount of navigation error 

caused several path planning and localization problems and the robot could not enter to 

different rooms at the department or even go straight on the corridor. Only high level 

off the shelf navigation instruments and software components (like Microsoft Kienct16 

or RPlidar17 laser scanner and ROS SLAM18 algorithm) solved the problem. In case of a 

service robot (like vacuum cleaners, lawn movers or wet cleaners) we need to avoid 

these expensive high level solutions and find simple and embedded based tools for 

navigation issues. 

                                                

 

16 https://en.wikipedia.org/wiki/Kinect Last view: 2017.04.10. 

17 http://www.robotshop.com/en/rplidar-360-laser-scanner.html Last view: 2017.04.10. 

18 http://wiki.ros.org/slam_gmapping Last view: 2017.04.10. 

https://en.wikipedia.org/wiki/Kinect
http://www.robotshop.com/en/rplidar-360-laser-scanner.html
http://wiki.ros.org/slam_gmapping
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Figure 3.9 Ethon robots [P15], [P19] 

The errors of the position and the orientation in case of our holonomic drive 

came from the following problems: 

- the wheels are slipping [31], [32], [51], [52], [53], [54] 

- the contact points between the wheels and the floor are alternating during 

rotation (see Figure 3.10) 

- for transformation between reference and body coordinates the results of the 

sine and cosine functions were calculated from a 1° resolution look-up table to 

make sure the code can run 1 kHz real-time on the embedded system and we 

still have enough flash memory for the rest of the code 

 // Read sinus and cosinus from lookup table 

  c = pgm_read_word(&cosinus[uint16_tmp]); 

  s = pgm_read_word(&sinus[uint16_tmp]); 

  // Calculating speeds in the robot coordinate system 

  CUR_robot.Vx = (int32_t)((CUR_world.Vx*c - CUR_world.Vy*s)/10000); 

  CUR_robot.Vy = (int32_t)((CUR_world.Vx*s + CUR_world.Vy*c)/10000); 

  CUR_robot.W  = CUR_world.W; 

where c and s are the sine and cosine values, see [P15], [P18], [P19] for further 

details 
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- the sine and the cosine functions in the implementation of the inverse 

kinematics are formulated to tangent functions and estimated with the division 

of integer numbers (see [P15], [P18], [P19] for further details) 

// Transforming word coordinate velocities to wheel velocities  

//CUR Vx, Vy, W -> WHEEL w1, w2, w3 

WHEEL.w1=(int32_t)((CUR_robot.W - CUR_robot.Vx*13 -

CUR_robot.Vy*23))/8;  //tan(30) ~= 13/23 

WHEEL.w2=(int32_t)((CUR_robot.W - CUR_robot.Vx*13 + 

CUR_robot.Vy*23))/8; 

WHEEL.w3=(int32_t)((CUR_robot.W + CUR_robot.Vx*26))/8; 

 

 

Figure 3.10 Contact points of an omni wheel 

The error related to the contact points (𝛿1) is 5.4%, which can be calculated as 

(3.15), where Δ(𝑊1,𝑊2) is the distance between the contact points of wheel 1 

and 𝑟 (the radius of the robot geometry) is the distance between the center of the robot 

structure and the wheels. This issue is not implemented in the kinematics since it 

requires special hardware and software components over the normal mobile robot 

control solutions (like encoder index signal and wheel homing). 

 𝛿1 =
Δ(𝑊1,𝑊2)

𝑟
=
16.2 [𝑚𝑚]

300 [𝑚𝑚]
= 0.054 (3.15) 

The 1° resolution look-up table causes 0.27% error ( 𝛿2 = 1/360 ). The 

estimation of the tangent function causes 2.15% error (𝛿3 = tan (30)/(13/23) − 1). 

According to the errors (𝛿1, 𝛿2, 𝛿3) and the unknown wheel slipping error (𝛿4) the robot 

accumulated in the worst cases about ±3-8 % error and at 15 meters of continuous 
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translational driving it caused about 0.5-1 meter position error. This can be accepted and 

compensated with the high level mapping localization of the robot. During the 

measurements of the angular position next to the ±3-8% position error the robot 

obtained about 10-30° angular error between the body coordinate system and the 

reference coordinate system. If the robot moves sideways with 10-30° angular error it 

means up to 5 meters position error in a 15 meters drive. However there are different 

solutions [53], [55] for estimation of wheel slipping wheel but these require special 

hardware elements (with mechanical components) and higher calculation throughput. 

3.3 Motion planning and path planning 

In general both the local and the global path planning methods are running on a 

computer in parallel with the robot vision, behavior model and any other software 

components with high calculation throughput requirements. [56] The global path 

planning methods are usually generate a set of points to describe the required path and 

in case of an unexpected obstacle only a subset of points are modified by the local path 

planner.  

3.3.1 General motion planning and motion control methods 

This section is a short general description about motion planning methods that 

we reviewed during our research and it is based on [57] where the reader can find 

further details. 

Motion planning algorithms are functions to generate continuous motion 

between a start and a goal position including avoiding collisions with known obstacles. 

The motion of the robot is represented as a path in the configuration space and the free 

configuration space describes a part of the configuration space where the motion can be 

performed without any collisions. Equation (3.16) describes the configuration space 

(𝐶𝑆) and  (3.17) describes the free configuration space (𝐶𝑆𝐹).  

 𝐶𝑆 = ℝ
2 (3.16) 

 𝐶𝑆𝐹 ⊆ 𝐶𝑆  (3.17) 

The obstacle space (𝐶𝑆𝑂) can be defined as  (3.18). 

 𝐶𝑆𝑂 = 𝐶𝑆 − 𝐶𝑆𝐹  (3.18) 
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The planned motion (path) (𝐶𝑆𝑃) is also part of the free configuration space as 

written in (3.19) and should not be part of the obstacle space as described by (3.20). 

 𝐶𝑆𝑃 ⊆ 𝐶𝑆𝐹 (3.19) 

 𝐶𝑆𝑃 ∩ 𝐶𝑆𝑂 = ∅ (3.20) 

As a review of motion planning methods some of the most common algorithms 

are listed here based on an overview of [57] and during research potential fields [58] 

and sampling based roadmaps [48] were tested. 

- Sampling based prepares discrete milestones and tries to find the path based on 

the milestones. 

o Potential fields  

o Searching trees 

o Sampling based roadmaps 

- Combinatorial based tries to find a path in the continuous configuration space 

without approximations. 

o Combinatorial based roadmaps 

o Cell decompositions 

o Computational algebraic geometry 

Most of the path planning algorithms can be used as feedback based and the 

feedback can be distance sensor data, laser scanner data, etc. and it requires a feedback 

plan and an action plan. [57] In etho-robotics both the action plan and the feedback plan 

are in relation to the behavior model and further details can be read in later sections but 

a general description for overview is listed here. Considering a discrete feedback 

planning the method can be described as equations (3.21)-(3.24). [57] 

For each state (𝑐𝑆) 

 𝑐𝑠 ∈ 𝐶𝑆 (3.21) 

and a finite action space is 𝐶𝑠𝑎(𝑐𝑠). A state transition function (𝑓𝑡) that produces a state 

 𝑓𝑡(𝑐𝑠, 𝑢) ∈ 𝐶𝑆 (3.22) 
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for every 𝑐𝑠 ∈ 𝐶𝑆 and 𝑐𝑠𝑎 ∈ 𝐶𝑠𝑎(𝑐𝑠). Let 𝐶𝑠𝑎 denote the union of 𝐶𝑠𝑎(𝑐𝑠) for all 𝑐𝑠 ∈ 𝐶𝑆. 

Define a set of stages each denoted by 𝑘 , that begins at 𝑘 = 1  and continuous 

indefinitely. The goal set is 

 𝐶𝑆𝐺 ⊂ 𝐶𝑆 (3.23) 

And finally let 𝐿 denote a stage-additive cost functional  

 𝐿(�̃�𝑆|𝐹 , �̃�𝑠𝑎|𝐾) = ∑ [𝑙(𝑐𝑆|𝑘, 𝑐𝑠𝑎|𝑘) + 𝑙𝐹(𝑐𝑆|𝐹)]
𝐾
𝑘=1  (3.24) 

in which 𝐹 = 𝐾 + 1. 

3.3.2 Motion planning and motion control methods that were used 

In our research two different motion planning methods were used with the 

embedded system based real-time motion control method mentioned in Section 3.2.2.1. 

For my research there is no difference between the PCI card based (Section 3.2.2.2) and 

the embedded system based (section 3.2.2.1) solutions since both of them result the 

same robot motion. At both implementations the path planner generates a set of points 

to describe the path and provide position and orientation or velocity and angular 

velocity references for the motion controller of the robot (no matter if PCI card or 

embedded based motion controller provides the references for the servo amplifiers).  

 The first system we used during our research was part of a ROS (Robot 

Operation System) implementation. “ROS (Robot Operating System) provides libraries 

and tools to help software developers create robot applications. It provides hardware 

abstraction, device drivers, libraries, visualizers, message-passing, package 

management, and more. ROS is licensed under an open source, BSD license.”19 

                                                

 

19 http://wiki.ros.org/ Last view: 2017.02.27. 

http://wiki.ros.org/
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The research group with University of Miskolc [59], [60], [61] developed the 

high level robot model and implemented ROS and the navigation modules that includes 

the followings:20  

- gmapping21 which is used to build maps with SLAM22 

- move_base23 which is usef to path planning and to provide the references for the 

robot 

- amcl24 which is used for robot localization 

With the application of these modules the robot was able to move around the corridor of 

the department and avoid both dynamic and static obstacles [59] but it was able to work 

only with limited number of people and limited number of unexpected obstacles. The 

ROS based solution provided velocity and angular velocity references for the robot in 

robot coordinate system and got robot position and orientation data (odometry) from the 

embedded system as on Figure 3.11. We could also set a couple parameters (like 

frequency of the control loop, maximal velocity, maximal acceleration, physical 

dimensions) to make sure the move_base module can work with the robot itself. 

                                                

 

20  

http://wiki.ros.org/turtlebot_navigation/Tutorials/Setup%20the%20Navigation%20Stack%20for%20Turtl

eBot Last view: 2017.02.27. 

21 http://wiki.ros.org/gmapping Last view: 2017.04.10. 

22 https://en.wikipedia.org/wiki/Simultaneous_localization_and_mapping Last view: 2017.04.10. 

23 http://wiki.ros.org/move_base Last view: 2017.04.10. 

24 http://wiki.ros.org/amcl Last view: 2017.04.10. 

http://wiki.ros.org/turtlebot_navigation/Tutorials/Setup%20the%20Navigation%20Stack%20for%20TurtleBot
http://wiki.ros.org/turtlebot_navigation/Tutorials/Setup%20the%20Navigation%20Stack%20for%20TurtleBot
http://wiki.ros.org/gmapping
https://en.wikipedia.org/wiki/Simultaneous_localization_and_mapping
http://wiki.ros.org/move_base
http://wiki.ros.org/amcl


31 

 

 

Figure 3.11 ROS based navigation block diagram 

The second system we used is based on APF (artificial potential field) method for 

path planning and repulsive force field for obstacle avoidance designed by co-author 

Bence Kovács. [P13], [P19] The Matlab script we used got a map as input file and 

generated the path (set of coordinates). The script was not optimized and required high 

calculation throughput to generate the force and the potential fields so we could not use 

with dynamic obstacles (like [62]) but we were able to send the coordinates to the robot 

via Bluetooth. The UI (user interface) of the Matlab25 script is shown on Figure 3.13 

where both potential (Figure 3.14) and force fields (Figure 3.15) are represented, force 

and potential functions can be defined and the current layout (map) of the reference 

system is visible in the top left corner. This case the robot got positon and angular 

position references and its embedded system tracked the path based on the robot 

odometry as on Figure 3.12. 

The following description summarizes the equations of Bence Kovács’ path 

planning method and it can be also read in [P13]. Equation (3.25) describes the 

attractive potential function and it handles moving targets and provides soft landing (so 

at the end of motion the robot velocity will be equal to the target velocity). 

                                                

 

25 https://www.mathworks.com/products/matlab.html Last view: 2017.04.16. 

https://www.mathworks.com/products/matlab.html
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 𝑈𝑎𝑡𝑡(𝒙, 𝒗𝑹, 𝒗𝑻) = 𝛼𝑥|𝒙(𝑡)|
𝑚 + 𝛼𝒗‖𝒗𝑹(𝑡) − 𝒗𝑻(𝑡)‖

𝑛 (3.25) 

where |𝒙(𝑡)| is the Euclidean distance between robot and target,  𝒗𝑹(𝑡), 𝒗𝑻(𝑡) denote 

the velocity of the robot and the target at time t, respectively; ‖𝒗𝑹(𝑡) − 𝒗𝑻(𝑡)‖ is the 

magnitude of the relative velocity between robot and target; 𝛼𝑥, 𝛼𝑣 are scalar positive 

parameters; and 𝑚, 𝑛 are none-negative constants. The force vector function pointing 

from the robot to the target is calculated by taking the derivative of the potential 

function according to (3.26). 

𝐹𝑎𝑡𝑡(𝒙, 𝒗𝑹, 𝒗𝑻) = −∇𝑈𝑎𝑡𝑡(𝒙, 𝒗𝑹, 𝒗𝑻) =
𝜕𝑈𝑎𝑡𝑡(𝒙,𝒗𝑹,𝒗𝑻)

𝜕𝒙
𝒏𝑹𝑻 +

𝜕𝑈𝑎𝑡𝑡(𝒙,𝒗𝑹,𝒗𝑻)

𝜕(𝒗𝑹(𝑡)−𝒗𝑻(𝑡))
𝒏𝑽𝑹𝑻 (3.26) 

where 𝒏𝑹𝑻 is the unit vector pointing from the robot to the target and 𝒏𝑽𝑹𝑻 denotes the 

unit vector pointing from the robot in the direction of the relative velocity of the robot 

with respect to the target (i.e. the velocity of the robot in the frame of reference of the 

target). 

We proposed a repulsive potential function as (3.27) in order to avoid collisions 

and handle moving obstacles: 

𝑈𝑟𝑒𝑝(𝒙, 𝒗𝑹, 𝒗𝑶𝑩𝑺)

=

{
  
 

  
 
− 𝑙𝑜𝑔(𝛿(|𝒙(𝑡)| + 𝒓𝑠𝑒𝑐 + 𝒓𝑟𝑜𝑏))

−휁
‖𝑣𝑅 − 𝒗𝑶𝑩𝑺‖

2

2𝑎𝑀𝐴𝑋

−휁
‖𝒗𝑹 − 𝒗𝑶𝑩𝑺‖

2

2𝑎𝑀𝐴𝑋

𝑖𝑓 𝛿(𝒙 + 𝒓𝑠𝑒𝑐 + 𝒓𝑟𝑜𝑏) < 1

𝑒𝑙𝑠𝑒

(3.27) 

where 𝒓𝑠𝑒𝑐 is a constant expressing a safe distance between the robot and the obstacle, 

in order to avoid collisions. 𝒓𝑟𝑜𝑏 is the radius of the robot assuming a cylinder-shaped 

robot. 𝛿, 휁 are non-negative constants, 𝒗𝑹, 𝒗𝑶𝑩𝑺 denotes the robot and obstacle velocity 

vectors respectively. The maximum acceleration of the robot is 𝑎𝑀𝐴𝑋. The repulsive 

vector force function pointing from the obstacle to the center of the robot is calculated 

as (3.28). 

𝑭𝑟𝑒𝑝(𝒙, 𝒗𝑹, 𝒗𝑶𝑩𝑺) = −∇𝑈𝑟𝑒𝑝(𝒙, 𝒗𝑹, 𝒗𝑶𝑩𝑺) =
𝜕𝑈𝑟𝑒𝑝(𝒙,𝒗𝑹,𝒗𝑶𝑩𝑺)

𝜕𝒙
𝒏𝑶𝑹 +

𝜕𝑈𝑟𝑒𝑝(𝒙,𝒗𝑹,𝒗𝑶𝑩𝑺)

𝜕(𝒗𝑹(𝑡)−𝒗𝑶𝑩𝑺(𝑡))
𝒏𝑽𝑶𝑹  (3.28) 

where 𝒏𝑶𝑹 is the unit vector pointing from the obstacle to the center of the robot and 

𝒏𝑽𝑶𝑹 denotes the unit vector pointing to the relative velocity direction of the robot with 
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respect to the obstacle (i.e. the velocity of the robot in the frame of reference of the 

obstacle) The artificial potential method is based on the idea that obstacles generate 

repulsive force, and the target generates attractive force to the robot. The aim of 

calculating potential and force fields is to calculate the path to a predefined target 

position. The sum of attractive and all repulsive forces is moving the robot according to 

Newton’s laws as (4.38). 

 �̈� =
∑𝐹𝑎𝑡𝑡(𝒙,𝒗𝑹,𝒗𝑻)+𝐹𝑟𝑒𝑝(𝒙,𝒗𝑹,𝒗𝑶𝑩𝑺)

𝑚𝑟𝑜𝑏
 (3.29) 

where 𝑚𝑟𝑜𝑏  is the mass of the robot. The path planner algorithm calculates the 

trajectory path, starting from an initial position with zero velocity and sequentially 

calculating the next position by taking the double integral of the acceleration in (3.29). 

 

 

Figure 3.12 Embedded system based navigation block diagram 
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Figure 3.13 Matlab based path planning and obstacle avoidance UI 

 

Figure 3.14 Potential field inside an evaluation flat according to the proposed attractive (+) and repulsive 

(-) potential functions, where the Z axis represents the potential field. 
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Figure 3.15 Force fieldinside an evaluation flat according to the proposed attractive (+) and repulsive (-) 

potential functions, where the Z axis represents the force field. 

The path planning method (including the potential and the force equations) are 

not critical in this document since the research I made is focused on the evaluation of 

the path only but further details of the path planning method (designed by co-author 

Bence Kovács) can be read in [P13] and [P19]. 

3.3.3 Detailed description of the navigation problems that were found 

The odometry-based navigation error can be intensely accumulated depending 

on the motion of the robot. As a simple example, wheel slipping cases are more frequent 

in case of acceleration states compared to a translational, straight movement with 

constant velocity. 

The experimental results of typical odometry errors for the same type of robots 

were in the same magnitude range when we are using a fine-tuned motion control. 

(Ethon Red and Ethon Blue showed roughly the same errors during motion on the same 

path.) As an illustrative example, during 30~50 meters of motion in different directions, 

the robot odometry of Ethon can accumulate 1~2 meter errors in any directions and 

10~20° errors in orientation. [54] However, in practice, this unacceptable amount of 

error is corrected by the SLAM computer vision algorithm of the high-level robot 

control software. But the minimization of odometry error is still an important goal in 

real-time control systems, in order to obtain a better feedback at a much lower sampling 
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rate and calculation throughput compared to the vision based-solutions.  During the 

robot motion, both the position and the orientation values can be updated externally (for 

example from camera based high level navigation software) in every 50 ms (20 Hz), 

where at least the orientation should be updated to improve navigation. The motion 

control of the robot is calculated at 1 kHz, which is 1 ms and according to the maximal 

velocity (1.5 m/s) and the maximal angular velocity (1.47 rad/s) of the robot the system 

will not accumulate too much error between two position updates (50 ms) and the 

motion control can be calculated 50 times between position updates. The maximal 

velocity was specified during the MTA ELTE Comparative Ethology Research Group 

after human-robot interaction experiments to make sure the robot can move with a 

normal human walking velocity. The rotational velocity is a calculated from moving 

velocity but it is limited by software for a realistic value (0.5 rad/s) however the robot 

can reach 1.47 rad/s with a slow angular acceleration. With the omni wheels during 

Ethon robot’s motion 1-4° angular error causes a 3‰ ~1,5% position error and that 

corresponds to 15 cm error after 10 meters of driving. 15 cm position error can cause 

navigation problems (e.g. in the case of a room entrance). A similar problem occurs in 

the case of differential platforms, which have wheels with wider contact surfaces. 

The odometry errors were measured with different robots, in measurement 

experiments, which estimated the real position with better accuracy by using sensor 

fusion with optical flow position measurements based on ADNS9500 sensors, similar to 

the ones in [63], [64] and with the distributed camera vision system of the 

Mechatronics, Optics and Mechnical Engineering Informatics Department of the 

Budapest University of Technology and Economics [65]. The optical flow based 

measurement system is detailed in section 4.2.3.2 of this document. The odometry error 

increase was obtained by getting the absolute value of the first derivative of the 

odometry error. The next three figures show an example of the described issue. Figure 

3.16 shows the desired (continuous line) and the actual (dotted line) path. Figure 3.17 

shows the absolute value of the differentiated position error. Figure 3.18 shows the 

absolute value of the orientation (black line) and its absolute error (grey). 
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Figure 3.16 Plot of the desired (continuous line) and the actual (dotted line) robot position 

 

Figure 3.17 Plot of the absolute differentiated position error 
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Figure 3.18 Plot of the absolute orientation (black) and its differentiated error (grey) 
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4 Contribution of knowledge 

The following sections describe the suggested solutions for the issues that were 

detailed, including sensor fusion and cost functions for behavior modeling. All sections 

include subsections to provide detailed description and simulation or experimental 

results of the research. Detailed conclusion describes the four thesis, the open issues and 

possibilities of further developments. 

4.1 New approach 

To achieve better motion control the path planning, the low level motion control, 

the feedback approaches and the path evaluation methods should be deeply investigated 

in a new perspective. In case of path planning not only the robot should be able to 

perform the motion on the path but the behavior model should also consider the robot 

abilities in more details to bring the new perspectives into the existing solutions. The 

position and orientation feedback method should be also solved with less calculation 

throughput and material costs (like [66]) but with the consideration of all possible 

physical units could be measured during robot motion. 

4.2 Sensor fusion 

As it was described above in Section 3.1 mobile robots can be controlled without 

position and orientation feedback of the robot body in reference coordinates. In this case 

only the servo amplifiers have their own angular position feedback during motion and 

the references of the wheels can be calculated by the equations of the inverse kinematics. 

For a mobile robot with differential drive, this method usually provided an appropriate 

indoor localization for short driving but in case of mobile robot drives, where the 

wheels or tracks slip on the ground more sophisticated control methods are required. To 

solve the problems of the robot localization three types of measurement methods were 

implemented and investigated on the robot: 
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- 3/3/326 (3 axis magnetometer, 3 axis gyroscope, 3 axis accelerometer) sensor 

(similarly to [67]), ADNS950027 

- optical flow (computer mouse application) sensors, 

- inverse geometry. (See Figure 4.1.)  

Sensor plausibility values were calculated for each of the sensors to estimate the 

robot position and orientation with better usage of the data available. The goal is to 

provide a low cost [68] easy to implement position and orientation feedback method 

where the behavior model can be considered and the system can be mounted and 

used on any type of indoor mobile robots only with tuning of couple robot related 

parameters. 

 

Figure 4.1 Block diagram of the sensor fusion method 

4.2.1 New approach 

During mobile robot motion the robot localization is a challenging problem 

especially in case of low cost service robots without high calculation throughput. In my 

research the main focus is to redesign and improve the indoor localization method for 

Ethon (and any indoor mobile robots), take into consideration all available physical 

                                                

 

26 http://www.phidgets.com/products.php?product_id=1042 Last view: 2017.04.10. 

27 http://www1.futureelectronics.com/doc/AVAGO%20TECHNOLOGIES/ADNS-9500.pdf Last 

view: 2017.04.10. 

http://www.phidgets.com/products.php?product_id=1042
http://www1.futureelectronics.com/doc/AVAGO%20TECHNOLOGIES/ADNS-9500.pdf


41 

 

units related to robot motion and make it simple enough for embedded system based 

implementation and behavior modelling. As it was mentioned above there is a relation 

between bio sensing and the behavior of an entity what should be considered in etho-

robotics especially at the implementation of the software layer between the robot 

sensors and behavior modeling. 

4.2.2 Bio-sensing background and inspiration 

This section provides a short summary of bio-sensing and a detailed description 

of its aspects in my etho-robotics research including the inspiration of the sensor fusion 

method proposed in the next section. 

As in introduction of this section please read part of the Sensory Biology 

Around the Animal Kingdom article from The Scientist here: “Growing up, we learn 

that there are five senses: sight, smell, touch, taste, and hearing. For the past five years, 

The Scientist has taken deep dives into each of those senses, explorations that revealed 

diverse mechanisms of perception and the impressive range of these senses in humans 

and diverse other animals. But as any biologist knows, there are more than just five 

senses, and it’s difficult to put a number on how many others there are. Humans’ 

vestibular sense, for example, detects gravity and balance through special organs in the 

bony labyrinth of the inner ear. Receptors in our muscles and joints inform our sense of 

body position.”28 

Engineers have their inspiration for sensory systems from their technical (or their 

limited biological) knowledge but after reading the lines above we should think further 

and look into other fields of science. In the Sensory Biology Around the Animal 

Kingdom article and . [17], [18], [19] references the following senses are detailed 

- Detecting gravity and motion 

- Feeling the flow 

- Magnetoreception 

- Thermoreception 

                                                

 

28  http://www.the-scientist.com/?articles.view/articleNo/46824/title/Sensory-Biology-Around-

the-Animal-Kingdom/ Last view: 2017.04.17. 

http://www.the-scientist.com/?articles.view/articleNo/46824/title/Sensory-Biology-Around-the-Animal-Kingdom/
http://www.the-scientist.com/?articles.view/articleNo/46824/title/Sensory-Biology-Around-the-Animal-Kingdom/


42 

 

- Electroreception 

Since the list of biological senses and engineering sensors are very long and keeps 

expanding my researched was focused on the sensory system instead to make sure we 

can use all the sensors and the data in a new perspective. Reviewing the references and 

the bio-senses mentioned above I found important aspects of bio-sensing that should be 

considered in etho-robotic solutions. 

 Bio-sensing and animal behavior have a strong relation and effects on each other at 

several cases as The Scientist describes at the Sensory Biology Around the Animal 

Kingdom summary, where all of the following citations can be found. However there 

are still several open questions in biology the connection between sensors and behavior 

modeling is an interesting approach. 

“Despite more than 100 years of research on the lateral line, however, many 

questions remain about its structure and function, how the sense relays information to 

the nervous system, and how it affects fish behavior.”  

“Richard Holland, now of Bangor University, U.K., and colleagues showed in the 

mid-2000s that experimentally shifting the Earth’s magnetic field altered homing 

behavior in Eptesicus fuscus bats” [69] 

“The number of taxa that are now effectively known to detect weak electric fields is 

increasing,” says Shaun Collin of the University of Western Australia, “although some 

of these we don’t know very much about yet, and for some we only have evidence of a 

behavioral response.” 

 Another important aspect is that some of the senses are used differently depending 

on the environment, the scenario or the internal states of the entity and some of the 

senses are only used for food gathering or social communication. 

“Some animals use their magnetic sense for long-distance navigation, some for 

magnetic alignment or orientation, and some animals may have the capability to sense 

the magnetic field but do nothing.” 

“First formally described in the middle of the last century in weakly electric fish 

electroreception operates most effectively over less than half a meter in water—a more 

conductive medium than air. The sense is most frequently employed by aquatic or semi-

aquatic animals to find prey in environments where other senses are less reliable—in 

murky or turbid water, for example, or where food can bury itself in sediment. Such 
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“electrolocation” is usually passive, relying on bioelectric fields generated by the 

nerves and muscles of other animals, but some species, such as knifefish, measure 

distortions in electric fields that they themselves generate.” [17] 

“In 2013, research from Daniel Robert’s group at the University of Bristol showed 

that bumblebees are capable of detecting the weak electric fields generated by flowers, 

and use this information to discriminate between food sources of differing quality. And 

earlier this year, the same researchers identified bees’ electrosensors as tiny hairs that 

move in the presence of electric fields . “Electroreception provides another source of 

information,” says Robert, who suspects that a flower’s electric field may indicate to 

bees when nectar and pollen are available.” [18], [19] 

“Researchers have also documented other functions of electroreception. 

“Especially in the stingray family, it is used in social communication,” says Collin. The 

opposite sex can use it to assess whether there’s a potential for mating, and 

discriminate that opportunity from something that could turn into predation.” 

After reading all the references above my general conclusion is that the sensory 

system should be able to include any sensors in a standard data format with different 

plausibility values but not necessary use them in every scenarios. The behavior model 

should be able to have an effect on the data fusion and access the sensor data and the 

plausibility. Since the scenario and the behavior are continuously changing the sensor 

fusion model cannot be constant and should also change and follow the requirements of 

the behavior model. 

4.2.3 Description of the sensor fusion method 

4.2.3.1 Gyroscope, accelerometer and magneto sensor 

As it was mentioned above, the odometry calculated from equations of the direct 

geometry in some cases accumulated 30% orientation error but only 8% position error. 

PhidgetSpatial Precision 3/3/329 and UM7 3/3/330 sensors were used to compensate the 

                                                

 

29 http://www.phidgets.com/products.php?product_id=1044 Last view: 2017.04.18. 

30 http://www.chrobotics.com/shop/um7-lt-orientation-sensor Last view: 2017.04.18. 

http://www.phidgets.com/products.php?product_id=1044
http://www.chrobotics.com/shop/um7-lt-orientation-sensor
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orientation problems, which is a 9 axis measurement card (with a 3 axis accelerometer, 

a 3 axis gyroscope and a 3 axis magnetometer) [70]. For these sensors several open 

source implementations exist and on Ethon, we used um7_driver ROS package31. UM7 

sensor has an internal sensor fusion for calculating the orientation and provides data as 

shown on Figure 4.2. Its sensor fusion calculates pitch and roll values both from 

accelerometer and gyroscope, filters them and use for tilt compensation of the yaw 

calculation like in [71] (further details can be read in this reference), where roll, pitch 

and yaw are the aircraft principle axes32. The measurement card and the implemented 

method could provide 0.01 radian resolution, which means only 0.16% angular position 

error. 

 

Figure 4.2 UM7 3/3/3 sensor data33 

                                                

 

31 http://wiki.ros.org/um7 Last view: 2017.04.18. 

32 https://ieeexplore.ieee.org/iel5/7/4104338/04104344.pdf Last view: 2017.04.18. 

33 https://www.pololu.com/product/1255 Last view: 2017.04.18. 

http://wiki.ros.org/um7
https://ieeexplore.ieee.org/iel5/7/4104338/04104344.pdf
https://www.pololu.com/product/1255
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4.2.3.2 Optical flow 

For the optical flow method we used ADNS9500 gaming mouse sensors, which 

can measure motion in two directions from 5-10 mm above the ground. It is important 

to mention that different floor surface reflection and roughness influence the 

measurement and for this reason the ADNS9500 sensor measures the surface quality 

during motion, which can be read from SQUAL sensor register, where the maximal 

register value is 169. A white paper sheet (70# Uncoated Text) can reach around 40 and 

the register value is nearly equal to zero when there is no surface below the sensor. The 

value of the SQUAL register was used during the calculation of the optical flow sensor 

plausibility which is a new approach related to the existing optical flow methods like 

[63] or [72] and can be read in details at Section 4.2.3.3. 

The robot has 3 DoFs so the system requires two sensors to be able to measure 

both the robot position and orientation [73] at the same time, since those are 

independent parameters in case of holonomic motion. Between the sensors and the 

embedded system we implemented SPI (serial peripheral interface) communication. The 

position and the orientation of the sensors in robot coordinate system can be described 

with the following parameters: 𝑥𝐴, 𝑦𝐴, 𝑧𝐴, 𝑟𝐴0, 𝜑𝐴0 and 𝑥𝐵, 𝑦𝐵, 𝑧𝐵, 𝑟𝐵0, 𝜑𝐵0  as Figure 4.3, 

where 𝑟𝐴0, 𝜑𝐴0 and 𝑟𝐵0, 𝜑𝐵0 are constants. From the optical flow sensors I used only raw 

data without any ergonomics functions, like mouse acceleration which is usually 

implemented in computer peripheries. The measurement is synchronized between the 

sensors in the embedded system and the software updates the absolute 𝑥𝐴, 𝑦𝐴, 𝑥𝐵, 𝑦𝐵 and 

the Δ𝑥𝐴, Δ𝑦𝐴, Δ𝑥𝐵, Δ𝑦𝐵  values in discrete time steps so the equations and the 

implementation of the inverse kinematics [73], [74] are based on these values. See 

Figure 4.3 for reference. 



46 

 

 

Figure 4.3 Optical flow sensors, sensor, robot and world coordinate systems  

The Δ𝑥𝐴, Δ𝑦𝐴, Δ𝑥𝐵, Δ𝑦𝐵  parameters of the measurement can be described as 

(4.1)- (4.4). 

 𝑑𝑥𝐴 = 𝑑𝑥𝑤 c(𝜑𝐴0 + 𝜑) + 𝑑𝑦𝑤 s(𝜑𝐴0 + 𝜑) + 𝑑𝜑(𝑥𝐴0 s 𝜑𝐴0 − 𝑦𝐴0 c 𝜑𝐴0) (4.1) 

𝑑𝑦𝐴 = −𝑑𝑥𝑤 𝑠(𝜑𝐴0 + 𝜑) + 𝑑𝑦𝑤 𝑐(𝜑𝐴0 + 𝜑) + 𝑑𝜑(𝑥𝐴0 𝑐 𝜑𝐴0 + 𝑦𝐴0 𝑠 𝜑𝐴0)(4.2) 

𝑑𝑥𝐵 = 𝑑𝑥𝑤 𝑐(𝜑𝐵0 + 𝜑) + 𝑑𝑦𝑤 𝑠(𝜑𝐵0 + 𝜑) + 𝑑𝜑(𝑥𝐵0 𝑠 𝜑𝐵0 − 𝑦𝐵0 𝑐 𝜑𝐵0)(4.3) 

𝑑𝑦𝐵 = −𝑑𝑥𝑤 𝑠(𝜑𝐵0 + 𝜑) + 𝑑𝑦𝑤 𝑐(𝜑𝐵0 + 𝜑) + 𝑑𝜑(𝑥𝐵0 𝑐 𝜑𝐵0 + 𝑦𝐴0 𝑠 𝜑𝐵0) (4.4) 

Equations (4.1)-(4.4) can be described as (4.5). 

 

[
 
 
 
𝑐(𝜑𝐴0 +𝜑) 𝑠(𝜑𝐴0 + 𝜑) 𝑥𝐴0 𝑠 𝜑𝐴0 − 𝑦𝐴0 𝑐 𝜑𝐴0
−𝑠(𝜑𝐴0 + 𝜑) 𝑐(𝜑𝐴0 + 𝜑) 𝑥𝐴0 𝑐 𝜑𝐴0 + 𝑦𝐴0 𝑠 𝜑𝐴0
𝑐(𝜑𝐵0 + 𝜑) 𝑠(𝜑𝐵0 + 𝜑) 𝑥𝐵0 𝑠 𝜑𝐵0 − 𝑦𝐵0 𝑐 𝜑𝐵0
−𝑠(𝜑𝐵0 + 𝜑) 𝑐(𝜑𝐵0 + 𝜑) 𝑥𝐵0 𝑐 𝜑𝐵0 + 𝑦𝐴0 𝑠 𝜑𝐵0]

 
 
 

[

𝑑𝑥𝑤
𝑑𝑦𝑤
𝑑𝜑
] = [

𝑑𝑥𝐴
𝑑𝑦𝐴
𝑑𝑥𝐵
𝑑𝑦𝐵

]  (4.5) 
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In this case we measure a 3 DoFs system with four parameters, which are not 

independent and one parameter can be calculated from the others to implement data 

correlation. The fourth parameter can be expressed from the others generally as (4.6) 

and (4.7). 

 𝑨 = [
𝑥𝐴0 − 𝑥𝐵0
𝑦𝐴0 − 𝑦𝐵0

] (4.6) 

 𝑦𝐵 =
𝑥𝐴[𝑐 𝜑𝐴0 𝑠 𝜑𝐴0]𝐴

[− 𝑠𝜑𝐵0 𝑐 𝜑𝐵0]𝐴
+
𝑦𝐴[−𝑠 𝜑𝐴0 𝑐 𝜑𝐴0]𝐴−𝑥𝐵[𝑐 𝜑𝐵0 𝑠 𝜑𝐵0]𝐴

[− 𝑠𝜑𝐵0 𝑐 𝜑𝐵0]𝐴
 (4.7) 

In our special case points A and B lie in 𝑟𝐴 radius with 120° orientation, where 

𝑥𝐴, 𝑥𝐵 in the line of the radius and 𝑦𝐴, 𝑦𝐵 are perpendicular to the radius. With these 

conditions 𝑦𝐵 can be expressed as (4.8) and (4.9). 

 𝑦𝐵 =
−
1

2
𝑥𝐴+

√3

2
𝑦𝐴+

1

2
𝑥𝐵

−
√3

2

 (4.8) 

 𝑦𝐵 =
1

√3
(𝑥𝐴 − 𝑥𝐵) − 𝑦𝐴 (4.9) 

With 𝑟𝐴0, 𝜑𝐴0, 𝑟𝐵0, 𝜑𝐵0   constant parameters (4.5) can be expressed as (4.10). 

During the implementation of the system on different robots other simplifications can 

be made in  (4.5) according to the actual position and orientation of the optical flow 

sensors in the robot coordinate system.  

 [

𝑑𝑥𝐴
𝑑𝑦𝐴
𝑑𝑥𝐵
𝑑𝑦𝐵

] =

[
 
 
 
 
 
 𝑐 (𝜑 +

𝜋

3
) 𝑠 (𝜑 +

𝜋

3
) −𝑟0

−𝑠 (𝜑 +
𝜋

3
) 𝑐 (𝜑 +

𝜋

3
) 0

𝑐 (𝜑 +
5𝜋

3
) 𝑠 (𝜑 +

5𝜋

3
) −𝑟0

−𝑠 (𝜑 +
5𝜋

3
) 𝑐 (𝜑 +

5𝜋

3
) 0 ]

 
 
 
 
 
 

[

𝑑𝑥𝑤
𝑑𝑦𝑤
𝑑𝜑
] (4.10) 

The pseudo inverse of (4.10) gives the solution for the Jacobian matrix of the 

system as (4.11). 
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 [

𝑑𝑥𝑤
𝑑𝑦𝑤
𝑑𝜑
] =

[
 
 
 
 −

√3𝑠𝜑

4
−
4√3𝑐𝜑+3𝑠𝜑

12

√3𝑠𝜑

4

4√3𝑐𝜑−3𝑠𝜑

12

√3𝑐𝜑

4

3𝑐𝜑−4√3𝑠𝜑

12
−
√3𝑐𝜑

4

3𝑐𝜑+4√3𝑠𝜑

12

−
1

2𝑟0
−
√3

6𝑟0
−

1

2𝑟0

√3

6𝑟0 ]
 
 
 
 

[

𝑑𝑥𝐴
𝑑𝑦𝐴
𝑑𝑥𝐵
𝑑𝑦𝐵

] (4.11) 

The Jacobian matrix can be separated for a rotational matrix around axis z and a 

transformational matrix on the x-y plane as (4.12). 

 𝑱 = [
𝑐𝜑 −𝑠𝜑 0
𝑠𝜑 𝑐𝜑 0
0 0 1

]

[
 
 
 
 0 −

1

√3
0

1

√3

√3

4

1

4

√3

4

1

4

−
1

2𝑟0
−
√3

6𝑟0
−

1

2𝑟0

√3

6𝑟0]
 
 
 
 

 (4.12) 

Equation (4.12) can be expressed in complex form as (4.13). 

 [
𝑑𝑥𝑤 + 𝑖𝑑𝑦𝑤

𝑑𝜑
] = [𝑒

𝑖𝜑 0
0 1

] [
𝑖
√3

4
−

1

√3
+ 𝑖

1

4
𝑖
√3

4

1

√3
+ 𝑖

1

4

−
1

2𝑟0
−
√3

6𝑟0
−

1

2𝑟0

√3

6𝑟0

] [

𝑑𝑥𝐴
𝑑𝑦𝐴
𝑑𝑥𝐵
𝑑𝑦𝐵

]  (4.13) 

From (4.13) the following conclusions can be made: 

- 𝜑 (robot orientation) is independent from the length of the path and can be 

expressed from the actual values of the optical flow sensors 

- to express 𝑥, 𝑦 values (robot position) first the calculation of 𝜑 is needed 

Simplifying  (4.13) with the value of 𝑦𝐵 we can describe the equation as (4.14).  

 [
𝑑𝑥𝑤 + 𝑖𝑑𝑦𝑤

𝑑𝜑
] = [𝑒

−𝑖
𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0 0
0 1

] [

1+𝑖√3

3
−

2

√3
−
1+𝑖√3

3

−
1

3𝑟0
−
√3

3𝑟0
−

2

3𝑟0

] [

𝑑𝑥𝐴
𝑑𝑦𝐴
𝑑𝑥𝐵

] (4.14) 

From (4.14) 𝑦𝑤  (the y coordinate of the robot position) can be expressed as 

(4.15), 𝑥𝑤 (the x coordinate of the robot position) can be expressed as (4.16) and 𝜑 (the 

orientation of the robot) can be expressed as (4.17). 

𝑥𝑤 = ∫ ((
�̇�𝐴

3
−
2�̇�𝐴

√3
−
�̇�𝐵

3
) 𝑐 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
) +

√3

3
(�̇�𝐴 − �̇�𝐵) 𝑠 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
))

𝑡

0
𝑑𝑡 (4.15) 
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𝑦𝑤 = ∫ (
√3

3
(�̇�𝐴 − �̇�𝐵) 𝑐 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
) − (

�̇�𝐴

3
−
2�̇�𝐴

√3
−
�̇�𝐵

3
) 𝑠 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
))

𝑡

0
𝑑𝑡 (4.16) 

 𝜑 = −
𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
 (4.17) 

With (4.15), (4.16) and (4.17) the homogenous transformational matrix of the 

system can be expressed as (4.18).  

 𝑯 = [

𝑐𝜑 −𝑠𝜑 0 𝑥𝑤
𝑠𝜑 𝑐𝜑 0 𝑦𝑤
0 0 1 0
0 0 0 1

] (4.18) 

For the validation of the equations of the optical flow embedded system we used 

our open source real-time Linux (and LinuxCNC) based robot controller which was 

mentioned in Section 3.2.2.2 and in [P2], [P3], [P4], [P8], [P9], [P10]. During the 

measurements a SEIKO D-Tran 4400 SC SCARA34 robot moved the sensor system in 3 

DoFs (𝑥, 𝑦, 𝜑). The accuracy of the robot is higher with a magnitude than the accuracy 

of the optical flow system. In case of this robotized validation measurement, the 

position and the orientation can be modified accurately and the measurement is 

repeatable. See Figure 4.4 and Figure 4.5 for reference. Refocusing the sensors the 

method can be improved [14], [75]. 

                                                

 

34 http://www.mogi.bme.hu/TAMOP/robotalkalmazasok/ch11.html Last view: 2017.04.10. 

http://www.mogi.bme.hu/TAMOP/robotalkalmazasok/ch11.html
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Figure 4.4 3D model of the SCARA measurement 

 

 

Figure 4.5 SCARA measurement setup 
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The first measurements were made with constant orientation at each points in 

order to simulate holonomic movement. The grey line on Figure 4.6 was the path of the 

robot, which was plotted from G-code and the dotted black line was measured with the 

optical flow system. The difference between the lines (the position error) is acceptable 

(less than 10 mm). 

 

Figure 4.6 SCARA measurement with constant orientation 

During second measurement the orientation was always perpendicular to the 

direction of motion (like the motion of a mobile robot with differential drive). The grey 

line represents the path of the robot (plotted from the G-code) and the black dotted line 

represents the path, which was measured by the optical flow sensors on Figure 4.7. In 

this case the error is also acceptable (less than 10 mm). The optical flow system 

measures the motion of its own center point and it could not be fixed to the tool center 

point (TCP) of the SCARA robot with less than 2-3 mm offset. This offset caused about 

5 mm error at the change of the orientation on the edges of the rectangle, because in this 

case the TCP of the optical flow moved on an arc. See Figure 4.8 for reference. 
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Figure 4.7 Measurements perpendicular orientation 

 

Figure 4.8 Measurement result at the corner with the offset problem 

4.2.3.3 Sensor plausibility and sensor fusion 

The motion of the robot was measured with three different methods (odometry, 

3/3/3 sensor and optical flow) as it was described above. The proposed methods and the 

sensor fusion were implemented in an embedded system to give position and orientation 
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feedback for the robot, where the plausibility values of the sensors were used in the 

sensor fusion method which can be continuously adjusted by the behavior model. 

The block diagram of the implementation can be seen at Figure 4.9, where the 

odometry fusion block has the equations of the sensor fusion (so as the equations of the 

recursive filters). 

 

Figure 4.9 Block diagram of the sensor fusion method 

The mobile robot can be controlled like many industrial machines like CNC-s, 

milling machines and manipulators, where the path planning method calculates the 

references for the servo amplifiers and there is no feedback for the central controller. In 

this configuration in case of any fault in a joint the servo amplifier generates an error 

signal and the central controller disables the whole machine. The designed embedded 

system is synchronized with the real-time motion controller, closes the control loop of 

the robot and provides position and angular position feedback for the system. The 

motion control and the position feedback runs at 1 kHz cycle time so the time constant 

of the controller is magnitudes lower than the mechanical time constant. The �̂�𝜌, �̂�𝜌, �̂�𝜌 

(position and orientation from odometry) and 𝜉  (plausibility) values of the inverse 

kinematics module can be calculated on this 1 kHz frequency, where  𝜉 is an estimated 

plausibility parameter, which comes from the unexpected events of the motion like 

follow error, motor current, wheel accelerations (�̈�1, �̈�2, �̈�3). All the methods (inverse 

kinematics, 3/3/3 sensor, optical flow) have their own plausibility and those are based 



54 

 

on different parameters that can be measured easily. One orientation parameter comes 

from the 3/3/3 sensor, which was used with constant plausibility in this scenario since 

the magnetometer has an absolute measurement value (except special cases with 

magneto interferences). The value of  𝜉 and  ℎ̂  (plausibility of the optical flow sensors) 

were defined and validated during measurements and the values are continuous on [0, 1] 

interval. For example in ideal circumstances the plausibility of all the methods would be 

equal to one. In line with the fusion of the estimated values, different special rules can 

be defined to handle unexpected circumstances like wheel scraping, magnetometer 

problems near electrical machines in buildings, dirty optical flow sensors, floor surfaces 

with bad reflection and surface roughness parameters, etc. [76] 

During the plausibility based fusion of the estimated values another problem 

came from the different time constants of the 3/3/3 sensor, the optical flow feedback 

loops and the motion control loop. The optical flow sensors and the 3/3/3 sensors data 

registers are read at 50Hz sampling rate but the kinematics (and the inverse geometry) 

runs at 1 kHz. According to the different time constants 3/3/3 sensor and optical flow 

method have recursive filters to avoid sudden transitions in the real-time position 

feedback loop. The input of the recursive filter is the estimated position and orientation 

(�̂�, �̂�, �̂�) (also output of the sensor fusion), and the output is the position and orientation 

feedback of the whole navigation system (�̃�, �̃�, �̃�). Further details of the recursive filters 

can be read at the end of this section. From the 50 Hz cycle time of the 3/3/3 sensor the 

time constant of the filter is 20 ms, which is acceptable according to the mechanical 

time constant of the robot with approximately 40 kg mass. The estimated parameters of 

the robot odometry (�̂�, �̂�, �̂�) can be expressed with the plausibility and sensor data of 

each systems through different sensor fusion methods like a fuzzy styled ethology 

inspired model [77] or a simple weighted average as (4.19)-(4.21).  

 𝑥 =
�̂�𝜌�̂�+�̂�𝜎ℎ̂

�̂�+ℎ̂
  (4.19) 

 �̂� =
�̂�𝜌�̂�+�̂�𝜎ℎ̂

�̂�+ℎ̂
  (4.20) 

 �̂� =
�̂�𝜌�̂�+�̂�𝜍1+�̂�𝜎ℎ̂

�̂�+1+ℎ̂
 (4.21) 
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As it was described in details at Section 4.2.2 the sensor fusion system should be able to 

work with the behavior model and be extendable for further navigation sensors (e.g. 

GPS, sonar, etc.). I propose 𝛱𝑛as a modified sensor plausibility of the nth sensor and use 

its value in the sensor fusion instead of the original value marked with �̂�𝑛. This way the 

behavior model can access the sensor data and the plausibility but can also change the 

weights of the calculation and give the modified value back to the engineering system. 

The behavior model can trust in a sensor data and set its plausibility equal to 1 or does 

not even take into consideration the output of it and set the plausibility to 0 or anything 

in between 0 and 1. It will let the behavior model drive the values of the sensor fusion 

based on an engineering approach and interact with the embedded system. The 𝛱𝑛 

modified plausibility can be defined with different fuzzy rules of the behavior model 

using (4.22) and can get the values as (4.30). 

 𝛱𝑛 = {
0

�̂�𝑛𝛽𝑛
1

𝑖𝑓
𝑖𝑓
𝑖𝑓

𝑟𝑢𝑙𝑒1
𝑟𝑢𝑙𝑒2 𝑤ℎ𝑒𝑟𝑒 𝛽𝑛 = 𝑟𝑢𝑙𝑒4 ∧ 

𝑟𝑢𝑙𝑒3

(�̂�𝑛𝛽ℎ) ∈ ]0,1[ (4.22) 

 𝛱𝑛 = 0 ∨ (�̂�𝑛𝛽𝑛) ∨ 1 (4.23) 

where 𝛱𝑛is the modified plausibility, 𝛽𝑛 is the weight parameter from the internal state 

of the behavior model, 𝛱𝑛 ∈ [0,1],  and (�̂�𝑛𝛽𝑛) ∈ ]0,1[ 

Looking at an example the modified plausibility of the optical flow sensor can get 

values according to (4.24). 

 ℎ̅ = 0 ∨ (ℎ̂𝛽ℎ) ∨ 1 (4.24) 

where ℎ̅ ∈ [0,1], (ℎ̂𝛽ℎ) ∈ ]0,1[ and it can be defined for example as (4.25). 

 ℎ̅ = {
0
ℎ̂𝛽ℎ
1

𝑖𝑓
𝑖𝑓
𝑖𝑓

ℎ̂ < 0,2

0,2 ≤ ℎ̂ ≤ 0,8 𝑤ℎ𝑒𝑟𝑒 𝛽ℎ = 1 ∧ 

ℎ̂ > 0,8

(ℎ̂𝛽ℎ) ∈ ]0,1[ (4.25) 

Using the definitions above the sensor fusion itself can be extended and generally 

defined in many common, well known ways like using the same weighted average 

example as (4.26)-(4.28). It is suggested to stick to the weighted average solution to 

make the data fusion simple and let the behavior model drive the output of the system. 
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 𝑥 =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

 (4.26) 

 �̂� =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

  (4.27) 

 �̂� =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

 (4.28) 

The plausibility of the robot odometry (𝜉) can be tuned with experimental results 

and can be dependent from different motion related parameters as equation (4.29).  

 𝜉(𝑘1
∆𝑡𝑐𝑜𝑛𝑡

∆𝑖1
2+∆𝑖2

2+∆𝑖3
2 , 𝑘2

∆𝑡𝑐𝑜𝑛𝑡

�̈�1
2+�̈�2

2+�̈�3
2 , … ) (4.29) 

where 𝑘1 and 𝑘2 are constant parameters to optimize the function, ∆𝑖1…3 are the motor 

currents, �̈�1…3 are the angular accelerations of the wheels and ∆𝑡𝑐𝑜𝑛𝑡  is the motion 

control time period. With a fine tuning these methods could filter most of the 

unexpected dynamical events like wheel slipping. During the experiments, the odometry 

plausibility was calculated from the change of the motor currents. 

The value of the SQUAL register was used during the calculation of the optical 

flow sensor plausibility (combined with the sensor height) which is a new approach 

related to the existing optical flow methods like [63] or [72]. Both the sensor height and 

the surface quality (SQUAL) have effects on the plausibility of the data, which means 

that the plausibility equations has to include each at the same time (as a multiplication 

since their values are >1). The plausibility of the robot optical flow sensor (ℎ̂) can be 

expressed as equation (4.30). 

 ℎ̂ = 𝑘
1

ℎ1
2+ℎ2

2 ∙
0.5(𝑆𝑄𝑈𝐴𝐿_𝐴+𝑆𝑄𝑈𝐴𝐿_𝐵)

40
 (4.30) 

where 𝑘 is a constant to optimize the function, 𝑆𝑄𝑈𝐴𝐿 is the surface register of the sensor, 

40 is the reference value of the 𝑆𝑄𝑈𝐴𝐿 A and B are the registers in case of white paper 

sheet (70# Uncoated Text), ℎ1  and ℎ2  are the distances between the sensors and the 

ground plane (surface). According to the sensor datasheet, it measures from 3.4 mm 

without any problems but during the experiments we could use the sensors even around 

10 mm distance. For the experimental results 𝑘 = 200 was used. For example in case of 

a 10 mm distance at each sensors and the 𝑆𝑄𝑈𝐴𝐿  register is 100 and the odometry 
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measurement still works so ℎ̂ = 1. Over 10 mm and 𝑆𝑄𝑈𝐴𝐿 < 40 the result can be ℎ̂ ≪

1. 

As it was mentioned above the robot odometry and the sensor fusion ran on 

different frequencies so during position and orientation update recursive filters were 

used to avoid sudden transitions in the feedback loop. Single pole low pass recursive 

filters were used to smooth the edge of the step input (like electronics low pass RC 

filters). The basic algorithm of the filter is described in (4.31), where 𝑦𝑒 is an example 

output, 𝑥𝑒 is an example input, 𝑎 and 𝑏 are the coefficients of the filter. [78] 

 𝑦𝑒[𝑛] = 𝑎0𝑥𝑒[𝑛] + 𝑎1𝑥𝑒[𝑛 − 1] + 𝑎2𝑥𝑒[𝑛 − 2] + 𝑎3𝑥𝑒[𝑛 − 3] + ⋯ 

                                   +𝑏1𝑦𝑒[𝑛 − 1] + 𝑏2𝑦𝑒[𝑛 − 2] + 𝑏3𝑦𝑒[𝑛 − 3] + ⋯ (4.31) 

Using only two coefficients can result an acceptable and smooth output based on 

the input and the previous output of the filter. The filter with only two coefficients has 

small risk to oscillate and also easy to tune. For example in our system the recursive 

filter is part of the odometery fusion block in Figure 4.9 and can be described as (4.32)-

(4.34), 

 �̃�[𝑛] = 𝑎𝑥0�̂�[𝑛] + 𝑏𝑥1�̃�[𝑛 − 1] (4.32) 

 �̃�[𝑛] = 𝑎𝑦0�̂�[𝑛] + 𝑏𝑦1�̃�[𝑛 − 1] (4.33) 

 �̃�[𝑛] = 𝑎𝜑0�̂�[𝑛] + 𝑏𝜑1�̃�[𝑛 − 1] (4.34) 

where �̂�, �̂�, �̂� are the input of the filter (also output of the sensor fusion), �̃�, �̃�, �̃� are the 

output of the filter (also the navigation feedback of the system) and 

𝑎𝑥0, 𝑏𝑥1, 𝑎𝑦0, 𝑏𝑦1, 𝑎𝜑0, 𝑏𝜑1 < 1 are the filter coefficients. 

4.2.4 Simulation and experimental results 

To validate the sensor fusion concept some open loop tests were conducted on 

Ethon robot. In this case the sensor fusion measured the robot position and orientation 

during motion on a reference path. The grey lines on the graphs were measured by the 

sensor fusion, the points are the initial and the final points of the path which were 

measured by a motion capture system and the dotted black line is the path, which was 

performed for the robot motion (reference). 
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The most accurate measurement (start point and end point) of the robot position 

was made with the existing motion capture system of the Mechatronics, Optics and 

Mechanical Engineering Informatics Department of Budapest University of Technology 

and Economics. [65] The motion capture system could not calculate real-time the 

motion of the robot with the requested resolutions so we could use only the start and the 

end points of the motion. 

For the first test the orientation of the robot did not change during motion (see 

Figure 4.10 for reference). (∆𝜑𝑟𝑜𝑏𝑜𝑡(𝑡) = 0) In this case the position error was only 

around 20 millimeters at the end of the path (see Figure 4.11 for reference). 

For the second time the motion and the robot orientation were always parallel 

with the direction of the motion (see Figure 4.12 for reference). (∆𝜑𝑟𝑜𝑏𝑜𝑡(𝑡) ≠ 0)  In this 

case the error was around 220 millimeters at the end of the path (see Figure 4.13 for 

reference). 

The distance between the real end position and the expected end position of the 

robot showed the same results as the last values of the error plots, which can be 

compensated during path planning [72]. 

 

Figure 4.10 Open loop test in case of constant orientation The grey lines on the graphs were measured by 

the sensor fusion, the points are the initial and the final points of the path which were measured by a 

motion capture system and the dotted black line is the path, which was performed for the robot motion 

(reference). 
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Figure 4.11 Open loop test position error in case of constant orientation 

 

Figure 4.12 Open loop test in case of changing orientation The grey lines on the graphs were measured by 

the sensor fusion, the points are the initial and the final points of the path which were measured by a 

motion capture system and the dotted black line is the path, which was performed for the robot motion 

(reference). 
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Figure 4.13 Open loop test position error in case of changing orientation 

4.3 Cost functions 

During mobile robot path planning the path is usually optimized for distance or 

travel time so in case of multiple solutions we usually use the shortest route. 

Maneuvering with a mobile robot in a social environment such as an office or a 

shopping center the shortest route is not always the best decision to make since we have 

several other parameters from the behavior model to consider as we could read in 

Section 1.1. 

4.3.1 New approach 

As a new approach during my research I investigated mobile robot motion both 

from path planning and path evaluation point of views. In case multiple possible routes 

between the start and the goal positions of the motion are available further parameters 

like energy consumption or navigation error can also be investigated besides a time 

optimal solution. [79], [80] As it was mentioned above in Section 1.1 behavior 

modeling is an important part of the human robot interaction in service robotics and the 

engineering solutions should be able to directly work with it. [81] 
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4.3.2 Description of the cost functions approach 

For all of the routes generated by the path planner we can define cost functions 

of different physical parameters like energy consumption or navigation error. These cost 

functions can be in real units (absolute cost functions) or in dimensionless parameters 

(relative cost functions). Not only different routes or robots can be compared with this 

method but single solutions of different furniture or floor map arrangements before 

finishing the final layout of a building. The results of these comparisons can affect the 

furniture arrangement, the floor map, the location of the battery chargers, the location of 

the docking stations, the location of the navigation markers (or any other navigation 

supporting tools) we plan to use. In parallel to the static locations of different objects 

the behavior model of the robot should directly work with the path planner and the 

software layer between them does not exist in this etho-robotics approach. 

4.3.3 Energy consumption cost function 

The shortest path does not necessary mean the lowest energy consumption or the 

optimal route for the behavior model. As an example we can imagine a short path but 

with a lot of obstacles and turns which means accelerations and decelerations for the 

robot but instead of that going around on two straight lines with only one turn between 

the lines would result less accelerations, decelerations and it can easily result lower 

energy consumption because constant velocity requires less energy. The number of 

accelerations or decelerations is not the only parameter which defines the energy 

consumption. For example there are friction, rolling resistance, change of the path 

height (potential energy), gear efficiency etc. Using general cost functions to describe 

energy consumption would result a universal method for comparison of different robots 

and routes with a standardized outcome that can be used by a behavior model approach. 

(See Section 4.3.5 for further details). 

4.3.3.1 Detailed description 

Energy consumption is an important issue of mobile robotics and wheelchair 

transportation [40], [82] since it defines time op the operation and length of the driven 

distance. The energy consumption of the robot can be estimated from the motion path as 

during acceleration and angular acceleration the robot increases its translational and 

rotational motion energy. In our setup with Ethon robots during deceleration and 
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angular deceleration the robot decreased the energy of motion through motor braking. In 

the case of Ethon’s braking, the servo amplifiers changed the direction of the electrical 

current in the servo, and this means that a strong or abrupt braking action consumed the 

same amount of energy as acceleration and angular acceleration. The energy 

consumption approach described here is able to handle generator braking however we 

were not able to test it on Ethon. During generator braking the deceleration and angular 

deceleration will rotate the motors and the motors will generate power and charge the 

battery through the servo amplifiers which has an efficiency parameter (usually 

provided in the servo amplifier datasheet). In general the power loss constants listed 

below provided a good estimation for all losses in the system but the efficiency of the 

generator braking is an additional parameter of acceleration and deceleration which 

decreases the energy consumption. 

The detailed time function of the energy consumptions is expressed in (4.35),  

 𝛦(𝑡) =

{
 
 

 
 
�̇�(𝑡)𝜏�̇� + �̇�(𝑡)𝜏�̇� +𝑚𝑔∆ℎ(𝑡)

+𝜇𝑇
1

2
𝑚[�̇�(𝑡)]2 + 𝜇𝑅

1

2
𝛩[�̇�(𝑡)]2

 

ṡ(t)τṡ + φ̇(t)τφ̇ +𝑚𝑔∆ℎ(𝑡)

 
if �̇�, �̇� ≠ 0, �̈�, �̈� ≠ 0

if �̇�, �̇� ≠ 0, �̈�, �̈� = 0

 (4.35) 

 𝜇𝑇 = {
1 𝑖𝑓 �̈� ≥ 0 (𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑟 𝑛𝑜 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦) 
−𝜇 𝑖𝑓�̈� < 0 (𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑏𝑟𝑎𝑘𝑖𝑛𝑔)

 (4.36) 

 𝜇𝑅 = {
1 𝑖𝑓 �̈� ≥ 0 (𝑎𝑐𝑐𝑒𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑟 𝑛𝑜 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦) 
−𝜇 𝑖𝑓�̈� < 0 (𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑏𝑟𝑎𝑘𝑖𝑛𝑔)

 (4.37) 

where ∆ℎ(𝑡) is the time function of the height of the path, 𝜏�̇� and 𝜏�̇� are the linear and 

the angular power loss constants which include friction, rolling resistance, gear 

efficiency and other losses, 𝜇𝑇  is the coefficient of the generation braking from 

translational motion, 𝜇𝑅  is the coefficient of the generation braking from rotational 

motion. The power loss constants could be defined with measurements and data sheets, 

but in this case are used as parameters. Equation (4.36) and (4.37) describe 𝜇𝑇 and 𝜇𝑅 

where 𝜇 is the generator braking coefficient of the servo amplifiers. The total amount of 

energy consumption by following the path can be calculated from the sum of the energy 

consumption of all time intervals. During the path planning experiments we did not use 

ground plans with different heights, like wheelchair ramps (∆ℎ(𝑡) = 0), we did not use 
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generator braking and we have investigated the energy as a function of the path instead 

of a function of time. In this case the total amount of energy can be calculated as (4.38), 

 ∫ 𝐸(𝑡)
𝑡

= ∫ 𝐸(𝑠)
𝑠

 (4.38) 

where 𝛦(𝑠) is the path-related energy consumption function, which can be described as 

(4.39). 

 𝛦(𝑠) =

{
 
 

 
 

�̇�(𝑠)𝜏�̇� + �̇�(𝑠)𝜏�̇�

+
1

2
𝑚[�̇�(𝑠)]2 +

1

2
𝛩[�̇�(𝑠)]2

 

ṡ(s)τṡ + φ̇(s)τφ̇

 
if �̇�, �̇� ≠ 0, �̈�, �̈� ≠ 0

if �̇�, �̇� ≠ 0, �̈�, �̈� = 0

 (4.39) 

Having the linear motions and the accelerations / decelerations separated the equation 

provides more visibility and a better understanding of the cost function however this can 

be simplified as (4.40) 

 𝛦(𝑡) = �̇�(𝑡)𝜏�̇� + �̇�(𝑡)𝜏�̇� +𝑚𝑔∆ℎ(𝑡) + 𝜇𝑇
1

2
𝑚[�̇�(𝑡)]2 + 𝜇𝑅

1

2
𝛩[�̇�(𝑡)]2 (4.40) 

or without generator braking and without changing the potential energy we can also 

make it as function of path not time in ∑𝐸 = ∫ 𝐸(𝑠)
𝑠

 format as (4.41) 

 𝛦(𝑠) = �̇�(𝑠)𝜏�̇� + �̇�(𝑠)𝜏�̇� +
1

2
𝑚[�̇�(𝑠)]2 +

1

2
𝛩[�̇�(𝑠)]2 (4.41) 

As previously mentioned, in the experiments described in the experimental results 

section we have used Ethon robots, and we could make long-term linear motion and 

rotational motion battery tests. During the tests the robot with constant velocity could 

move 13% more with angular motion so the ratio of 𝜏�̇�  and 𝜏�̇�  can be described as 

(4.42), what is important at the experimental results section to get relative numbers of 

the different trials. Having the information of the battery capacity these numbers can be 

turned into real units easily. 

 
𝜏�̇�

𝜏�̇�
= 1,13  (4.42) 

4.3.4 Navigation error cost function 

As it was mentioned above during robot navigation mobile robots accumulate 

the orientation and position error but the path planner algorithms usually do not take 

into consideration the navigation capabilities of the robot platform and there is no 
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navigation error related feedback between the robot and the path planner. For each part 

of the path we can describe the state of motion with the velocity, the angular velocity, 

the acceleration and the angular acceleration of the robot. These different states of 

motion generate different navigation errors (since the motion of the wheels are not the 

same) and we can describe the relations between them with navigation error cost 

functions using measurements on benchmark trajectories (like separating rotation and 

translation motion into two different measurements). 

4.3.4.1 Detailed description 

The navigation error proposal in this document describes the motion states 

(acceleration, angular acceleration, velocity and angular velocity) along the path, to 

define the navigation error of the different motion states and to match the path and the 

navigation error together. Different motion states generated different amount of 

navigation errors like a simple example where rotational motion does not generate too 

much position error but does generate more orientation error. 

The proposed method does not estimate the position of the robot or an error field 

to the position like [83], [84] and has a different goal so it only provides a path 

evaluation process but this method has simpler functions with lower calculation 

requirements.  

Table 1 shows an example for a differential and a holonomic mobile robot at 

different motion states where the orientation and the position errors are relative 

navigation errors related to the travelled distance. The odometry errors were measured 

with more robots, used in an experimental system, which estimated the real position 

with better accuracy, using sensor fusion from distributed camera vision and optical 

flow position sensors [54], [63]. With the derivative of the absolute odometry error it is 

also possible to track the different sections of the path. At a significant change of the 

derivative the motion state of the robot is also changing. (Since different motion states 

are having different odometry errors as we can see in Table 1 and its derivative will 

show how it is changing.) 
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Table 1 Odometry error increase related to different motion states 

Robot Motion State Differential Holonomic 

Pos.  [%] 
Orient.  

[%] 

Pos.  

[%] 

Orient.  

[%] 

Translational acceleration and 

deceleration 

�̈� ≠ 0     �̇�, �̈� = 0 

0.85 1.1 

(of 360°) 

1.15 1.55 

(of 360°) 

Translational straight movement with 

constant velocity 

�̇� ≠ 0, �̈� = 0      �̇�, �̈� = 0 

0.14 0.3 

(of 360°) 

0.19 0.35 

(of 360°) 

Rotation in standstill position 

�̇�, �̈� = 0     �̇�, �̈� ≠ 0 

0.35 

(of wheel 

distance) 

0.7 0.45 

(of wheel 

distance) 

0.95 

Driving along a smooth curve with head 

front 

�̇�, �̈� ≠ 0     �̇�, �̈� ≠ 0 

0.2 0.4 0.25 0.45 

Curve path with orientation change 

(holonomic only) 

�̇�, �̈� ≠ 0     �̇�, �̈� ≠ 0 

n/a n/a 0.3 0.5 

As previously mentioned a mobile robot with differential drive has only 2 DOFs so it 

cannot change the position and the orientation at the same time so the curved path with 

orientation change data is not available in this case. The ratio of the orientation losses 

along different path sections of the holonomic platform can be seen on Figure 4.14. It is 

visible from the comparison on the graph that most of the errors occur during 

acceleration or deceleration states and during standstill turning. These numbers can be 
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compared with very similar ratios to the position errors of holonomic robot (or in case 

of differential drive robots as well). 

 

Figure 4.14  The proportion of orientation error increases along different motion states of the 

holonomic platform 

Since the navigation error is affected by different unknown and unpredictable 

parameters (like slippery floor) it is not possible to generate an accurate estimation of 

the final end position and orientation in this setup. The goal here is to provide a 

standardized method for the path planning process and the behavior model to be able to 

see the navigation error differences between two paths within a reasonable accuracy. As 

an example we can drive a holonomic robot on the same simple path two different 

ways: 

- Make half circle rotation first then drive along a straight path. 

- Drive along the straight path first then make half circle rotation. 

In case we do the rotation the first robot will start its translational motion with an 

orientation error so essentially the robot will drive itself to a wrong location (and will 

also collect some navigation error during the translational motion). 

In case we do the translational motion first the robot will start to drive without 

orientation error and will not obtain that much navigation error during the translational 

motion. This time the robot position will be closer to the goal position and the 
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orientation error will have about the same error as it would have with the first set of 

motion. 

Having the results of the navigation error benchmark measurements the navigation 

error can be estimated based on the path and Figure 4.15 using (4.43) 

 

Figure 4.15 Parameters of the navigation error cost function 

 휀𝑠 =
√𝜺𝟏,𝟒

2+𝜺𝟐,𝟒
2

𝑠
 (4.43) 

where the navigation error matrix can be described as (4.44) 

 𝜺 = [𝑻𝟏 ∙ 𝜺𝟏 ∙ ⋯ ∙ 𝑻𝒏 ∙ 𝜺𝒏] − [𝑻𝟏 ∙ ⋯ ∙ 𝑻𝒏] (4.44) 

where the first part is the estimated and the second part is the planned robot position and 

orientation. 𝜺𝑛 is a matrix to estimate the navigation error of the nth path section. 

𝜺𝑛 =

[
 
 
 
 1 0 0 휀𝑠𝑛𝑠𝑛 〈

𝒗𝒏

‖𝒗𝒏‖
, 𝒆𝒙〉

0 1 0 휀𝑠𝑛𝑠𝑛 〈
𝒗𝒏

‖𝒗𝒏‖
, 𝒆𝒚〉

0
0
0
0
1            0              
0            1              ]

 
 
 
 

[
 
 
 
cos(휀𝜑𝑛∆𝜑𝑛) 𝑠𝑖𝑛(휀𝜑𝑛∆𝜑𝑛) 0 0

−𝑠𝑖𝑛(휀𝜑𝑛∆𝜑𝑛) 𝑐𝑜𝑠(휀𝜑𝑛∆𝜑𝑛) 0 0

0
0

0
0

1 0
0 1]

 
 
 

 (4.45) 

𝒗𝒏 is the velocity vector of the robot at the end of the path section (𝒗𝒏 ≠ 𝟎), 𝒆𝒙 and 𝒆𝒚 

orthonormal base of the reference coordinate system, 휀𝑠𝑛 is the error coefficient of the 

path section given by the benchmark measurement, 𝑠𝑛 is the length of the path section, 

𝑻𝒏 is the transformation matrix between the start and the goal position of the path 

section. 
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𝑻𝒏 = [

1 0 0 (𝑥𝑛 − 𝑥𝑛−1)

0 1 0 (𝑦𝑛 − 𝑦𝑛−1)
0
0
0
0

1          0          
0          1          

] [

cos(𝜑𝑛−𝜑𝑛−1) 𝑠𝑖𝑛(𝜑𝑛−𝜑𝑛−1) 0 0
−𝑠𝑖𝑛(𝜑𝑛−𝜑𝑛−1) 𝑐𝑜𝑠(𝜑𝑛−𝜑𝑛−1) 0 0

0
0

0
0

1
0
0
1

]  (4.46) 

Equation (4.47) can describe the orientation related error 

 휀𝜑 =
𝜀𝜑1∙∆𝜑1+⋯+𝜀𝜑𝑛∙∆𝜑𝑛

∑∆𝜑
=
∑ 𝜀𝜑𝑛∙∆𝜑𝑛
𝑛
𝑖=1

∑ ∆𝜑𝑛
𝑛
𝑖=1

  (4.47) 

where 휀𝜑𝑛  is the orientation error coefficient of the path section coming from the 

benchmark measurement, ∆𝜑𝑛 is the total rotation of the robot along the path section. 

During holonomic motion the robot position and the robot orientation are 

independent parameters so the evaluation of the navigation error is more important at 

holonomic motion than at the non-holonomic one. Driving along the path (same set of 

position coordinates) the navigation error can be decreased with optimization of the 

orientation changes. 

4.3.5 Use cases of cost functions 

Cost functions are used to make decisions most commonly in economy but also 

applied in many other fields of science [85] or daily life and making the decisions we 

usually investigate the cost, the risk and the benefit of the case. The goal of the action or 

the decision is to make benefit while keeping the cost and the risk at a minimal level. In 

ethology goal functions are defined as functions that are maximized by an individual 

animal and fitness will be maximized in a given environment if an animal’s goal 

function equals the cost function. [21] “Fitness, according to Darwin, means the 

capacity to survive and reproduce.” [22] 

Looking at further biology related definitions we can see that cost function and 

goal function theories are applied in behavior modelling and also having their parallel 

concepts in economy and robotics. See Figure 4.16 and Figure 4.17 for reference. 



69 

 

 In general, the cost function “specifies the instantaneous level of risk incurred 

by (and reproductive benefit available to) an animal in a particular internal state, 

engaged in particular activity in a particular environment”35 

“The fields of behavioral ecology and animal behavior were revolutionized by 

the development of theories of optimization beginning in the late 1960s and 1970s, and 

the field of behavioral ecology is particularly reliant on an economic approach. Niko 

Tinbergen was the first animal behaviorist to illustrate the value of analyzing 

behavioral decisions based on tradeoffs between benefits and costs. He applied this 

concept to the removal of broken eggshells from the nest by black-headed gulls (Larus 

ridibundus; Tinbergen, 1953).” [20] 

                                                

 

35 McFarland 1977, p. 18 
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Figure 4.16 “Parallel concepts in economics and ethology. The names in parentheses are those 

of the important contributors (with the dates of their major works) to microeconomics and population 

biology. (After McFarland and Houston 1981.)” [21] 

In other approach we can focus on cost-benefit analysis of these theories like 

“Cost–benefit analysis as applied to animal behavior predicts that if a behavior is 

adaptive, the benefits of a behavior must exceed the costs of that behavior. 

Fundamentally, the benefits and costs relate to fitness, though currencies such as time 

and energy are often used as proxies of fitness.” [20] 
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Figure 4.17 “Parallel concepts in economics, ethology, and robotics.” [21] 

There are simple risk taking behavior examples like distance of the animal from 

the group, distance of the animal from the edge of the group or food taking actions. 

These theories are applied not only for individual animals but for animal groups as well, 

where group size has its optimal value and swarm intelligence should be also considered. 

[86], [87] 

 

Figure 4.18 “A simple cost–benefit analysis of group size. The energy costs (effort) versus the 

energy benefits (intake) for a hypothetical species at varying group sizes. The maximum difference 

between benefit and cost, where the benefit is greatest is at a group size of 5.” [20] 
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Figure 4.19 “Three models for optimal group size. The relative energy intake (given costs and 

benefits) at varying group sizes for three hypothetical species. For species A (black line), the optimal 

group size is near 3. Species B (blue) shows that there is selection to favor higher group sizes (at least up 

to 6), while there is no effect of group size on species C (red).” [20] 

Examples like Figure 4.18 and Figure 4.19 in engineering practice are modelled 

with multi agent systems. [88], [89] 

To achieve better usage of the navigation and energy cost functions we have to 

create an engineering tool that can be used by the behavior model (further details in 

Section 1.1 and Section 4.3.5) both for single robots (agent) and robot groups (multi 

agent system). 

4.3.5.1 Single agent path evaluation 

Evaluating different paths for a single agent (robot) we can consider 

- the energy consumption of the robot on a path as cost (𝑐 = 𝛦(𝑠)) 

- the navigation error of the robot on a path as risk (𝑟 = 휀(𝑠)) 

- the benefit of the robot can be defined for each scenario so it is not specify in 

this document but different examples are provided here. For example reaching 

the charger is a benefit for the robot which cannot be defined as a number with 

dimensions but it means that every path where the goal position is the charger 

will have the same benefit in this perspective.  In the same scenario the time of 

motion will be different on each path and it can be used as benefit function 
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which is going to be different for each path (e.g. 𝑏 =
1

𝑡(𝑠)
). This means the 

benefit can be 

o independent of the path (e.g. end position) 

o function of the path (e.g. time) 

where an ethologically inspired behavior model can select one of the paths based on its 

internal states. This can be written in formulas as the followings 

- in case the benefit is function of the path from 𝑖 = 1…𝑛 paths we try to find 

those where all the logical requirements meet from (4.48) at the same time 

{[ max
𝑖=1…𝑛

(𝑏𝑖 − 𝛦(𝑠)𝑖)] ⋁[(𝑏𝑖 − 𝛦(𝑠)𝑖) ≥ 𝑝(𝑏, 𝐸)𝑚𝑖𝑛]} ⋀ {[ min
𝑖=1…𝑛

𝛦(𝑠)𝑖] ⋁[𝛦(𝑠)𝑖 ≤

𝛦𝑚𝑎𝑥]} ⋀ {[ min
𝑖=1…𝑛

휀𝑠𝑖] ⋁[휀𝑠𝑖 ≤ 휀𝑠𝑚𝑎𝑥]}  (4.48) 

where 𝑝(𝑏, 𝐸)𝑚𝑖𝑛  function is the subtraction of benefit and cost, 𝛦𝑚𝑎𝑥  is the 

maximal cost, 휀𝑠𝑚𝑎𝑥  is the maximal risk, defined by the internal states of the 

behavior model (as it is detailed in Section 4.3.5). The equation can be separated 

for three main parts (benefit, cost and risk) with and operator and each of them 

have their own or operators inside so the behavior model can select the best or an 

acceptable option. 

At certain cases the formula can be even simplified as (4.51) 

- in case benefit is independent of the path from 𝑖 = 1…𝑛 paths we try to find 

those where (4.48) can be simplified as (4.51) 

{[ max
𝑖=1…𝑛

(𝛦(𝑠)𝑖 − 휀𝑠𝑖)] ⋁[(𝛦(𝑠)𝑖 − 휀𝑠𝑖) ≥ 𝑑(𝐸, 휀)𝑚𝑖𝑛]}⋀ {[ min𝑖=1…𝑛
𝛦(𝑠)𝑖] ⋁[𝛦(𝑠)𝑖 ≤

𝛦𝑚𝑎𝑥]} ⋀ {[ min
𝑖=1…𝑛

휀𝑠𝑖] ⋁[휀𝑠𝑖 ≤ 휀𝑠𝑚𝑎𝑥]}  (4.49) 

where 𝑑(𝐸, 휀)𝑚𝑖𝑛 function is the subtraction of energy and risk, 𝛦𝑚𝑎𝑥 is the maximal 

cost, 휀𝑠𝑚𝑎𝑥 is the maximal risk, defined by the internal states of the behavior model. (As 

it was mentioned earlier this document the definition of the behavior model is not part 

of my research but the engineering solutions described here should be able to work 

strongly with it.) 
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4.3.5.2 Multi agent path evaluation 

Evaluating different paths for multi agent system (multiple robots) we can consider 

- single robot (agent) 

o the energy consumption of the robot as cost (𝑐 = 𝛦(𝑠, 𝛩(𝐺),𝑚(𝐺))), 

where as an example having a payload on the multi agent group 𝑚 and 𝛩 

(payload of the agent) are functions of the group size (𝐺) (so group size 

can be optimized). The energy consumption function this case has the 

following format (with the simplifications of generator braking and 

potential energy) 

𝛦(𝑠) = �̇�(𝑠)𝜏�̇�(𝑚(𝐺)) + �̇�(𝑠)𝜏�̇�(𝛩(𝐺)) +
1

2
𝑚(𝐺)[�̇�(𝑠)]2 +

1

2
𝛩(𝐺)[�̇�(𝑠)]2 (4.50) 

o the navigation error of the robot as risk (𝑟 = 휀(𝑠)) however it can be 

reduced in case the agents within the group are able to communicate to 

each other and they share position and orientation data. When the robot 

with the best navigation abilities can share its navigation data within the 

group and that can be processed by the rest of the robots the risk can be 

even reduced to the level of the best entity and can be described as  𝑟𝐺 =

min
𝑙=1…𝐺

휀(𝑠)𝑙  

o the benefit of the robot can be defined for each scenario so it is not 

specify in this document, but for example can be (e.g. 𝑏 =
1

𝑡(𝑠)
). The 

properties are the same as the single case but can be extended with 

benefits that are function of the group size 

 independent of the path (e.g. end position) 

 function of the path (e.g. time) 

 independent of group size 

 function of group size 

- the group of robots (multi agent) 

o the energy consumption of the group as cost ( 𝐶 =

∑ 𝛦(𝑠, 𝛩(𝐺),𝑚(𝐺))𝑖
𝐺
𝑖=1 ), where in case of a payload we can optimize the 

energy consumption of the group and the agent at the same time (to make 

sure the total cost for the group is low but we do not put overload on any 

of the agents) 
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o the navigation error of the group as risk which can be decreased with 

proper information flow similarly to the single robot case above but 

without swarm intelligence (communication within the group) the risk 

will be as high as the weakest entity of the team (since that robot misses 

the goal position the whole mission can fail) 

 𝑅 = min
𝑙=1…𝐺

휀(𝑠)𝑙  in case members of the groups are not able to 

communicate to each other 

 𝑅 = max
𝑙=1…𝐺

휀(𝑠)𝑙  in case members of the group are able to 

communicate to each other (similarly to [90], [91], [92]) 

 and there are scenarios where the risk can be in between the 

minimal and the maximal values 

o the benefit of the group can be defined for each scenario so it is not 

specify in this document, but for example (e.g. 𝐵 =
1

𝑡(𝑠)𝐺
) and the list of 

possible definitions can be extended with the function of the group 

 independent of the path (e.g. end position) 

 function of the path (e.g. time) 

 independent of group size 

 function of group size 

Having the functions above we can implement an ethologically inspired behavior model 

(as it is detailed in Section 4.3.5) where the internal states of the model define the 

selection of the path to work with.  We can select paths that are feasable both for the 

robot (agent) and for the group (multi agent), like a fairly increased cost (energy 

consumption) for the robot resulting higher benefit or lower risk (navigation error) for 

each members of the group. We are looking for those paths that is feasible for each 𝑙 =

1…𝐺 (all members of the group) 

{[ max
𝑖=1…𝑛

(𝑏𝑖𝑙 − 𝑐𝑖𝑙)] ⋁[(𝑏𝑖𝑚 − 𝑐𝑖𝑚) ≥ 𝑝(𝑏𝑚, 𝐸𝑚)𝑚𝑖𝑛]} ⋀ {[ min𝑖=1…𝑛
𝑐𝑖𝑚] ⋁[𝑐𝑖𝑚 ≤

𝑐𝑙𝑚𝑎𝑥]} ⋀ {[ min𝑖=1…𝑛
𝑟𝑖𝑙] ⋁ [𝑟𝑖𝑙 ≤ 𝑟𝑠,𝑙𝑚𝑎𝑥]}  (4.51) 

and we are looking for the optimal value of 𝐺 (group size) 

 {[𝐶𝑚𝑖𝑛]⋁[[𝐶] ≤ [𝐶]𝑚𝑎𝑥]}⋀{[𝐵𝑚𝑎𝑥]⋁[[𝐵] ≥ [𝐵]𝑚𝑖𝑛]} (4.52) 
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where 

 𝐶𝑚𝑖𝑛 = min
𝑙=1…𝐺

(∑ 𝛦(𝑠, 𝛩(𝐺),𝑚(𝐺)))𝑖𝑙
𝑙
𝑖=1 ) (4.53) 

 𝐶 = ∑ 𝛦(𝑠, 𝛩(𝑔),𝑚(𝑔)))𝑖𝐺
𝐺
𝑖=1  (4.54) 

 𝐵𝑚𝑎𝑥 = max
𝑙=1…𝐺

(∑ 𝑏𝑖𝑙
𝑙
𝑖=1 ) (4.55) 

 𝐵 = ∑ 𝑏𝑖𝐺
𝐺
𝑖=1  (4.56) 

Equation (4.51) is defined similarly to (4.48) and it has the same structure with three 

(benefit, risk, cost) parts with and operation between them and or operations inside. 

Equation (4.52) helps to find the optimal group size where both the cost and the benefit 

requirements have to meet for the entire group. 

4.3.6 Simulation and experimental results 

From the path, the results of the energy and odometry loss cost functions can be 

calculated for differential and for holonomic drives as well. Figure 4.20 shows the GUI 

of the path planning method we used during most of our experiments and simulations. 

 

Figure 4.20 The GUI of the proposed path planning method 

The absolute odometry losses and the energy consumption related to the whole path 

have to be divided by the Euclidean distance between the start and end points of the 
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path, in order to get specific performance criteria indicators that are independent from 

the exact functionality. The results can be seen in Table 2. The room arrangements we 

tested can be seen on Figure 4.21 and Figure 4.22. We have made simulations with the 

same ground plans, considering that smaller lightweight furniture are moved very often 

(even though people can simply move them out of the way when they are crossing the 

ideal path, the robots are often unable to do that autonomously). A simulation with the 

same ground plans, but slightly different furniture arrangements can be seen on Figure 

5.1 and Figure 5.2. 

Table 2 Odometry error and energy cost results 

Energy and 

odometry cost 

results 

Length of the path / 

Euclidean distance 

[%] 

Differential Holonomic 

Odom. [%] 
Energy 

[%] 
Odom. [%] 

Energy 

[%] 

Figure 4.21 110 116 E1 124 1,08∙E1 

Figure 4.21 106 109 0,72∙E1 117 0,81∙E1 

Figure 4.22 115 121 E2 129 1,09∙E2 

Figure 4.22 128 138 1,13∙E2 147 1,22∙E2 

 

 

Figure 4.21 Generated path for test A 
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Figure 4.22 Generated path for test B 

Further simple simulations were made to provide examples and validations of the 

single robot and the multi robot group use cases of cost functions. These result can be 

read below. 

The next simulation shows a simple navigation error example of holonomic 

motions performed on the same path with different rotational motions. As it was 

mentioned above in case of holonomic motion the position and the orientation are 

independent and we can improve the navigation error with the modification of the 

orientation plan during travel on the path. A simple path was defined for the robot with 

travelling on two straight lines between the start and the goal positions where the 

orientation on the path was changed differently. At the first part of the simulation the 

robot made the rotational motion first and did the translational motions second. At the 

second part of the simulation the robot made the translational motions first and the 

rotational motion second. Each of the simulated motions were performed with 1/3 

acceleration, 1/3 constant velocity and 1/3 deceleration of the path and the estimated 

navigation errors were calculated according to this. The results can be seen on Figure 

4.23, where 1) is the original path, 2) is the first simulation (translational motion first 

and rotational second) and 3) is the second simulation (rotational motion first and 

translational second. The simulation shows that performing the rotational motion first 

means that the robot accumulates orientation error first and drives itself to the wrong 

location. Figure 4.24 shows the same simulation but with the extension of the 

symmetric navigation errors to the original path. The orange are shows the possible 
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locations of the robot and based on this a new approach of the cost function can be 

defined, where the goal is to keep the size of the orange area minimal. 

 

Figure 4.23 Simulation of navigation error cost function, where 1) is the original path, 2) is the 

first simulation (translational motion first and rotational second) and 3) is the second simulation 

(rotational motion first and translational second 
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Figure 4.24 Simulation of symmetric navigation error cost function area, where 1) is the original 

path, 2/a, 2/b) is the first simulation (translational motion first and rotational second) and 3/a, 3/b) is the 

second simulation (rotational motion first and translational second 

 The last part of this section provides an example of a multi agent scenario for 

energy consumption travelling with a distributed payload. Assuming there is a payload 

maximum for each of the robots and we can decrease the payload with increasing the 

number of robots. Having more and more robots under the payload we also increase the 

total energy consumption of the group. In case the payload is a charged battery (food) 

lower the number of robots higher the benefit they can achieve. For this scenario we can 

find an optimal group size looking at the simple example graph at Figure 4.25. 
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Figure 4.25 Payload and battery consumption – Number of robots graph 

On the left vertical axis we can see the energy consumption in the % of battery 

capacity, on the right vertical axis we can see the payload in [kg] and on the horizontal 

axis we can see the number of robots carrying the 100 kg payload. The blue area shows 

the payload – number of robots function and the blue horizontal line shows the maximal 

payload / robot value. The orange area shows the battery consumption – number of 

robots function and the orange horizontal line shows the maximal energy consumption 

of a single robot. We can see that adding further robots to the group does not make a 

significant effect on the energy consumption or the payload since the graph is not linear. 

In this scenario using a group with 7 robots is optimal both for energy consumption and 

payload (since that is the minimal number where we meet all the requirements but do 

not add further useless robots to the group and will not reduce the benefit since they 

would have to share the charged battery they carry). 
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5 Conclusion 

During motion, the kiwi drive in Ethon continuously accumulated the position 

and the orientation errors. This paper described an implemented a low level embedded 

solution for kiwi drive position and orientation problem. The proposed method is based 

on inverse kinematics, a sensor fusion between magnetometer, accelerometer, and 

gyroscope and on a mouse sensors based optical flow system. The mouse sensor 

measurements and the open loop test proved that the concept can improve the 

navigation of a kiwi drive based holonomic mobile robot. Refocusing the optics of the 

mouse sensor based system the accuracy can be further improved. The increasing 

market and needs of the service robot sector require easy-to-implement and low cost 

solutions in mobile robotics. By the embedded system based service robots with limited 

calculation throughput the indoor localization is an ongoing problem. Since the service 

robots are usually used in social environments the robot has to make interactions with 

humans, where the robot is driven by its behavior model which is using the engineering 

solutions implemented in the robot. This means that the behavior model has to work 

with the low level robot control solutions which requires a new approach from 

engineers. This approach is detailed in this theses and the proposed solutions were made 

with the consideration of these requirements. 

After position feedback looking at the next level of robot motion the generated 

test trajectories showed about 30~65% differences between the estimated energy 

consumptions and navigation errors. The better paths have smoother curves, with less 

sharp-angle corners between start-goal positions. This can be explained by simple 

kinetic energy calculations, as well as the higher relative position and orientation errors 

related to the acceleration, deceleration and turning in standstill position motion states. 

As a general conclusion, we can state the obvious fact that maps consisting of sharp 

edges, narrow passages etc. are more likely to fail for hosting mobile robotic 

applications. As an example, the results of cost functions related to energy and 

odometry loss can increase significantly if a dining table with many chairs is positioned 

near the optimal path of the robot. Two different test maps that illustrate this fact can be 

seen on Figure 5.1 and Figure 5.2. (The same ground plan with slightly different 

furniture arrangements. The gray filled shapes correspond to easily and frequently 

moved furniture, such as chairs or coffee tables.) 
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Figure 5.1 Furniture arrangement A 

 

Figure 5.2 Furniture arrangement B 

The experimental results have proved that a deeply investigated motion plans 

(and interior designs) can save 30%...65% energy for electrical driven wheelchairs, 

which means much longer battery life over the minimal compulsory ISO standards. The 

other point of view relates to indoor mobile robotics, where the cost function of 

odometry loss (navigation error) is an additional benefit. Using the cost functions an 

engineering tool can be provided for the implementation of risk – cost – benefit based 

ethologically inspired behaviour models both for single robots and both for groups of 

robots. This engineering tool can help to select a path feasible for different requirements 

at the same time. In case of multi agent robot groups even the number of robots (group 
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size) can be optimized. The final conclusions of the dissertation can be read below in 

thesis format. 

5.1 Thesis in English 

5.1.1 Thesis I 

A sensor fusion framework with embedded system based position and 

orientation sensors (optical flow, odometry, magnetometer, accelerometer and 

gyroscope) can be designed as Figure 5.3 where the plausability values of the 

measurement data are based on real physical parameters and thereby ethologically 

inspired models can implemented. 

 

Figure 5.3 The block diagram of the sensor fusion 

where 

- 𝑥𝑟𝑒𝑓 , 𝑦𝑟𝑒𝑓, 𝜑𝑟𝑒𝑓 the references of the robot 

- 𝑥, 𝑦, 𝜑 the real position and orientation 

- 𝜔1, 𝜔2, 𝜔3 the orientation of the wheels 

- �̈�, �̈�, �̈� the accelerations of the robot measured by the accelerometer 

- 𝜌𝑚, 𝜙𝑚, 𝜃𝑚 the orientations of the robot measured by the magnetometer 

- 𝜌�̇�, 𝜙�̇�, 𝜃�̇� the angular velocities of the robot measured by the gyroscope 
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- �̂�𝜌, �̂�𝜌, �̂�𝜌  position and orientation of the robot calculated by the inverse 

kinematics equations 

- �̂�𝜎 , �̂�𝜎 , �̂�𝜎  position and orientation of the robot calculated by the optical flow 

system 

- �̂�𝜍 the orientation of the robot calculated by the 3/3/3 sensor fusion 

- ℎ̂ is the plausibility of the optical flow system 

- 𝜉 is the plausibility of the inverse kinematics 

the different data frequencies can be compensated with recursive filters and the sensor 

fusion can be a simple weighted average or any ethologically inspired model (e.g. a 

fuzzy system). Like 

 𝑥 =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

   (5.1) 

 �̂� =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

   (5.2) 

 �̂� =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

 (5.3) 

where 𝛱𝑛  is the a plausibility value modified by the behavior model and can be 

described as (5.6) and can get values as (5.7) 

 𝛱𝑛 = {
0

�̂�𝑛𝛽𝑛
1

𝑖𝑓
𝑖𝑓
𝑖𝑓

𝑟𝑢𝑙𝑒1
𝑟𝑢𝑙𝑒2 𝑤ℎ𝑒𝑟𝑒 𝛽𝑛 = 𝑟𝑢𝑙𝑒4 ∧ 

𝑟𝑢𝑙𝑒3

(�̂�𝑛𝛽ℎ) ∈ ]0,1[ (5.4) 

 𝛱𝑛 = 0 ∨ (�̂�𝑛𝛽𝑛) ∨ 1 (5.5) 

and 𝛽𝑛 is the weight parameter from the internal state of the behavior model, rule1-4 are 

fuzzy rules defined by the behavior model, 𝛱𝑛 ∈ [0,1],  and (�̂�𝑛𝛽𝑛) ∈ ]0,1[ 

Related publications: [P1]-[P6], [P8]-[P12], [P14], [P16]-[P18] 

5.1.2 Thesis II 

With sheet detectors (e.g. optical mouse) using two sensors according as on 

Figure 5.4 an optical flow system for measurements of holonomic motion can be 
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designed with transformation matrix (5.6), where the sensor plausibility can be 

expressed as equation (5.7) with the consideration of the optical properties of the 

surface and the sensor height. 

 

Figure 5.4 Definition of the sensors and the coordinate systems 

 𝑯 = [

𝑐𝜑 −𝑠𝜑 0 𝑥𝑤
𝑠𝜑 𝑐𝜑 0 𝑦𝑤
0 0 1 0
0 0 0 1

] (5.6) 

where 

 𝑥𝑤 = ∫ ((
�̇�𝐴

3
−
2�̇�𝐴

√3
−
�̇�𝐵

3
) 𝑐 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
) +

√3

3
(�̇�𝐴 − �̇�𝐵) 𝑠 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
))

𝑡

0
𝑑𝑡  

 𝑦𝑤 = ∫ (
√3

3
(�̇�𝐴 − �̇�𝐵) 𝑐 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
) − (

�̇�𝐴

3
−
2�̇�𝐴

√3
−
�̇�𝐵

3
) 𝑠 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
))

𝑡

0
𝑑𝑡   

 𝜑 = −
𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
  

 𝑐 is cosine function, 𝑠 is sinus function 

 𝑟0 (𝑟𝐴0 = 𝑟𝐵0) is the position of the sensors 

 𝜑𝐴0, 𝜑𝐵0 is the orientation of the sensors in robot coordinate system 

 𝑥𝐴, 𝑦𝐴, 𝑥𝐵 , 𝑦𝐵 are the discrete time based displacements measured by the sensors 

(Δ𝑥1, Δ𝑦1, Δ𝑥2, Δ𝑦2) 

Sensor A Sensor B 
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The plausibility of the optical flow sensors (ℎ̂) can be described with the height of the 

sensors measured from the floor (ℎ𝐴, ℎ𝐵) and with the surface quality parameter (𝑆𝑄𝑈𝐴𝐿) 

as (5.7) 

 ℎ̂ = 𝑘
1

ℎ𝐴
2+ℎ𝐵

2 ∙
0.5(𝑆𝑄𝑈𝐴𝐿_𝐴+𝑆𝑄𝑈𝐴𝐿_𝐵)

𝑅𝑅𝑒𝑓
  (5.7) 

and 𝑅𝑅𝑒𝑓 is the reference value for the surface quality (value of the optimal surface), 𝑘 

is a constant value to tune the equation. 

 

Related publications: [P6], [P11], [P16]-[P18] 

5.1.3 Thesis III 

The energy consumption and navigation error of motion paths can be 

evaluated using benchmark measurements, so using (5.8) for the selection of path 

sections or paths cost – risk – benefit based biological behavior model, known from 

the decision making of living creatures can be implemented, where the risk is the 

navigation error, the cost is the energy consumption and the benefit is the function 

of the task defined at each scenario. 

{[ max
𝑖=1…𝑛

(𝑏𝑖 − 𝛦(𝑠)𝑖)] ⋁[(𝑏𝑖 − 𝛦(𝑠)𝑖) ≥ 𝑝(𝑏, 𝐸)𝑚𝑖𝑛]} ⋀ {[ min
𝑖=1…𝑛

𝛦(𝑠)𝑖] ⋁[𝛦(𝑠)𝑖 ≤

𝛦𝑚𝑎𝑥]} ⋀ {[ min
𝑖=1…𝑛

휀𝑠𝑖] ⋁[휀𝑠𝑖 ≤ 휀𝑠𝑚𝑎𝑥]}  (5.8) 

where 

- from 𝑖 = 1…𝑛 paths we try to find those where (5.8) 

- the energy consumption of the robot on a path as cost (𝑐 = 𝛦(𝑠)) 

- the navigation error of the robot on a path as risk (𝑟 = 휀(𝑠)) 

- the benefit of the robot can be defined in each cases (e.g. 𝑏 =
1

𝑡(𝑠)
) and be 

o independent from the path (e.g. end position) 

o function of the path (e.g. time) 

- 𝑝(𝑏, 𝐸)𝑚𝑖𝑛 function is the subtraction of benefit and cost 

- where a biologically inspired behavior model can implemented and its internal 

states define 
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o 𝛦𝑚𝑎𝑥 is the maximal cost 

o 휀𝑠𝑚𝑎𝑥 is the maximal risk 

 

Related publications: [P6], [P7], [P13]-[P19] 

5.1.4 Thesis IV 

Using energy consumption and navigation error cost functions of mobile 

robots with (5.9) and (5.10) cost, risk and benefit based system which is analog 

with biological multi agent decision making can be created, where in line with 

usage of swarm intelligence, preferences of the agent and the multi agent, effect of 

the agent and the multi agent on each other, the group size can be optimized as 

well. 

{[ max
𝑖=1…𝑛

(𝑏𝑖𝑙 − 𝑐𝑖𝑙)] ⋁[(𝑏𝑖𝑚 − 𝑐𝑖𝑚) ≥ 𝑝(𝑏𝑚, 𝐸𝑚)𝑚𝑖𝑛]} ⋀ {[ min𝑖=1…𝑛
𝑐𝑖𝑚] ⋁[𝑐𝑖𝑚 ≤

𝑐𝑙𝑚𝑎𝑥]} ⋀ {[ min𝑖=1…𝑛
𝑟𝑖𝑙] ⋁ [𝑟𝑖𝑙 ≤ 𝑟𝑠,𝑙𝑚𝑎𝑥]}  (5.9) 

which is feasible for each 𝑙 = 1…𝐺 (all members of the group) in case of path 𝑖 and we 

are looking for the optimal value of 𝐺 (size of the group) 

 {[𝐶𝑚𝑖𝑛]⋁[[𝐶] ≤ [𝐶]𝑚𝑎𝑥]}⋀{[𝐵𝑚𝑎𝑥]⋁[[𝐵] ≥ [𝐵]𝑚𝑖𝑛]} (5.10) 

- single robot (agent) 

o the energy consumption of the robot as cost (𝑐 = 𝛦(𝑠, 𝛩(𝐺),𝑚(𝐺))), 

where as an example having a payload on the multi agent group 𝑚 and 𝛩 

(payload of the agent) are functions of the group size (𝐺) (so group size 

can be optimized). 

o the navigation error of the robot as risk (𝑟 = 휀(𝑠)) or it can be decreased 

with swarm intelligence up to  𝑟𝐺 = min
𝑙=1…𝐺

휀(𝑠)𝑙 

o the benefit of the robot is defined by the application (e.g. 𝑏 =
1

𝑡(𝑠)
) 

- the group of robots (multi agent) 

o the energy consumption of the group as cost ( 𝐶 =

∑ 𝛦(𝑠, 𝛩(𝐺),𝑚(𝐺)))𝑖
𝐺
𝑖=1 ), where in case of a payload we can optimize 

the energy consumption of the group and the agent at the same time 
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o the navigation error of the group as risk 

 𝑅𝜖 [ min
𝑙=1…𝐺

휀(𝑠)𝑙 , max
𝑙=1…𝐺

휀(𝑠)𝑙]  depending on the swarm 

intelligence 

o the benefit of the group is defined by the application (e.g. 𝐵 =
1

𝑡(𝑠)𝐺
) 

where we can implement high level behavior model where the internal states of the 

model define the selection of the path to work with.  

Related publications: [P6], [P7], [P13]-[P19] 

5.2 Open issues and future development 

Using the four theses detailed above I was able to improve position feedback 

and path evaluation for Ethon robots and provided an engineering based layer between 

the low level position feedback, the path palling and the behavior model. These 

engineering tools are feasible for non-holonomic and for holonomic robots as well. 

Since holonomic drives are not as common as non-holonomic drives there are still 

several open points and possibilities to improve. 

The sensor fusion and path evaluation methods proposed in this document 

require benchmark measurements and tuning processes to be able to run them correctly 

and on their maximal performance. The benchmark measurements should have their 

own topic with detailed description, further investigation and a database of common 

examples. The sensor fusion process has constants to tune both in the recursive filter 

and both in the plausibility equations of the optical flow and the odometry subsystems. 

In this research those values were selected on an experimental based way but in a 

separated paper detailed tuning processes should be developed and investigated. 
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7 Appendix 

7.1 Tézisfüzet kivonata 

7.2 Bevezetés 

A mobil robotokat egyre szélesebb körben használják mind az iparban mind a 

fogyasztói elektronikában. A megoldások nagy részét az ipari robotoktól át lehetett 

venni [P1]-[P4], de a szerviz robotok megjelenésével [P5]-[P7] (pl. robotporszívó, 

fűnyíró, medence tisztító, kórházi ételszállító) a költséghatékony megoldások [P8]-

[P10], a külső markerek nélküli robot navigáció [P11], [P12] és viselkedésmodellezés 

[P13]-[P17] is egyre nagyobb figyelmet kaptak. Ezek metszetén mint egy új 

interdiszciplináris tudományág jelent meg az etorobotika [P15]-[P17], amely az 

élőlények viselkedéskutatásának eredményeit használja fel új megközelítésű robotikai 

megoldások létrehozása során [P13], [P14], [P18]-[P19]. 

Munkámat az MTA-ELTE Összehasonlító Etológiai kutatócsoport és a 

Budapesti Műszaki és Gazdaságtudományi Egyetem Mechatronikai, Optika és 

Gépészeti Informatika Tanszékének keretein belül végezetem. A kutatócsoport 

elsődleges fókuszában viselkedésmodellezés és az etorobotika állt. Kutatásom célja az 

volt, hogy a mobil robotok elsődleges funkcióját, tehát mozgásukat megvizsgálva olyan 

mérnöki eszköztárat tudjak készíteni a navigáció fejlesztéséhez, ami etológiai 

megközelítésben és ezzel a viselkedésmodellezésben is használható. A szerviz robotokat 

nem ipari környezetben működtetjük, ami az ipari robotokhoz képest egyszerűbb és 

alacsonyabb költségvetésű megoldásokat igényel. A mobil robotok mozgásuk során 

folyamatosan növelik a navigációs hibát és csökkentik akkumulátor kapacitásukat. Ipari 

környezetben a robotok navigációját külső markerek, kalibrációs pontok és drága 

kamerarendszerek segítik azonban ezek fogyasztói környezetben való használata 

általában nem lehetséges, vagy túl költséges lenne. 

Az első tézisben [P1]-[P6], [P8]-[P12], [P14], [P16]-[P18] a robotok számítási 

kapacitását is figyelembe véve olyan beágyazott rendszer alapú szenzor fúziót 

fejlesztettem ki, ahol a szenzorok által mért valós fizikai adatok teszik lehetővé a 

pozíció és orientáció értékek súlyozását valamint az egyes szenzorok eltérő frissítési 

gyakorisága rekurzív szűrővel kompenzálható. Az itt leírt szenzor fúziós módszer 

kapcsolatot teremt a viselkedési modell és a szenzoradatok felhasználása között. 
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A második tézis [P6], [P11], [P16]-[P18] részletesen leírja a kettődimenziós 

vonaldetektorok (pl optikai egér) optical flow rendszerbe foglalásának egyenleteit és a 

szenzor mért értékeinek súlyozásához szükséges valószínűségi adatok számítását. A 

súlyozás figyelembe veszi a szenzorok alatti talaj felületi minőségét és a szenzorok 

talajtól mért távolságát. 

A harmadik tézis [P6], [P7], [P13]-[P19] a biológiából ismert kockázat – költség 

– nyereség alapú megközelítés alkalmazását teszi lehetővé mozgáspályák kiértékelése 

és kiválasztása során. A módszer a mobilrobotok navigációs tévesztését, mint 

kockázatot, energiafelhasználását, mint költséget, az elvégzett feladatot, pedig, mint 

nyereséget veszi figyelembe. 

A negyedik tézis [P6], [P7], [P13]-[P19] kiegészíti a harmadik tézis 

módszertanát multi ágens rendszerekre lehetőséget adva így a csoportméret 

optimalizálására is. 

7.3 Kutatási eredmények részletes bemutatása és alkalmazása 

7.4 Szenzor fúzió 

7.4.1.1 Adatok összegzése, a szenzor fúzió leírása 

Létrehozható olyan szenzor fúziós keretrendszer, amelyben etológiai 

megközelítésű modellek is implementálhatóak és a mérési adatok valós fizikai 

paraméterek alapján súlyozhatók. Beágyazott rendszer alapú, pozíció és orientáció 

meghatározására alkalmas szenzorok (optical flow, odometria, magnetométer, 

gyorsulásmérő és giroszkóp) mérési eredményeit és egyéb mérhető fizikai paramétereit 

felhasználva az egyes szenzorok valószínűségi változói számolhatók és a szenzorok 

eltérő frissítési gyakorisága rekurzív szűrővel kompenzálható. Az itt leírt szenzor fúzió 

holonomikus robotok mozgásának mérésére is alkalmas, ahol a pozíció és az orientáció 

egymástól független, ami a non-holonom rendszerekkel szemben jelentősen növeli az 

odometria alapú pozícionálás pontatlanságát. 

A szenzorok fúziója az alábbi blokkvázlat (7.1 Ábra) alapján végezhető, ahol a 

szenzor fúziós modellt a szaggatott fekete keret jelöli és 
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7.1 Ábra A szenzor fúzió blokkvázlata 

- 𝑥𝑟𝑒𝑓 , 𝑦𝑟𝑒𝑓, 𝜑𝑟𝑒𝑓 a robot referenciái 

- 𝑥, 𝑦, 𝜑 a valós pozíció és orientáció 

- 𝜔1, 𝜔2, 𝜔3 a kerekek szögpozíciója 

- �̈�, �̈�, �̈� a robot gyorsulásai gyorsulásmérő alapján 

- 𝜌𝑚, 𝜙𝑚, 𝜃𝑚 a robot szögpozíciói magnetométer alapján 

- 𝜌�̇�, 𝜙�̇�, 𝜃�̇� a robot szögsebességei giroszkóp alapján 

- �̂�𝜌, �̂�𝜌, �̂�𝜌 a robot inverz kinematika alapján számított pozíciója és orientációja 

- �̂�𝜎 , �̂�𝜎 , �̂�𝜎 a robot optical flow alapján számított pozíciója és orientációja 

- �̂�𝜍 a robot szögpozíciója magnetométer, giroszkóp és gyorsulásmérő alapján 

- ℎ̂ az optical flow szenzorok súlyozása 

- 𝜉 az inverz kinematika súlyozása 

és a szenzorfúzió lehet bármely etológiai megközelítésű rendszer (pl. fuzzy 

rendszer, ahol egy adott valószínűség alatt az entitás már nem veszi figyelembe az 

érzékszervtől kapott információt) de lehet akár egyszerűen súlyozott átlag is. Tehát 

például 

 �̂� =
�̂�𝜌�̂�+�̂�𝜎ℎ̂

�̂�+ℎ̂
   (7.1) 

 �̂� =
�̂�𝜌�̂�+�̂�𝜎ℎ̂

�̂�+ℎ̂
   (7.2) 
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 �̂� =
�̂�𝜌�̂�+�̂�𝜍1+�̂�𝜎ℎ̂

�̂�+1+ℎ̂
 (7.3) 

Figyelembe véve a viselkedésmodell és a szenzor fúziós keretrendszer közötti 

kapcsolatot a fúzió leírható  

 𝑥 =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

   (7.4) 

 �̂� =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

 (7.5) 

 �̂� =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

 (7.6) 

ahol 𝛱𝑛  a módosított súly faktor az n-dik szenzorhoz, melynek értéke 𝛱𝑛 ∈ [0,1] 

intervallumon értelmezett és leírható a  egyenlet szerint, valamint értékét  szerint veszi 

fel. 

 𝛱𝑛 = {
0

�̂�𝑛𝛽𝑛
1

𝑖𝑓
𝑖𝑓
𝑖𝑓

𝑟𝑢𝑙𝑒1
𝑟𝑢𝑙𝑒2 𝑤ℎ𝑒𝑟𝑒 𝛽𝑛 = 𝑟𝑢𝑙𝑒4 ∧ 

𝑟𝑢𝑙𝑒3

(�̂�𝑛𝛽ℎ) ∈ ]0,1[   (7.7) 

 𝛱𝑛 = 0 ∨ (�̂�𝑛𝛽𝑛) ∨ 1 (7.8) 

ahol �̂�𝑛  az eredeti súlyozó paraméter, 𝛽𝑛  a viselkedésmodell belső állapotából 

származtatott módosító paraméter,  rule1-4 a viselkedésmodell által definiált szabályok 

(pl. fuzzy szabályok). 

A szenzorok adatainak eltérő gyakorisága (7.9)-(7.11) rekurzív szűrővel 

kompenzálható 

 �̃�[𝑛] = 𝑎𝑥0�̂�[𝑛] + 𝑏𝑥1�̃�[𝑛 − 1]   (7.9) 

 �̃�[𝑛] = 𝑎𝑦0�̂�[𝑛] + 𝑏𝑦1�̃�[𝑛 − 1]  (7.10) 

 �̃�[𝑛] = 𝑎𝜑0�̂�[𝑛] + 𝑏𝜑1�̃�[𝑛 − 1] (7.11) 
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ahol �̂�, �̂�, �̂� a szűrő bemenetei, (és a szenzor fúzió kimenetei), �̃�, �̃�, �̃� a szűrő kimenetei 

(és a rendszer pozíció visszacsatolása) és 𝑎𝑥0, 𝑏𝑥1, 𝑎𝑦0, 𝑏𝑦1, 𝑎𝜑0, 𝑏𝜑1 < 1  a szűrő 

hangolásához szükséges konstansok. 

A kerékelfordulásból számolt odometria súlyozása leírható a kerekek 

áramfelvételével (∆𝑖) vagy a kerekek szöggyorsulásával (�̈�) egyaránt (7.12) szerint 

 𝜉(𝑘1
∆𝑡𝑐𝑜𝑛𝑡

∆𝑖1
2+∆𝑖2

2+∆𝑖3
2 , 𝑘2

∆𝑡𝑐𝑜𝑛𝑡

�̈�1
2+�̈�2

2+�̈�3
2 , … )  (7.12) 

ahol 𝑘 a hangoláshoz szükséges konstans, ∆𝑡𝑐𝑜𝑛𝑡 pedig a szabályozó periódusideje. 

A magnetométer, gyorsulásmérő és giroszkóp fúziójában (kereskedelmi 

forgalomban kapható beágyazott szenzorrendszer) szerepel abszolút mérési mennyiség 

(magnetométer), így annak valószínűsége ideális esetben tekinthető viszonyítási 

alapnak. 

7.4.1.2 Optical flow szenzorrendszer leírása 

A lapdetektorok (pl. optikai egér) optical flow rendszerbe foglalhatók két 

szenzor használata esetén a következő 7.2 Ábra szerint 

 

7.2 Ábra A szenzorok és koordináta rendszerek értelmezéses 

és az alábbi (7.13) homogén transzformációs mátrix-szal leírhatók 

Sensor A Sensor B 
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 𝑯 = [

𝑐𝜑 −𝑠𝜑 0 𝑥𝑤
𝑠𝜑 𝑐𝜑 0 𝑦𝑤
0 0 1 0
0 0 0 1

] (7.13) 

ahol (7.14)-(7.16) jelöli 𝑥𝑤, 𝑦𝑤, 𝜑 paramétereket 

𝑥𝑤 = ∫ ((
�̇�𝐴

3
−
2�̇�𝐴

√3
−
�̇�𝐵

3
) 𝑐 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
) +

√3

3
(�̇�𝐴 − �̇�𝐵) 𝑠 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
))

𝑡

0
𝑑𝑡  (7.14) 

𝑦𝑤 = ∫ (
√3

3
(�̇�𝐴 − �̇�𝐵) 𝑐 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
) − (

�̇�𝐴

3
−
2�̇�𝐴

√3
−
�̇�𝐵

3
) 𝑠 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
))

𝑡

0
𝑑𝑡 (7.15) 

 𝜑 = −
𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
  (7.16) 

𝑐 cosinust, 𝑠 a sinust jelöli, 𝑟0 (𝑟𝐴0 = 𝑟𝐵0) a szenzorok pozíciója, 𝜑𝐴0, 𝜑𝐵0 a szenzorok 

orientációja robot koordináta rendszerben, 𝑥𝐴, 𝑦𝐴, 𝑥𝐵, 𝑦𝐵  pedig a szenzorok által mért 

diszkrét idejű relatív elmozdulás (Δ𝑥1, Δ𝑦1, Δ𝑥2, Δ𝑦2). Az optical flow rendszerből a 

síkmozgás mindhárom koordinátáját számolhatjuk, így holonomikus mozgás mérésére 

is alkalmas. 

Az optical flow szenzorok valószínűsége ( ℎ̂ ) leírható a szenzorok talajtól mért 

távolságával (ℎ𝐴, ℎ𝐵) és a talaj felületi minőségével a (7.17) egyenlet szerint 

 ℎ̂ = 𝑘
1

ℎ𝐴
2+ℎ𝐵

2 ∙
0.5(𝑆𝑄𝑈𝐴𝐿_𝐴+𝑆𝑄𝑈𝐴𝐿_𝐵)

𝑅𝑅𝑒𝑓
  (7.17) 

ahol 𝑆𝑄𝑈𝐴𝐿  a szenzor(ok) talajminőségre vonatkozó regisztere, melynek 𝑅𝑅𝑒𝑓  a 

referencia értéke (a szenzor számára optimális felület), 𝑘 pedig a hangoláshoz szükséges 

konstans. 

7.4.2 Mozgáspályák kiértékelése ágens és multi ágens rendszerek esetén 

7.4.2.1 Ágensek mozgáspályáinak kiértékelése 

Az élőlények döntéshozatalából ismert költség, kockázat, nyereség alapú 

etológiai modell a műszaki gyakorlatban is alkalmazható és implementálható 

mobilrobotok mozgáspályáinak kiértékelésére és kiválasztására. A mozgáspályák 

benchmark mérések segítségével kiértékelhetők energiafelhasználás és navigáció 

tévesztés szerint, így az egyes rendelkezésre álló pályák vagy pályaszakaszok 

kiválasztására létrehozható költség, nyereség, kockázat alapú biológiai modell, ahol a 



111 

 

kockázat a navigáció tévesztés, a költség az energiafelhasználás költség függvényével 

írható le, a nyereség pedig az elvégzendő feladat alapján definiálható egyedi függvény. 

Benchmark mérés segítségével a mobilrobotok egyenes vonalú egyenletes 

mozgása és forgó mozgása közötti energiaveszteség az akkumulátor kapacitásának 

arányában felírható és így a robot energiafelhasználása becsülhető a tervezett pálya 

ismeretében az alábbi költségfüggvénnyel az idő szerint 

 𝛦(𝑡) = �̇�(𝑡)𝜏�̇� + �̇�(𝑡)𝜏�̇� +𝑚𝑔∆ℎ(𝑡) + 𝜇𝑇
1

2
𝑚[�̇�(𝑡)]2 + 𝜇𝑅

1

2
𝛩[�̇�(𝑡)]2 (7.18) 

 𝜇𝑇 = {
1 𝑖𝑓 �̈� ≥ 0 (𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑟 𝑛𝑜 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦) 
−𝜇 𝑖𝑓�̈� < 0 (𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑏𝑟𝑎𝑘𝑖𝑛𝑔)

 (7.19) 

 𝜇𝑅 = {
1 𝑖𝑓 �̈� ≥ 0 (𝑎𝑐𝑐𝑒𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑟 𝑛𝑜 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦) 
−𝜇 𝑖𝑓�̈� < 0 (𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑏𝑟𝑎𝑘𝑖𝑛𝑔)

 (7.20) 

ahol 𝜇𝑇 és 𝜇𝑅 a transzlációs és a forgási generátoros szorzó tényezők. 

Vagy (7.18) sík terepen a generátoros fékeyést elhagyva és ∫ 𝐸(𝑡)
𝑡

= ∫ 𝐸(𝑠)
𝑠

-et 

figyelembe véve a pálya szerint 

 𝛦(𝑠) = �̇�(𝑠)𝜏�̇� + �̇�(𝑠)𝜏�̇� +
1

2
𝑚[�̇�(𝑠)]2 +

1

2
𝛩[�̇�(𝑠)]2 (7.21) 

ahol 𝑚 a robot tömege, 𝑠 az elmozdulás, 𝜑 az elfordulás, ℎ a relatív talajmagasság, 𝜏�̇� 

és 𝜏�̇� a lineáris és a forgó mozgás veszteség konstansai, melyek benchmarkmérésekkel 

meghatározhatók, majd felírhatók arányszámként (7.22), így az adott pálya 

energiafogyasztása meghatározható a robot akkumulátor kapacitásának 

dimenziótalanított arányában, amelyből az akkumulátor kapacitás ismeretében könnyen 

valódi mértkegység származtatható. 

 
𝜏�̇�

𝜏�̇�
 (7.22) 

Holonomikus mozgás esetén a robot pozíciója és orientációja egymástól független, 

így a non-holonom rendszerekkel ellentétben az energiafelhasználás függvénynek is 

nagyobb jelentősége van. Eltérő orientációjú, de azonos koordinátájú mozgáspályák 

közül kiválasztható a minimális energiafelhasználással rendelkező. 

Mobilrobotok mozgáspályája a mozgásállapot szerint felbontható a következő 

szakaszok kombinációira: 
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- Egyenes vonalú gyorsítás / lassítás (�̈� ≠ 0, �̇�, �̈� = 0) 

- Egyenes vonalú egyenletes mozgás (�̇� ≠ 0, �̈� = 0, �̇�, �̈� = 0) 

- Helyben forgás (�̇� ≠ 0, �̇�, ≠ 0) 

- Íven haladás körívre érintő irányú orientációval (�̇� ≠ 0, �̇�, ≠ 0) 

- Íven haladás körívre nem érintő irányú orientációval (holonomikus robotok) 

(�̇� ≠ 0, �̇�, ≠ 0) 

Benchmark mérés segítségével a mobilrobotok egyes mozgásállapotaihoz tartozó 

navigációs tévesztése a megtett út arányában leírható és így a tervezett pálya 

ismeretében a robot teljes pozíció tévesztése az alábbi 7.3 Ábra szerint 

 

7.3 Ábra  A navigáció tévesztés függvény paraméterei 

a következő (7.23) költségfüggvénnyel becsülhető 

 휀𝑠 =
√𝜺𝟏,𝟒

2+𝜺𝟐,𝟒
2

𝑠
 (7.23) 

ahol (7.24) az eredő pozíció és orientációtévesztést leíró mátrix 

 𝜺 = [𝑻𝟏 ∙ 𝜺𝟏 ∙ ⋯ ∙ 𝑻𝒏 ∙ 𝜺𝒏] − [𝑻𝟏 ∙ ⋯ ∙ 𝑻𝒏] (7.24) 

amelynek első tagja a robot becsült, második tagja pedig az előírt pozíciót és orientációt 

adja meg. 𝜺𝑛 az adott pályaszakasz navigációs tévesztésének becslésére szolgáló (7.25) 

mátrix 

𝜺𝑛 =

[
 
 
 
 1 0 0 휀𝑠𝑛𝑠𝑛 〈

𝒗𝒏

‖𝒗𝒏‖
, 𝒆𝒙〉

0 1 0 휀𝑠𝑛𝑠𝑛 〈
𝒗𝒏

‖𝒗𝒏‖
, 𝒆𝒚〉

0
0
0
0

1             0            
0              1            ]

 
 
 
 

[
 
 
 
cos(휀𝜑𝑛 ∙ ∆𝜑𝑛) 𝑠𝑖𝑛(휀𝜑𝑛∆𝜑𝑛) 0 0

−𝑠𝑖𝑛(휀𝜑𝑛 ∙ ∆𝜑𝑛) 𝑐𝑜𝑠(휀𝜑𝑛∆𝜑𝑛) 0 0

0
0

0
0

1 0
0 1]

 
 
 

  (7.25) 
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𝒗𝒏  a robot mozgásának sebességvektora a pályaszakasz végén (𝒗𝒏 ≠ 𝟎) , 𝒆𝒙  és 𝒆𝒚 

ortonormált bázis a referencia koordináta rendszerben, 휀𝑠𝑛  az adott pályaszakasz 

benchmarkmérésből származó pozíciótévesztési együtthatója, 𝑠𝑛  az adott 

pályaszakaszon megtett út, 𝑻𝒏 az adott pályaszakasz kezdő és végpontja közötti (7.26) 

transzformációs mátrix 

𝑻𝒏 = [

1 0 0 (𝑥𝑛 − 𝑥𝑛−1)

0 1 0 (𝑦𝑛 − 𝑦𝑛−1)
0
0
0
0

1          0          
0          1          

] [

cos(𝜑𝑛−𝜑𝑛−1) 𝑠𝑖𝑛(𝜑𝑛−𝜑𝑛−1) 0 0
−𝑠𝑖𝑛(𝜑𝑛−𝜑𝑛−1) 𝑐𝑜𝑠(𝜑𝑛−𝜑𝑛−1) 0 0

0
0

0
0

1
0
0
1

] (7.26) 

Az alábbi (7.37) költségfüggvénnyel becsülhető orientáció tévesztés esetén 

 휀𝜑 =
𝜀𝜑1∙∆𝜑1+⋯+𝜀𝜑𝑛∙∆𝜑𝑛

∑∆𝜑
=
∑ 𝜀𝜑𝑛∙∆𝜑𝑛
𝑛
𝑖=1

∑ ∆𝜑𝑛
𝑛
𝑖=1

 (7.27) 

ahol 휀𝜑𝑛  az adott szakasz benchmarkmérésből származó orientáció tévesztési 

együtthatója, ∆𝜑𝑛 az adott pályaszakasz során megtett teljes szögelfordulás mértéke. 

Holonomikus mozgás esetén a robot pozíciója és orientációja egymástól független, így a 

non-holonom rendszerekkel ellentétben a navigáció tévesztés függvénynek is nagyobb 

jelentősége van. Eltérő orientációjú, de azonos koordinátájú mozgáspályák közül 

kiválasztható a minimális navigáció tévesztéssel rendelkező. 

Költség – kockázat – nyereség alapú modell esetén 

- a robot energiafelhasználása költségként (cost) jelenik meg (𝑐 = 𝛦(𝑠)) 

- a robot navigációs tévesztése kockázatként (risk) jelenik meg (𝑟 = 휀(𝑠)) 

- a robot nyereségét (benefit) pedig esetenként definiáljuk az elvégzett feladat 

függvényében és lehet (pl 𝑏 =
1

𝑡(𝑠)
) 

o a pályától független (például cél elérése az elmozdulásnak függvénye, de 

a pályának nem) 

o a pálya függvénye (például az idő a pályának függvénye) 

amelyhez implementálható etológiai megközelítésű modell, melynek belső állapotai 

határozzák meg a megfelelő mozgáspálya kiválasztását. Például 

- pályától függő nyereség esetén cél az 𝑖 = 1…𝑛 pályák közül megtalálni azokat, 

amelyekre 
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{[ max
𝑖=1…𝑛

(𝑏𝑖 − 𝛦(𝑠)𝑖)] ⋁[(𝑏𝑖 − 𝛦(𝑠)𝑖) ≥ 𝑝(𝑏, 𝐸)𝑚𝑖𝑛]} ⋀ {[ min
𝑖=1…𝑛

𝛦(𝑠)𝑖] ⋁[𝛦(𝑠)𝑖 ≤

𝛦𝑚𝑎𝑥]} ⋀ {[ min
𝑖=1…𝑛

휀𝑠𝑖] ⋁[휀𝑠𝑖 ≤ 휀𝑠𝑚𝑎𝑥]}  (7.28) 

ahol 𝑝(𝑏, 𝐸)𝑚𝑖𝑛 függvény a nyereség és a költség különbözete, 𝛦𝑚𝑎𝑥 a maximális 

költség, 휀𝑠𝑚𝑎𝑥  a maximális kockázat, melyek az ágens belső állapotának 

függvényei. A függvény három fő részből áll (nyereség, költség kockázat, melyek 

között és kapcsolat áll fenn és egyenként tartalmaznak egy vagy kapcsolatot egy 

kedvező vagy a legjobb eset kiválasztásának érdekében. 

- pályától független nyereség esetén cél az 𝑖 = 1…𝑛  pályák közül megtalálni 

azokat, amelyekre az előző egyenlet egyszerűsíthető 

{[ max
𝑖=1…𝑛

(𝛦(𝑠)𝑖 − 휀𝑠𝑖)] ⋁[(𝛦(𝑠)𝑖 − 휀𝑠𝑖) ≥ 𝑑(𝐸, 휀)𝑚𝑖𝑛]}⋀ {[ min𝑖=1…𝑛
𝛦(𝑠)𝑖] ⋁[𝛦(𝑠)𝑖 ≤

𝛦𝑚𝑎𝑥]} ⋀ {[ min
𝑖=1…𝑛

휀𝑠𝑖] ⋁[휀𝑠𝑖 ≤ 휀𝑠𝑚𝑎𝑥]}  (7.29) 

ahol 𝑑(𝐸, 휀)𝑚𝑖𝑛 függvény a költség és a kockázat különbözete, 𝛦𝑚𝑎𝑥 a maximális 

költség, 휀𝑠𝑚𝑎𝑥  a maximális kockázat, melyek az entitás belső állapotának 

függvényei. 

7.4.2.2 Multi ágens rendszerek mozgáspályáinak kiértékelése 

Biológiai csoportok (állat csordák) mozgással kapcsolatos döntéseit 

költségfüggvényekkel modellezhetjük, amit műszakilag multi ágens rendszerrel 

írhatunk le. Mobil robotok energiafelhasználási és navigációs költség függvény 

adatainak felhasználásával létrehozható költség, kockázat és nyereség alapú etológiai 

multi ágens rendszer, ahol a kollektív intelligencia kihasználása mellett az ágens és a 

multi ágens preferenciái, az ágens és multi ágens egymásra gyakorolt hatásai, valamint 

az optimális csoport méret egyaránt modellezhetők. 

Költség – kockázat – nyereség alapú multi ágens modell esetén 

- egy robot (ágens) 

o energiafelhasználása költségként (cost) jelenik meg ( 𝑐 =

𝛦(𝑠, 𝛩(𝐺),𝑚(𝐺))), ahol pl 𝑚 és 𝛩 közös tehercipelés esetén az ágensre 

jutó teher nagysága, tehát a csoportméret (𝐺)  függvénye (így 

optimalizálható a csoportméret) 
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Ebben az esetben az energiafelhasználás függvény a következő alakot 

veszi fel (a potenciális energia és a generátoros fékezés elhagyása mellett) 

𝛦(𝑠) = �̇�(𝑠)𝜏�̇�(𝑚(𝐺)) + �̇�(𝑠)𝜏�̇�(𝛩(𝐺)) +
1

2
𝑚(𝐺)[�̇�(𝑠)]2 +

1

2
𝛩(𝐺)[�̇�(𝑠)]2 (7.30) 

o navigációs tévesztése kockázatként (risk) jelenik meg (𝑟 = 휀(𝑠)) vagy 

lehet  𝑟𝐺 = min
𝑙=1…𝐺

휀(𝑠)𝑙  amennyiben a csoport tagjai képesek 

kommunikációra (így a multi ágens rendszer csökkenti az ágensre jutó 

kockázat mértékét) 

o a robot nyereségét (benefit) pedig esetenként definiáljuk az elvégzett 

feladat függvényében és lehet (pl 𝑏 =
1

𝑡(𝑠)
) 

 a pályától független (például cél elérése az elmozdulásnak 

függvénye de a pályának nem) 

 a pálya függvénye (például az idő a pályának függvénye) 

 csoportszámtól függő 

 csoportszámtól függelten 

- a csoport (multi ágens) 

o energiafelhasználása költségként (cost) jelenik meg ( 𝐶 =

∑ 𝛦(𝑠, 𝛩(𝐺),𝑚(𝐺)))𝑖
𝐺
𝑖=1 ), ahol például közös teherhordás esetén a 

csoportméret változtatásával optimalizálható a multiágens rendszer és az 

ágens energiafelhasználása egyaránt 

o navigációs tévesztése kockázatként (risk) jelenik meg, amely a csoport 

intelligencia és a robotok egymás közti kommunikációjával 

csökkenthető, ha a csoport tagjai értékelhető módon fel tudják dolgozni a 

csoport többi tagjától kapott navigációs adatokat 

 𝑅 = min
𝑙=1…𝐺

휀(𝑠)𝑙  amennyiben a csoport tagjai képesek 

információcserére 

 𝑅 = max
𝑙=1…𝐺

휀(𝑠)𝑙  amennyiben a csoport tagjai nem képsek 

információcserére 

 a minimális és a maximális közötti értékek felvétele 

o a csoport nyereségét (benefit) pedig esetenként definiáljuk az elvégzett 

feladat függvényében és lehet (pl 𝐵 =
1

𝑡(𝑠)𝐺
) 
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 a pálya függvénye (például az idő a pályának függvénye) 

 a pályától független (például cél elérése az elmozdulásnak 

függvénye, de a pályának nem) 

 csoportszámtól függő 

 csoportszámtól független 

amelyhez implementálható biológiai megközelítésű viselkedés modell, melynek belső 

állapotai határozzák meg a megfelelő mozgáspálya kiválasztását. Kiválaszthatók azok a 

mozgáspályák, amelyek mind az entitás (ágens) mind a csoport (multi ágens) számára 

előnyösek, mint például az ágens számára elfogadhatóan megnövekedett költség 

(energiafelhasználás) nagyobb egy főre jutó nyereség vagy alacsonyabb kockázat 

(navigáció tévesztés) érdekében. Keressük tehát azokat a pályákat, ahol minden 𝑙 =

1…𝐺 esetre (vagyis a multi ágens rendszer minden ágensére) igaz, hogy 

{[ max
𝑖=1…𝑛

(𝑏𝑖𝐺 − 𝑐𝑖𝐺)] ⋁[(𝑏𝑖𝐺 − 𝑐𝑖𝐺) ≥ 𝑝(𝑏𝐺 , 𝐸𝐺)𝑚𝑖𝑛]} ⋀ {[ min𝑖=1…𝑛
𝑐𝑖𝐺] ⋁[𝑐𝑖𝐺 ≤

𝑐𝐺𝑚𝑎𝑥]}⋀ {[ min𝑖=1…𝑛
𝑟𝑖𝐺] ⋁ [𝑟𝑖𝐺 ≤ 𝑟𝑠,𝐺𝑚𝑎𝑥]}   (7.31) 

és keressük azt az optimális 𝐺 értéket, hogy 

 {[𝐶𝑚𝑖𝑛]⋁[[𝐶] ≤ [𝐶]𝑚𝑎𝑥]}⋀{[𝐵𝑚𝑎𝑥]⋁[[𝐵] ≥ [𝐵]𝑚𝑖𝑛]} (7.32) 

ahol 

 𝐶𝑚𝑖𝑛 = min
𝐺=1…𝑚

(∑ 𝛦(𝑠, 𝛩(𝐺),𝑚(𝐺)))𝑖𝐺
𝐺
𝑖=1 ) (7.33) 

 𝐶 = ∑ 𝛦(𝑠, 𝛩(𝐺),𝑚(𝐺)))𝑖𝐺
𝐺
𝑖=1  (7.34) 

 𝐵𝑚𝑎𝑥 = max
𝐺=1…𝑚

(∑ 𝑏𝑖𝐺
𝐺
𝑖=1 ) (7.35) 

 𝐵 = ∑ 𝑏𝑖𝐺
𝐺
𝑖=1  (7.36) 

A (7.38) függvény három fő részből áll (nyereség, költség kockázat, melyek között és 

kapcsolat áll fenn és egyenként tartalmaznak egy vagy kapcsolatot egy kedvező vagy a 

legjobb eset kiválasztásának érdekében. A (7.39) egyenlet segítségével a csoportméret 

optimalizálható, ahol minden költség és nyereség logikai feltételeknek teljesülnie kell a 

teljes csoportra nézve. 
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7.5 Tézisek megfogalmazása 

7.6 Tézis I. 

Létrehozható a 7.4-es ábra szerint olyan beágyazott rendszer alapú pozíció 

és orientáció mérésére alkalmas szenzorok (optical flow, odometria, 

magnetométer, gyorsulásmérő és giroszkóp) fúziós keretrendszere, amelyben a 

mérési adatok valós fizikai paraméterek alapján súlyozhatók és ez által etológiai 

megközelítésű modellek is implementálhatóak. 

 

7.4 A szenzor fúzió blokkvázlata 

ahol 

- 𝑥𝑟𝑒𝑓 , 𝑦𝑟𝑒𝑓, 𝜑𝑟𝑒𝑓 a robot referenciái 

- 𝑥, 𝑦, 𝜑 a valós pozíció és orientáció 

- 𝜔1, 𝜔2, 𝜔3 a kerekek szögpozíciója 

- �̈�, �̈�, �̈� a robot gyorsulásai gyorsulásmérő alapján 

- 𝜌𝑚, 𝜙𝑚, 𝜃𝑚 a robot szögpozíciói magnetométer alapján 

- 𝜌�̇�, 𝜙�̇�, 𝜃�̇� a robot szögsebességei giroszkóp alapján 

- �̂�𝜌, �̂�𝜌, �̂�𝜌 a robot inverz kinematika alapján számított pozíciója és orientációja 

- �̂�𝜎 , �̂�𝜎 , �̂�𝜎 a robot optical flow alapján számított pozíciója és orientációja 

- �̂�𝜍 a robot szögpozíciója magnetométer, giroszkóp és gyorsulásmérő alapján 

- ℎ̂ az optical flow szenzorok súlyozása 
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- 𝜉 az inverz kinematika súlyozása 

a szenzorok eltérő frissítési gyakorisága rekurzív szűrővel kompenzálható és a 

szenzorfúzió lehet akár egyszerűen súlyozott átlag is de bármely etológiai 

megközelítésű rendszer (pl. fuzzy rendszer). Tehát például 

 𝑥 =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

   (7.37) 

 �̂� =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

   (7.38) 

 �̂� =
∑ �̂�𝑛𝛱𝑛
𝑛
𝑖=1

∑ 𝛱𝑛
𝑛
𝑖=1

 (7.39) 

ahol 𝛱𝑛  a szenzor plauzibilitás viselkedésmodell által módosított értéke, amely  

egyenlettel írható le és  szerint vehet fel értékeket 

 𝛱𝑛 = {
0

�̂�𝑛𝛽𝑛
1

𝑖𝑓
𝑖𝑓
𝑖𝑓

𝑟𝑢𝑙𝑒1
𝑟𝑢𝑙𝑒2 𝑤ℎ𝑒𝑟𝑒 𝛽𝑛 = 𝑟𝑢𝑙𝑒4 ∧ 

𝑟𝑢𝑙𝑒3

(�̂�𝑛𝛽ℎ) ∈ ]0,1[   (7.40) 

 𝛱𝑛 = 0 ∨ (�̂�𝑛𝛽𝑛) ∨ 1   (7.41) 

és  𝛽𝑛  a viselkedésmodell belső állapotából származó súlyozó paraméter, rule1-4 a 

viselkedésmodell fuzzy szabályai, 𝛱𝑛 ∈ [0,1],  és (�̂�𝑛𝛽𝑛) ∈ ]0,1[ 

Kapcsolódó publikációk: [P1]-[P6], [P8]-[P12], [P14], [P16]-[P18] 

7.7 Tézis II. 

A lapdetektorok (pl. optikai egér) két szenzor használata esetén 

holonomikus mozgás mérésére alkalmas optical flow rendszerbe foglalhatók a 7.5 

ábra szerint és a (7.42) transzformációs mátrixszal leírható, az adatok súlyozása 

pedig a (7.43) összefüggéssel vehető figyelembe. 
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7.5 A szenzorok és koordináta rendszerek értelmezése 

 𝑯 = [

𝑐𝜑 −𝑠𝜑 0 𝑥𝑤
𝑠𝜑 𝑐𝜑 0 𝑦𝑤
0 0 1 0
0 0 0 1

] (7.42) 

ahol 

 𝑥𝑤 = ∫ ((
�̇�𝐴

3
−
2�̇�𝐴

√3
−
�̇�𝐵

3
) 𝑐 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
) +

√3

3
(�̇�𝐴 − �̇�𝐵) 𝑠 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
))

𝑡

0
𝑑𝑡   

 𝑦𝑤 = ∫ (
√3

3
(�̇�𝐴 − �̇�𝐵) 𝑐 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
) − (

�̇�𝐴

3
−
2�̇�𝐴

√3
−
�̇�𝐵

3
) 𝑠 (

𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
))

𝑡

0
𝑑𝑡   

 𝜑 = −
𝑥𝐴+√3𝑦𝐴+2𝑥𝐵

3𝑟0
   

 𝑐 cosinust, 𝑠 a sinust jelöli 

 𝑟0 (𝑟𝐴0 = 𝑟𝐵0) a szenzorok pozíciója 

 𝜑𝐴0, 𝜑𝐵0 a szenzorok orientációja robot koordináta rendszerben 

 𝑥𝐴, 𝑦𝐴, 𝑥𝐵 , 𝑦𝐵  pedig a szenzorok által mért diszkrét idejű relatív elmozdulás 

(Δ𝑥1, Δ𝑦1, Δ𝑥2, Δ𝑦2) 

Sensor A Sensor B 



120 

 

Az optical flow szenzorok valószínűsége ( ℎ̂ ) leírható a szenzorok talajtól mért 

távolságával (ℎ𝐴, ℎ𝐵) és a talaj felületi minőségével (𝑆𝑄𝑈𝐴𝐿) a (7.43) egyenlet szerint 

 ℎ̂ = 𝑘
1

ℎ𝐴
2+ℎ𝐵

2 ∙
0.5(𝑆𝑄𝑈𝐴𝐿_𝐴+𝑆𝑄𝑈𝐴𝐿_𝐵)

𝑅𝑅𝑒𝑓
  (7.43) 

melynek 𝑅𝑅𝑒𝑓  a referencia értéke (a szenzor számára optimális felület), 𝑘  pedig a 

hangoláshoz szükséges konstans. 

Kapcsolódó publikációk: [P6], [P11], [P16]-[P18] 

7.8 Tézis III. 

A mozgáspályák benchmark mérések segítségével kiértékelhetők 

energiafelhasználás és navigáció tévesztés szerint, így az egyes rendelkezésre álló 

pályák vagy pályaszakaszok kiválasztására létrehozható a (7.44) egyenlet szerint 

az élőlények döntéshozatalából ismert költség-kockázat-nyereség alapú biológiai 

viselkedés modell, ahol a kockázat a navigáció tévesztés, a költség az 

energiafelhasználás költség függvényével írható le, a nyereség pedig az elvégzendő 

feladat függvénye. 

{[ max
𝑖=1…𝑛

(𝑏𝑖 − 𝛦(𝑠)𝑖)] ⋁[(𝑏𝑖 − 𝛦(𝑠)𝑖) ≥ 𝑝(𝑏, 𝐸)𝑚𝑖𝑛]} ⋀ {[ min
𝑖=1…𝑛

𝛦(𝑠)𝑖] ⋁[𝛦(𝑠)𝑖 ≤

𝛦𝑚𝑎𝑥]} ⋀ {[ min
𝑖=1…𝑛

휀𝑠𝑖] ⋁[휀𝑠𝑖 ≤ 휀𝑠𝑚𝑎𝑥]}  (7.44) 

ahol 

- cél az 𝑖 = 1…𝑛 pályák közül megtalálni azokat, amelyekre (7.44) teljesül 

- a robot energiafelhasználása költségként (cost) jelenik meg (𝑐 = 𝛦(𝑠)) 

- a robot navigációs tévesztése kockázatként (risk) jelenik meg (𝑟 = 휀(𝑠)) 

- a robot nyereségét (benefit) pedig esetenként definiáljuk az elvégzett feladat 

függvényében és lehet (pl. 𝑏 =
1

𝑡(𝑠)
) 

o a pályától független (például cél elérése az elmozdulásnak függvénye, de 

a pályának nem) 

o a pálya függvénye (például az idő a pályának függvénye) 

- 𝑝(𝑏, 𝐸)𝑚𝑖𝑛 függvény a nyereség és a költség különbözete 
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- implementálható etológiai megközelítésű modell, melynek belső állapotai 

határozzák meg 

o 𝛦𝑚𝑎𝑥 a maximális költséget 

o 휀𝑠𝑚𝑎𝑥 a maximális kockázatot 

Kapcsolódó publikációk: [P6], [P7], [P13]-[P19] 

7.9 Tézis IV. 

A (7.45) és (7.46) egyenletek alapján mobil robot csoportok 

energiafelhasználási és navigációs költség-függvény adatainak felhasználásával 

létrehozható a biológiai csoportok döntéshozatalával analóg költség-kockázat-

nyereség alapú multi ágens rendszer, ahol az ágens és a multi ágens preferenciái, 

az ágens és multi ágens egymásra gyakorolt hatásai, valamint az optimális csoport 

méret egyaránt modellezhetők a mozgáspálya kiválasztása során. 

{[ max
𝑖=1…𝑛

(𝑏𝑖𝐺 − 𝑐𝑖𝐺)] ⋁[(𝑏𝑖𝐺 − 𝑐𝑖𝐺) ≥ 𝑝(𝑏𝐺 , 𝐸𝐺)𝑚𝑖𝑛]} ⋀ {[ min𝑖=1…𝑛
𝑐𝑖𝐺] ⋁[𝑐𝑖𝐺 ≤

𝑐𝐺𝑚𝑎𝑥]}⋀ {[ min𝑖=1…𝑛
𝑟𝑖𝐺] ⋁ [𝑟𝑖𝐺 ≤ 𝑟𝑠,𝐺𝑚𝑎𝑥]}  (7.45) 

ami minden 𝑙 = 1…𝐺 (minden robotra) igaz 𝑖 pálya esetén és keressük az optimális 𝐺 

értéket (csoportméret), hogy 

 {[𝑐𝐺𝑚𝑖𝑛]⋁[[𝑐𝐺] ≤ [𝑐𝐺]𝑚𝑎𝑥]}⋀{[𝑏𝐺𝑚𝑎𝑥]⋁[[𝑏𝐺] ≥ [𝑏𝐺]𝑚𝑖𝑛]} (7.46) 

továbbá egy robot (ágens) 

- energiafelhasználása költségként (cost) jelenik meg (𝑐 = 𝛦(𝑠, 𝛩(𝐺),𝑚(𝐺)) ), 

ahol pl 𝑚 és 𝛩 közös tehercipelés esetén az ágensre jutó teher nagysága, tehát a 

csoportméret (𝐺) függvénye (így optimalizálható a csoportméret) 

- navigációs tévesztése kockázatként (risk) jelenik meg (𝑟 = 휀(𝑠)) vagy lehet  

𝑟𝐺 = min
𝐺=1…𝑛

휀(𝑠)𝐺 amennyiben a csoport tagjai képesek kommunikációra 

- 𝑏 a robot nyereségét (benefit) pedig esetenként definiáljuk az elvégzett feladat 

függvényében és lehet (pl 𝑏 =
1

𝑡(𝑠)
) 

a csoport (multi ágens) 
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- energiafelhasználása költségként (cost) jelenik meg ( 𝐶 =

∑ 𝛦(𝑠, 𝛩(𝐺),𝑚(𝐺)))𝑗
𝐺
𝑗=1 ), ahol például közös teherhordás esetén a csoportméret 

változtatásával optimalizálható a multiágens rendszer és az ágens 

energiafelhasználása egyaránt 

- navigációs tévesztése kockázatként (risk) jelenik meg 

o 𝑅𝜖 [ min
𝑙=1…𝐺

휀(𝑠)𝑙 , max
𝑙=1…𝐺

휀(𝑠)𝑙] a kollektív intelligencia függvényében 

- 𝐵 a csoport nyereségét (benefit) pedig esetenként definiáljuk az elvégzett feladat 

függvényében és lehet (benefit) (pl 𝐵 =
1

𝑡(𝑠)𝐺
) 

amelyhez implementálható etológiai megközelítésű modell, melynek belső állapotai 

határozzák meg a megfelelő mozgáspálya kiválasztását. 

Kapcsolódó publikációk: [P6], [P7], [P13]-[P19] 


