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ABSTRACT

This thesis presents development and implementatica programming environment
for path generation of mechatronics systems. Qurigito develop algorithms and a software
framework to be used along with Festo Ag & Co. K@lustrial systems, by applying task
level programming. In this thesis the user intezfathe motion reference generation for
different tasks and automatic uploading and exenuin Festo real time mechatronics
systems control environment are referred.

The software consists of GUI, data management, tifume that generate motion
reference suitable for real time application witkiesto control environment. Main focus and
the contribution is the developed mathematical rdlgms used for generation reference
position and orientations for the manipulators #mel GUI that allows multiple pattern and
target definition.

Algorithms and software are created for processair®p pattern to a 3D target object
which has structure symmetric around an axis cditimt. The GUI accepts user defined
object and patterns and automatically generatesameée motion (tip position and orientation)
for manipulator. The output files that specifiestimo of overall system is then uploaded for
real-time implementation. The user has a libraryhef primitive patterns that may be used in

generating desired pattern. The developed softwgatested on real system for heavy tires
production.



FESTO AG & Co. KG MANPULATORLERININ GEZNGELERININ
OLUSTURULMASI ICIN PROGRAMLAMA ORTAMI VE UYGULAMASI

Tarik Edip KURT

ME, Yiksek Lisans Tezi, 2013
Tez Dangmani: Prof. Dr. Asif SABANOVIC

Anahtar Kelimeler: Hareket tanimlamasi, yéringstolwlmasi, endustriyel sistemler, gorev

duzeyinde programlama, yazilim cercevesi

OZET

Bu tezde, mekatronik sistemlerinin yoringelerinilusturulmasi icin programlama
ortami gelgtiriimesi ve uygulamasi sunulmaktadir. Amacimizeyddiizeyinde programlama
metodunu kullanarak; Festo AG & Co. KG sistemlegirkdillaniimak tzere algoritmalar ve
yazihm cercevesi galirmektir. Bu tezde; kullanici ara yizu, farkli gdfer icin hareket
referansinin olgturulmasi, otomatik yikleme ve Festo gercek zamamkkatronik
sistemlerinin denetleme ortamlarindaki uygulamalarbdahsedilnstir.

Yazilim; kullanici ara yuzl, verisletimi ve Festo denetleme ortamindaki gercek
zamanl uygulamalara uygun olan hareket referahsggtuwan fonksiyonlardan meydana
gelmektedir. Tezin temel konusu ve katkisi; maragiil sistemleri icin referans konum ve
yonelimleri olgturan matematiksel algoritmalar ve ¢oklu desen-hgideey tanimlaya olanak
sgilayan kullanici ara yazuddr.

Algoritmalar ve donanim 2 boyuttaki desenlerin &/tlu hedef ylzeylereslenmesi
amaciyla olgturulmus olup hedef ylizeyler bir donme ekseni Uzerinde Bikdir yapiya
sahip olacalgekilde ele alinngtir. Kullanici ara yizi kullanici tarafindan tanamn obje ve
desen bilgilerini kabul eder ve manipulatorin refer hareketini ( u¢ konumu ve yonelimini )
otomatik olarak Uretir. Daha sonra, tim harekeieiirleyen cikti dosyasi gercek zamanli
uygulamalarda kullaniimak Uzere sisteme yuklenullahici, istenilen desenleri glwrmak
icin temel desenleri iceren bir kiUtiphaneye sahipGelitirilen donanim @ir teker

dretiminde kullanilan gercek bir sistem Uzerinds elilmitir.
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Chapter 1

INTRODUCTION

Robotic applications hold an important place inhbotdustry and in research areas
thanks to the recent technological developmentsietitanding the significance of robotic
applications paves the way of tremendous opporasidnd sources through all over the
world and focus on robotic research increased tnelmgsly. One of the major interests was
depending on huge amount of fields of applicatismsh as tele-operation, surgery, industry,
automation, humanoids, domestic, miniature systantsmilitary application [1]. Secondly,
repeatability and resolution increased with the rappate control algorithms and the
mechanical developments. Consequently, efficiemay guality of the output performed are
improved. Resulted demands for robotics and tedyical developments also paved the way
of application of robotics in the area of automatémd industry.

Automation and industry become one of the majolds$ieof application in robotics.
Automation governs assembly, quality inspectiook @ place, packaging, tracking, welding,
handling and painting [2]. Controlling and programg of industrial systems play an
important role by taking demands and the largeiegipbn area of robotics into account. In
classical systems; in order to manage the systeer, generally has to know details of the
robots such as kinematic, structure or the coralgbrithm together with the platform that
these operations are performed. In other wordsersision of these systems are complex
since they require multidisciplinary knowledge obgramming, theory and control.

Control of manipulators is one of the major proldem the industrial automation.
Positions and trajectory is created through tearhposition manually and these require
knowing the specific teaching methods. In that eedsveloping a method that supervises the
process is an important motivation. Therefore stpesformed is about generating a method
that facilitates supervising robotic application.



Aim is generating multipurpose system that supesviontrol of industrial applications.
In this regard, method is generating a softwareméaork that takes necessary information
regarding the trajectory and generating necessatiomspecification for various systems on
the task level [3].

1.1 Motivation

First motivation of this thesis was the cooperatietween Festo industrial automation
company and Sabanci University. Hence industrigalkithg and the notion of the academia
had been shared. As a result, knowledge base setes been provided.

Second motivation was the stipend. Festo providiggersds. Therefore solutions
dedicated to their problem are presented.

Another motivation is issued from the process ist&elurkey [4]. They do not have
enough man power in order to control complex taslndion problems. Main research and
development is held in Germany. Therefore, wheampdex task is in concern, either project
is refused or Festo Germany is contacted for thkitien. Germany charges every
consultation and solution they provided. Therefltnedamental motivation of this thesis is
development of complex task planning projects withdelp of Festo Germany. The
developed algorithm presents independent solutimdscapability of generating independent
solutions is an important incentive in automatigstems.

Developing such a framework is an important stimii the available industrial
applications, even changing the task for the samogeqs requires re-programming the
software used by the engineers. Moreover theseegmjgenerally contain multi-task and
multi system. Due to these multi-task problems,rafpens cost in series amounts. On the
other hand, one of the major advantages of thevacdtis modularity. It could be used task-
independent and even project independent so idldmulddressing to the solution of different
projects.

One other motivation is application of new approattihe industrial systems called
task-level programming. It replaces traditional wimyg by teaching method. Consequently,
level of user interference to the system is deecasd kept at high level.

In summary, combining the academic work to be anf#d in industrials systems,
generating independent algorithms and implememtatb a new approach in industrial

systems are the main incentives of this work.
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1.2 Problem Definition

The idea is generating a framework in parallel wilie task-level programming and
generating accumulation of knowledge in order tdquen path processing operation for the
manipulator systems. Goal is generating the coatdsof path that corresponds to desired
pattern on the surface of a target. Requirementshie operation are reference data which
describe pattern and surface. Profile and pattata dre taken at 2D, motion comprises 3D
space. Therefore algorithms should relate bothreatees and it should generate an output file
that contains path and motion information accorlying desired industrial application.
Consequently, control of unknown mechatronic systane carried out.

What is tried to be implemented could be illustdatethe figure 1.1.

In figure 1.1 left part of the figure, represeraatifor the surface of target object and
two patterns examples are represented. On thepdeft desired outputs for the reference
patterns are illustrated. The operation requirasegsion of the path on the surface of the

target.

Figure 1.1: Representation of Surface- Pattern an@utput objective

The problem is generating an algorithm that takats @f pattern description and the
data for the structure where the patterns are beepsed onto. Algorithm should be capable
of taking necessary reference data for profile pattern. Hence they could be properly
represented through the algorithm. Then output whaontains necessary reference
coordinates and motion commands should be genetatdtht sense what is implemented for
the solution is task level control. In task leveintrol, users interact with the system by



defining basic parameters and users are not indalv® the details of the implementation.
Coordinate details are taken care inside the dlguri

In accordance with the idea of the task level paogning, references are taken from
the user are at the high level. Therefore refergmaemeters entered should be easily
understandable compared to the output data. Uses dot deal with the details; instead
algorithm takes high level input and generatesikgetautput.

To sum up, problem to be deal with is; developnaestftware structure that capable of
taking reference that defines the pattern andarget structure, evaluation of these reference
data in order to generate coordinates and motionntands and lastly, performing desired
operation using the generated reference data. Sfefjee process are shown in figure 1.2.
References are got with GUI, evaluation of thederemces are processed in trajectory
generation part. This part creates motion spetifinaand interconnection part provides
environment of sending motion specification to ¢batroller.

Software structure contains several sub-sectioms$ plerform motion specification
generation. There are three sub-sections of theedesoftware framework and they are
explained in the following part.

First section is a graphical user interface. Thast plynamically orients the designer
about the features of the desired part and profitee target object.

Second part is dedicated to trajectory generatigorighm. In this part the data entered
using GUI is evaluated in order to generate mospecification files for desired path.
Trajectory generation part consist of the matherahtlgorithm that takes high level input
and turns them in to low level motion specificatides.

Last part of the software framework is the intergeetion part. In this part, output files

generated in the trajectory generation sectiongdavenloaded to the controller of manipulator

system.
User M| GuUI y Trajectory Interconnection Motion
Definition | | Generation — — Specification

Figure 1.2: Structure of the Software



Objective of the software framework could be sunipeat as:

* Framework should be compatible with the requirementhe task-level programming

» System should be working standalone through ugert iand motion generation.

* The task could be changeable by the user.

* Only task menu is achievable by the user

* User does not know the detail of the functions gemerate motion code.

» Designer could achieve inside functions and coakld additional sub-function to the
software.

* Framework is initially designed to be a generic medthat could be used in the
different test projects but main goal is developangystem applicable to the real-life
implementations.

» Motion specification consists of coordinates in §iace.

Software framework is thought to be a modular $tmectherefore motion specification is
applicable to tracking numerous desired paths giows kinds of constrained environment.
In other words, goal of the project is generatidndesired path on the constrained or
unconstrained multidimensional space and generafi@am execution code based on the path
reference.

Proposed solution could be described as modelirgettasurface (profile) and pattern
based on the user reference. User reference gihes of 2D Cartesian coordinates for both
profile and pattern. These reference points arel isedevelop a mathematical model that
combines surface and pattern data. Then via pametsreated in the principle axis»fy and
z between the reference points and then these vidspaie combined at the output. Moreover
these via points are used in order to create atiems. Thus coordinates of the desired
operation are formed. Finally two files that contaioordinates and motion commands of
these coordinates are created and sent to theotlentr

Purpose of the software is also providing flextiland a tool for development of a
system or a library in order to be used in diffénerojects. Hence when different projects or
different tasks are desired, this software framéwmmuld be used and could be applicable

without or with small changes by the designer.



1.3 Thesis Structure

Thesis is organized as follows:

Chapter 2 gives a literature survey on the avhilabftware structures and industrial
applications for motion specification. Moreover qmrison between the available works and
this thesis are also discussed.

Chapter 3 gives background information about tbengonent that already exists.
Overall hardware and software, place of this th&sisvailable components of Festo and
contributions over available solution are also akpd.

Chapter 4 presents a background model in orderetate an insight, complete algorithm
used in software structure and mathematical moafelse two different approaches for path
generation are presented.

Chapter 5 illustrates simulation and experimergallts of the two mathematical model
and it illustrates structure and working principfehe GUI.

Chapter 6 is dedicated to the conclusion whiclsgmes the overview of the work done

and future works desired to be performed.



Chapter 2

LITERATURE SURVEY AND CRITISM ON THE WORKS PERFORME D

There exist several studies performed for creatmgrol systems. Samaka proposed a
task level programming environment and simulatid@sed on an interactive software tool
that contains direct inverse kinematic analysistiomotrajectory generation and workspace
estimation [5].

Moreover Meynard proposed a system that contralstréhl robots through task level
programming [6]. He creates an experimental rebeplatform for development of robotic
application instead of using available industrialbats since they have closed strutcure and
limited connectivity. Meynard proposes an onlingoraach and task level programming
environment. Project contains hardware and softveaaication that combines traditional
control structure with flexible object oriented nebdor robotics [6]. Meydard used the
platform for assembly, sensor guided actions, deably for worn-out electric motors. In his
approach, task level environment provides a meshanhat converts specification on the
high level to low level codes. The platform inclsd@ask level programming environment,
robot program synthesis, real time command executiode and a world model. In the task
level programming environment, there are threespdask specification, world model and
robot program synthesis. Information regarding obje being manipulated as a sequence of
actions in the world model, world model represemitsobjects in the work cell and their
features such as geometry and position. Therehage sections including sequence planning,
motion planning and plan checking in the robot paog synthesis. Sequence planning is the
part that converts high level inputs to the lowelevmotion programming part decides the
motion and the last part of plan checking is cdht@ whether operation breaks rules
regarding the straight operation of the platform.

Despite to the concern that Meynard proposedea@latith the close structure of the
industrial system, it is possible to generate a utard system without developing a

manipulator system in the proposed algorithm. ltachieved by developing a software



structure that supervises industrial system institgse that generating a motion specification
for desired trajectory without generating a new ipalator structure. In the proposed system
method governs a structure in the software leveindé without generating a complex

hardware model or manipulator structure, a softwsracture could be used in different

platforms available in industrial applications.

Another approach was based on software framewangsed by Naskali, he proposed
a software framework for high precision motion cohtpplications. Aim was developing a
general software packages for motion control ratien the complete software packages such
as Matlab and Labview [7]. The software consisteardware interface, motion, process and
communication parts. Moreover motion part consists sub-parts namely drivers,
sensor/measurement actuators, filters, estimatmonaodservers, axis, mechanism, trajectory,
kinematics and protection. In addition to thesegpanan machine interface is proposed as
another section apart from the components of tftevace framework. Man machine interface
has GUI, MMI device driver, image acquisition amgessing, communication and finally
scripting. The software framework is designed tagbéeeral software framework validated by
implementing it on a micro assembly workstation ¥8AW) and micro factory. Differently
from Naskali presented, in this thesis focus isegito path generation and man machine
interface. The path generation part is developebetanore modular covering modeling the
environment by processing various patterns to thdrenment. MMI is not a different
section from the components of the software framkwand is the main part of the
framework. To sum up, software framework of thissiis has similar components with what
Naskali mentioned and the software framework predoby Naskali gave inspiration.
However it differs substantially from his work senthis thesis is dedicated and specialized
for generating the path for generic case and dedigm be used a modular system rather than
development a motion system as complete.

As Meynard mentioned, combining available induspraducts with research tools is a
challenge [6]. It is true that interference to tlsgstems are problematic and adds some
constraints to the available system but in thisi#)esince project is conducted with the
collaboration of available systems, there existaesgonstraints that needed to obeyed. But in
the overall system, the framework could work as imaator-task and project independent in
the Festo environment. Meynard used the robotitfgein for the specific manipulator type
such as Scara. The software developed could beingaddamental manipulator kinematics

such as cartesian system in 3D, in which third elegprovided by rotation on a symmetry



axis. Thus, system-task independence of manipulatoaid be provided by developing a
modular system.

Moreover a modular software framework defined wathconcept called component
based robotic engineering in literature [8]. Aimtaking component as a piece of software
that implements robotics functions and enablingettgument of reusable and maintainable
software blocks. The writers point that robotic laggiion are developed for specific class of
problems and they are tied to specific hardware pladforms. Therefore they are not
reusable. By taking this problem into account thegerline the possibility of using available
ideas of software engineering features such as laogufor robotic software system. Thus
development and quality increase are provided Witk method [8]. Overall, their goal is
increasing the awareness of potential software nemging techniques to develop robotic
systems. In [9] a similar methods is discussed;pmmnt based approach is benefitted from
the perspective of software and hardware in ordaeach demanded integration reuse and
flexibility.

In this thesis | will be using this idea of compoteebased robotic engineering, however
instead of using a complete robotic system, thetist esoftware including man machine
interface, path generation and transmission of.dataposed software for generation of
motion specification is tried to meet requiremenfs quality, technical reusability and
functional reusability as stated by Brugali andriltara [9] based on the idea of reusability.
In that sense, path-planning and data interfads panstitute main focus and the concerns.

In addition to that, in the second part the ideaspnted by Brugali and Scandurra,
Brugali and Shakhimardanov discuss the role ofrdimtic software units as architectural
units of robotic system [10]. Moreover they disctlss challenges of developing a reusable
software framework. They focused on sources ofabdity and key concepts of reusability.
Furthermore it is mentioned about variability camseof component based robotic system in
the groups of computation, configuration, commutidce and coordination. In the thesis
reusability concerns mentioned is taken into actdynthe point of views of configuration,
communication and coordination of the developedwsok. Thus a modular structure is tried
to be achieved. These four features are takeraictount in the development of the software
framework. However, one of these parts is exclusiade software indicates a difference;
system proposed works in real time. However in thesis motion specification is uploaded
to controller offline. That means; main computatihat translates task level input to low
level works offline. In other words, since the malgorithm is not performed online, there is

no need to take computational power as a main ¢once
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To sum up, in the work of component base robotigiresering (CBSE), aim is
integration of independently developed system iafiplication specific configurations.
Likewise in this thesis, software framework is deped in a modular fashion so that it could
be used in different applications of mechatronjctesms.

Another approach to the software frameworks issillated by Munich [11]. He
approaches to the software architectures from cawiateobotics product point of view and
discusses needs for commercial product and chasdide of it. He illustrates these features
in evolution robotics software platform (ERSH. It is initiated as research based project and
turned to be an application which could be use@ asmmercial product. In the proposed
framework which generates motion specification, sarharacteristics and needs are taken
into consideration. These characteristics are roeetl in the following part. Three necessary
elements are flexibility, autonomy and low cost.oftrer feature worth to be discussed is
usage of the software in the real-world examplastelal case, environment is pointed as
dynamic and typically unknown. Therefore it is dissed that the software should be rapidly
developed and customized by the designer and custdnfrom general to specific cases.
Furthermore main characteristics are listed as maoitly code reusability, portability,
platform independence, scalability, lightweighteapand flexible, dynamic reconfigurability,
ease of integration with external applicationswuek support, fault monitoring and testing
the infrastructure. Dynamic reconfigurability, Xibility, modularity are the parameters
which are taken into account in the developmersiodifivare used in scope of this thesis.

In [12] characteristics between university and stdpare investigated in detail in large
set of research joint ventures. Main objective o tcollaboration is to have research
synergies and keeping up with the technological etgpments. Results show that
involvements of universities in RJV are increasiiigjor benefits stated from the companies
are their increasing knowledge and improvementshenproducts. This research shows the
importance of cooperation between academia andindu

There exist ideas that suggest cooperation betaeatiemia and industry. One of these
ideas is also proposed by Pires. It is thought temhands of efficiency and flexibility in
industry could be met by the cooperation betweeda@mia and industry [13]. He states that
advances in usage of robots in industry requiré paatnership between academia and
industry. A related issue was neglecting someufeatin academia while they should have
been considered in industry case. Solutions to covee these issues and meeting the

requirements of the development technologies amamed with the idea of industrial

10



thinking within the research. This is realized bgating a true contact between them. In
scope of thesis, this knowledge is tried to beead and implemented.

There are numerous cases showing cooperation betiweestry and academia. Within
the scope of European robotics research projegtereenced robot groups on KUKA are
conducted. These collaborations are said to pavevily of developing innovative products
or tools used by manipulators [14]. Moreover itrientioned about a graphical user interface
design and development called as advanced man neaicherfaces for robotics applications.
In the design references are taken based on thenoanstandard of robotic GUI structures.
Thanks to the GUI, programming is enabled withoetining specific parameters. In that
sense same approach is tried to be hold in thedaklgn of this thesis.

A similar system is used for path generation ohpag automation. A system that
automatically generates motion for painting appiaa is created in [15]. The system is
created as a result of the cooperation among indusicademy -customer. By using range
sensors unknown targets are painted. In the syatewllision-free path and an executable
program are generated. Hence human supervisiohetesystem is reduced. The methods
given in this approach is analogous with the metimglemented in this thesis. The
difference is the method for taking reference gdoynef the target. Parameters of the parts
are taken as basic features which define referenite thesis while geometry in the proposed
work is decided by [15] range sensor data.

In addition, a similar implementation is proces$edautomatic polishing system in
[16]. Methods was converting high level descripsioand defining the motions of the
manipulators accordingly. A collision free patlgenerated and held as an ASCII file similar
to the presented approach in this thesis. One efdifierences between the thesis and the
work in [16] is also originated from method for ilads reference. Reference is taken as CAD
file of the part. In general, algorithm shows exésmf industry — academia cooperation and
they are also benefitting from the task level pamgming similar to the one presented in this
study.

Another spray painting algorithm was held by ABBan& concerns of manually
teaching and touching is stated in [17] in termscyéle time and paints waste. Solution
presented is automatic path generation by takirgetaeference using CAD. Surfaces of a
CAD file is separated on sub-section and handlgoarsg¢ely. Automatic trajectory is
generated ABB’s offline programming and simulatsmftware called RobotStudio.

There is another method for generating path rebéerempart from user reference.

Integrated vision and force control also provideguired data in order to generate path. This
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method is discussed in [18]. Moreover, vision aacté control are combined in a system
which provides online path generation in the follegvapplication. Due to the duration of the
deburring operation of the cast aluminum wheelsoafine path generation algorithm
developed [19]. It uses hybrid visual servoing &mae control methodology. While force
control provides continuous contact to the targétual servoing provides controls on a
marked tool path together with robots tool positomd orientation arrangement. Hence robot
path is generated from the recorded data.
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Chapter 3

BACKGROUND INFORMATION

In this part of the thesis, some background infdiomaof the available system and the
place of proposed algorithms in available companang presented. The software framework
could be understood better, if available parts thed functions are discussed. It is important
since software developed uses the available toatsder to be tested and validated. In other
words, overall system could be divided into twotises; first part consists of the components
that are already available and the second patieascomponents prepared in scope of this
thesis. In the following part, available parts amhtribution made are pointed out clearly in
order clarify the work done. The details of thetsafe are further discussed but in this part
they are also touched upon.

The discussions performed based on software amtivaae. Components are explained

from these two perspectives. In figure 3.1 avaddirdware structure is given.

Industrial PC (HMI)

Motion
Specification

GUI | Data Management ¢

l

Controller

Management PC
: Motion
Control

Process Control =

| System Configuration ‘

Manipulator

:| Driver |4—.| Axis |<—>| Actuator

Figure 3.1: Available Hardware Structure
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3.1 Hardware

First part of the hardware is management PC. Usiagagement PC, configurations for
controller and drivers are performed. ManagementcBdd also control operation of the
manipulator. Apart from the controller and driveliMI is also created using management PC.
After required configurations are set, control fbe process and motion are prepared and
these adjustments are downloaded to controllererAtihe download, system could work
standalone without management PC. Moreover, sedandtion of management PC is
preparation of HMI. HMI is consist of a databaseudure for data management, GUI
interface for reference data and the mathematicadtion that generates motion specification
as output and reference data as input.

Second part of the hardware is the controller; @sscontrol is performed in controller.
Main cyclic control task is processed by it. Systédnis taken by the controller. Peripherals
such as drivers and IPC are connected to the dtantro

Drivers are the third group in the hardware. Dmgvéasically amplify the output
reference of the controller given to the actuators.

Actuators and the axis are the final part of theltvare and they create the manipulator.

3.2 Software

In this part, software of the available system iscalssed. Configuration, motion and
process control are performed using the softwarBesto. Fundamental part of software is
the program called as Festo configuration tool (FJ20]. FCT has two functions;
configurations for controller and drivers are daseng FCT and it contains the software that
performs process and motion control. Process cosatfiware is called code development
system (CodeSys) [21] and motion control part fsrred with the name of the language used
in motion control called Festo Teach Language (HE2R].

Process control is the main part of the systems Itreated using CodeSys and it
includes; main control of the system interfaces aman control loop. It also supervises
motion control part. Thanks to a shared registetionocontrol and process control could
communicate.

Motion control is the part that includes robotictran commands in position, velocity,

acceleration and jerk level. Coordinates of motcmmmands are performed accordingly.
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Motion control phase of the system is shown in figare 3.2. Initially axis reference is
completed; motion parameters such as coordinatecitye and jerk of the end effector are
defined. After these parts are completed, hommgoerformed based on the defined
coordinates and initial motion references are @efirp to this point, the motion commands
and coordinates are statically defined parametethe FTL part of the FCT. There is one
more part that calls a file to be implemented ia$€ T and this file is the file is created as an
output of proposed software structure. It is dowadked to manipulator based on the reference
pattern and profile coming from the user. This eepresented in figure 3.2 and as it could

be seen it is connected to the IPC for taking coatteé reference.

| Controller |

I Reference Axis Main |

| I Program |

: Tool and Referece System |

Parameter Initilisations |

| ! |

: Homing :

| ! |

| IPC —H  Motion Specification |
| |

Figure 3.2 Representation of Motion Control

Microsoft visual studio is used for the GUI, matteiwal function and communication
with database and Microsoft SQL Server is useddfinbase in order to have a consistent
system. After these parts generated using manadeR(@, they are downloaded to IPC.
Desired operation for the manipulator system cooéd performed with HMI after the
download. Design of GUI and mathematical functi@me made using VB programming
language.

Apart from the mentioned software, there is adddiosoftware that provides the
communication between the PLC and HMI and it isechhs OPC server [23].

The overall software system could be seen in theviong figure 3.3.
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Microsoft Visual HMI
Studio
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GUI ) Database Mathem:atlcal
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FCT
Controller Driver
|
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Figure 3.3 Available Software Structure

3.3 Work Flow of the System

A solution for the problem of pattern processingiggo a known surface was already
developed and this method discussed in this padl takes reference parameters that
describe the pattern and the profile data. They &éine stored in the database. Then, reference
data retrieved from database and motion specificatiare generated including the
coordinates and motion commands. These parameterstared as a file type that is
recognizable by the controller and sent to the rotlet suing TCP/IP. Finally by using
commands on the GUI, system is initiated and cdagddcontrolled (stop, reset) during the
operation through the OPC server. GUI does notrabthe system directly. It could access
the tags defined in CodeSys. Only the parameteiinedein the process control could be
manipulated using GUI and real control is providgdthe process control. Thanks to OPC
server, parameters that control operation of tistesy inside the process control (CodeSys)
could be reached.

Final part of operation is the motion of the mafapor. Based on the reference
coordinates and the motion control, controller semdlated references to drivers. The
reference coordinates are sent in terms end effectordinates. Based on the end effector
coordinates of manipulator, related motor positiares calculated using the inverse kinematic
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calculation solved inside the FCT. Example of sariphematic structure configuration is

given in the figure 3.4.

Kinematics Name: |Robut
Kinematics Type: |3-A:ﬂ'5 Gantry X-Y-Z ﬂ
/E:_L; %

Number of Robot Axes - L w
Base Axes: 3 W Iﬁ:3 WL
Wrist Axes: 1 * "
Aux. Axes: 1 “'L +E:' £

X+A A
Total: 5

Figure 3.4: Example Kinematic Configuration in FCT

3.4 Place of Thesis in Festo and Contributions

In concept of this thesis, software structure sspnted and algorithms which serve for
creating a meaningful path on the surface of thgetaobject are developed.

Since this software aims to be used in the indalstgistem there exist some constrains
of the system as a nature of the close structutheoindustrial system. Systems, of which
kinematic structures could be defined inside FGIuld be used. Reference is given at the
task level so that coordinates of the end effecfdhe system are given as reference. Close
structure of the system is interfered by sendirgyfile that contains coordinates and motion
commands using the available kinematic structures.

Furthermore, system is supervised and processieatpn is performed by generating
an algorithm that creates an output file which aorg reference coordinates and motion
commands. Place of this thesis is providing sohdithat generates specified files. These files
include motion specification of manipulator in orde provide desired operation. Apart from
the available solution which generates motion dation files, different algorithms which
also generate motion coordinates are created atetiten the experimental setup.

Developed algorithm has some benefits over thdbala algorithm. It is hard to make
a strong deduction by comparing available algoritomd developed one. However existing
algorithm is developed just in order to make thstay function properly. The criteria was
not to develop a general solution and there exastancern for formulizing the algorithm to
be understood as easy as possible. Because af tes&sons, the developed algorithms are

formulized and tried to be hold as simple as pdsdioit functioning. Therefore algorithms
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are thought to be used by the other engineers utitbmblem. Secondly, existing GUI is
done for specific automation solution. Hence a gwamical GUI is generated and planned
to be used so that different pattern and profila dauld be used in order to define output file.
Therefore this part also provides advantageous ttneeavailable algorithm and GUI. Existed
algorithm serves only for a specific surface déifoms and it is not dynamical. Similarly with
algorithm in GUI; software is performed for specifiumber of sections. On the other hand in
developed software, numbers of profile sectiongalten care dynamically. Hence it could be
used task-pattern and system independent. Structutbe software allows user to add
mathematical model that represent unavailable gearakdata as class. To sum up, GUI
provides definition of different pattern and prefil

The software parts used as it is are FCT, Code8ysFTL programs excluding the
motion for pattern processing. Available manipulatlrivers, actuators and axis are used for
experiments. Some initializations such as homingirnand and coordinate transformation
between the origin of the manipulator and world rdowate frame are already performed
inside FTL. On the other hand the parts missing thie coordinates and the motion
commands related with these coordinates and thggthier, specify desired industrial
operation. In scope of this thesis these coordsatel motion commands are generated in
such a way that unknown manipulator could performracessing operation of a desired
pattern onto the surface successfully.

In figure 3.5, while available structures are shawnthe right, on the left part features

developed in scope of this thesis are illustratét the circular line.

Pattern and Profile
Definition

GUI

~ Path
Generation

il

Interconnection

Motion .
Specification Controller Manipulator

Management
PC

Figure 3.5 Available and Developed Structures
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The software developed using a management PC. Usimger software an HMI is
created. HMI takes basic references as input andrgtes the low level coordinates for the
manipulator which is shown as “Motion SpecificatioMotion specification consists of the
files of path reference for the manipulator. Outples are sent to the controller. Finally,
system is initiated from the management PC usindeSgs control signals. Then file sent by

HMI is evaluated in order to initiate motion.

3.5 Further Details about Projects (Components thaare Already EXist)

Software generated by Festo placed on an indufttabnd user enters the reference
data to IPC (Industrial PC), IPC has Microsoft @pexg system and the software works on
.NET framework. Overall software is programmed gs#B. GUI contains parts for reference
data entrance, representation of the profile geéeeracontrol functions that operate the
manipulator system such as start- stop- reset amthdow that shows instantaneous system
parameters of the kinematic structure. Moreovea adatinagement of the operator input is
done using database.

As user enters the parameters, the data is storde idatabase. Mathematical functions
access to the database and create the motionispgoif. After the motion specification is
generated, operator could load it to the systene 3Jdiftware used for robotic mechanism
requires this motion specification file for procegsthe desired task. Afterward, when load
operation is completed, user should start the matifothe manipulator. Mechanism initially
makes a homing which is defined separately from d@léomatically generated motion
specification. After homing is completed, the metka begins according to themotion
defined in the generated files.

Process control software CodeSys is also locat&derconfiguration tool and controls
main cycle by taking external peripherals data sashlimit switches, sensor input. As
mentioned before, robotic motion part is also ledainh the configuration tool software and
called FTL (Festo Teach Language)

The manipulator mechanism is defined using the igardtion tool. This software
includes menus that contain configuration for coligr, actuator types, driver parameters,
maximum velocities, accelerations and jerks. Byngsihe consecutive windows, overall
hardware is programmed. In addition to that ovenalldware, structure of the manipulator
mechanism also defined in the FCT such as typesotdrs and types of drivers.
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To sum up overall structure that exists could bmrearized as: The manipulator
mechanism including hardware and software. Hardwargains controller, driver, actuator,
axis, and manipulator. As a part of the softwamrehexists FCT that provides mentioned
configurations. Moreover FCT contains two more wafe structure listed as process control
software CodeSys and robotic control part called8k. This part constitutes the motion
mechanism and used as it is for testing the softwdrich generates motion specification.

The motion specification software is built as ap@xable file in a management PC and
placed in an IPC. This software includes parts pinavides observation of motion parameters,
control of the process, input for the desired tamk,interpolation function that generates
motion specification for a specific 5 DOF manipalainechanism, database for storage and
necessary interfaces for the data transmissiothdrollowings sections, these parts together
with the interfaces are covered. For better undedihg hierarchical system structure is also
given from system engineering point of view in fig8.6 [24] with software used.

On figure left part of figure 3.6, hardware andtsafe component of Festo is
illustrated. The shaded part is the part that isedo scope of this thesis except the database.
It shows the software framework that generatesanatpecification. No industrial PC is used

in the proposed work. GUI and motion specificatpamts are in the management PC.

Industrial PC Microsoft Visual Studio

Motion
GUI ¢ Database @ gpqcification
SQL Server
IOPC Server
Controller FCT Manaqsipent
Management PC Process Niotion PC Industrial PC
System VRN |
Configuration Control Control
CodeSys FTL Controller

I .| Manipulator

"|[ Driver ¢4 Axis |¢¥ Actuator |

Manipulator

Figure 3.6 System Structure and Hierarchal Represdation
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3.5.1 Hardware

3.5.1.1 Management PC

This part of the hardware consists of the softwhe is used for programming the
controller and the manipulator. The connection stalglished using the TCP/IP Ethernet
connection that is available on the controller. TWeak flow of the overall system could be
observed and arranged using this PC and generafedase could be downloaded to the
controller so the rest of the system can work satboree. The initial system configuration of
the all systems that consist of kinematic, plc M@dules, actuators types, axis parameters are
configured using management PC. Process controlpatsgrammed from management PC.
Moreover, Management PC and industrial PC do notngonicate directly during the work

process of the system.

3.5.1.2 Industrial PC

Most of the part of the software structure is ledatn industrial PC. There are two
exceptions; the parts that main control algoritherfgemed and the some parts of robot
manipulation such as homing. These parts are wriiiging management PC. Details of
software are given in the following part. The Inuiad PC is used in order to take required
parameters of the pattern and the surface defirsitio Input given by the user is utilized in
order to create set of data that consist of postidhe system could be operated from the
Industrial PC. As user entered parameters, defimagectory is illustrated to user for
confirmation. Then user is waited for loading theotion specification created to the
controller. System is controllable from IndustrRC to the extent defined in the software
using management PC. Parameters desired to beolbeatshould have been defined in that
control software. Moreover generated set of pdimis constitute path should be in the format
that is understandable by the controller. The comoation between controller and the

industrial PC is also provided by ethernet conmecti
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3.5.1.3 Dirivers and Actuators

The drivers are selected as compatible with theorsotSelection requirements
performed in such a way so that overall systemddwhction feasibly. The communication
between drivers and the controller are providedgiSANBUS and the configuration of the
drivers are performed using RS-232 serial commuioicgort using the management PC. In
the configuration; types of drivers, close loopgmaeters such as PID gains, motor types,

maximum currents, axis lengths or types are set.

3.5.1.4 Controller

The controller is a developed version of PLC théavwes robotic applications called
CMXR-C2 [25]. Thanks to these versions, motiong tlkeguire robotics (inverse and forward
kinematics) are combined with the process flowraReeters of the controller again defined in
the management PC and downloaded to the contrdlter.l/O modules, manipulation code,

kinematic structure are defined under the controlle

3.5.2 Software

The software part consists of two parts. First parttains the software that is specific to
Festo environment. This part involves software useaonfiguration (FCT), process control
and motion control.

Moreover Second part of the software consists of:

1- GUI design that shows the system operation comgitio

2

3

4

GUI part that provides entries for the definitidrnpattern and profile.

Software algorithm that generates data points aptibmcommands.

Software that provides communication between PL&tha GUI.

The fundamental task of this thesis is performimg $oftware structure mentioned in
second and third part of the list. This part isatee to be independent from existing solution.
However, manipulation code that consists of datatpashould be in the language used for
motion control (FTL). Some features of that softevés mentioned in a general in order to
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provide understanding of the features of the saftwieamework but it won’t be a detailed

discussion since it is out of the topic of thisdise

3.5.2.1 Festo Configuration Tool

In this part, main parts of the FCT are discussedollowing figure on the left main
components in FCT are listed .The first part is ¢batroller mentioned as CMXR-C2 [25]
and contains configurations for controller and wafe for motion and process control. Other
components belong to the driver configurations.r&hexist 5 drivers in the project and the
types of the drivers are given as CMMP-AS [26].tPaf the CMXR-C2 are listed as
configurations, kinematic type, CoDeSys and FTLguts. The driver sections are listed as

configuration, axis and controller. These partsstr@wn in the figure 3.7, 3.8.

Workspace

2

=8 Project: KMS22March

B CMMP-AS: Axis 4
CMMP-AS: Axis_x
w1 CMMP-AS: Aux 1
- CMMP-AS: Axis_y
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515 Compornents Control Interface: ‘CuDeSys :_J
e O CMXR-C2: CMXR Device Configuration
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Peripheral modules: }CECX*D*SEBA*NFLQ - Digital VO (8 In/& Out) j

Figure 3.7 Main Window of FCT
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Figure 3.8: Controller and Driver Configurations
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3.5.2.2 CodeSys

Code development system consists of four main jpgmsgram organization unit
(POUSs), data types, visualization and resourcescd3s flow are defined in the POU part of
the software, the data types holds structs angsused in the programming, visualization is
used in order to create GUI and the resources icenlidbraries used such as RC interface,
task configurations, global variables and PLC [[@e main part of the resources is the task
configurations which provide process control. Itimsportant since the cyclic loops are
defined in this part and these are illustratedgnre 3.9. The functions defined in the POUs
are set to the tasks such as motion, user andltfsks. For instance, RC_INTERFACE() is
a motion task and RC_STANDALONE() is a user taskeSe programs are evaluated

according to the features defined in the taskbattes given in figure 3.10.

E------;ﬁTask configuration

e o Syzten events
E| & HotionTa=k

. ee[Z2] RC_INTERFACE():

E] m UzerTask

PO_KOHNTROL _PRGE ) :
RC_STANDALOHE( 3

=| FED HainControlUszerTaski):
E| IE;': d_ef aultTa=sk

5 E FED MainControlSlowTask):

Figure 3.9: Task Configuration Menu of the CoDeSys
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Figure 3.10: Task attributes menu of the CoDeSys
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3.5.2.3 Festo Teach Language

Festo teach language could also be found underdimponents three in the controller
section. It consists of the code segments thahdebbot manipulation and these parts could
be listed as:

* Main motion commands such homing.

» Coordinate transformation between reference syééarld, Robot).

* System parameters initializations (Velocity, J&&celeration).

« Common Registers between FTL and Codesys whichigesvdata transmission
between process and motion control.

» Caller function that processes automatically getedrenotion specification.
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Chapter 4

MATHEMATICAL ALGORITHM

4.1 Plane-Sphere Intersection

The first method in order to create pattern on a@$ is thought as plane-sphere
intersection. As initial part, sphere is modeled am algorithm that generates pattern on a
surface of a complex shape such as sphere is sadulelence a perception in order to
formulize a suitable algorithm is tried to be cesht

Sphere is modeled using the equation (4.1)

y = rsin(@)cos@ )y,

z=rsin(p)sin@ )- z,

X=TCOoS@)— X, (4.1)
6 =10, 2r7]

@=[0,7]

Pattern is modeled as the combinationhef linear lines and lines are taken in 2-D
plane. The aim was processing this data to the krswface. Patterns are taken in terms of
lines. They are associated with the planes andhteesection of these planes and the sphere
(pattern and the target object-surface) gives therdinates of the desired pattern on the

surface.

The circle equation could be given as:

(x=%) +(y=¥%)*+(z- g)°=f (4.2)

The formula of the plane is given as:

Ax+ By+ Cz+ D=0 4.3)
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A, BandC are the normal vector of the plane ands found by putting a point on the
plane into the equation (4.3)
Based on the equation (4.2) and (4.3) there exgslL&ions of intersection

e If D>r thereis no intersection
* If D=r single point intersection §DA, DB, DC)
* If D<racircle intersection with centered @A, DB, DC) with radius

R=+/r>-D? (4.4)
Pattern is created in the position originated afg@ 0 0]" wherer is radius the sphere.

Intersection points are created in thg plane and then using the necessary rotation
algorithms, desired path is created. One importantark to be done is the result of the
intersection. Step three is implemented therefeselts is full circle as mentioned in the case
of D <r. Circle is created in they plane where = 0, then it is transformed desired location.

x-y coordinates of the intersection are given as:

X =%, + Rcos@)
y =Y, + Rsin@) (4.5)

The length of the pattern is defined by the useramled is decided accordingly simple
direct ratio based on the defined length givenguagion (4.6).
Lt _8 (4.6)
2mr 2
Where/ is the length of the pattern a®ds the angle used in order to find the intersectio
points.

An example pattern is shown in the figure 4.1. Tihes are created at tlxey plane and based
on the reference; they are rotated and translatied) lhomogenous transformation matrix.

' <
I [r00]

Figure 4.1: Implementation of a Desired Pattern
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Line number 1 is created initially, and then pars 2reated at the-y plane and rotated
90 and translated. In the same manner third patssaeated irx-y plane and rotated using

the angle giverB( for this case. In order to perform rotations arahslations homogenous

transition matrix used. It combines rotation arahsition and given in equation(4.7).

Ri R Ry T

co|R R Ry T “n
Ry R, R, T
0O 0 0 1

As initial pattern is created, this pattern could dreated at any other points in any

orientations using the two different rotation aitfuns.

Plane Sphere Intersection

Figure 4.2: Simulation of Pattern “A” Letter on the Spherical Surface

Fixed angle rotation and the Rodriguez rotationoaigms are implemented to the
points got after the intersection between the Haaed the sphere. In the fixed rotation
algorithm, in order to rotate the pattern from hoooerdinates to the desired coordinates, 3

rotation matrix in thex,y andz axis are used given equations (4.8), (4.9) antiOj4.The
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rotations are illustrated in figure 4.3; rotatiaorh black to yellow is aroung axis, rotation

from yellow to blue pattern is aroundxis.

1 0 0
R(@)=|0 cosf - sird (4.8)
0 sind co¥Y
cosgd 0O sirnd
Ry(e): 0 1 0 (4.9)
-sind 0 coY
cosd - sind
R@=| O cos O (4.10)
-sind 0 1

Angles for the rotations are found using the aZztammulation given in equation (4.11)

6 =arctan2g y
6, =arctan2¢ x (4.12)
g, =arctan 2§ x

Plane Sphere Intersection

o~

7 -

Figure 4.3: Representation of the Rotated Pattern§larked as Blue and Yellow
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Pattern could be rotated using the Rodriguez ftatimn around a given coordinate.
The points taken from the user is used in ordegetoerate the axis of rotation and pattern is

rotated around the axis with the rotation matrixegi as:

R=1+wsinsin(8)+w’ (I~ cosf ) (4.12)

0 is the angle of rotationw is the skew symmetric matrix generated from the

normalized axis of rotation of the vector= [v1,v2,v3]T. Skew symmetric matrixo is

given as:
0O -v1 v2
w=|v3d 0 -vi
-v2 viI O

Figure 4.4 shows the rotation of letter A fbdegrees around axis. The Rodriguez
rotation around a predefined axis in sphere showdajure 4.5 between blue and red “A"
letters.

Figure 4.4: Usage of the Rodriguez Rotation on thRattern
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Rodrigues Rotation of Letter A
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Figure 4.5: Rodriguez Rotation Simulated in Matlab

Apart from the position coordinates there is alsedto find the orientation of the
desired pattern on the surface of the sphere andetated formulas for finding orientations
are shown in equation (4.13) with illustration leé tangles in figure 4.6.

Q= arccos(E )
r (4.13)
0= arctan(X )
X

)

AN
Y, . 3

X

Figure 4.6: Reference Axis at Sphere Center and QGentation Angles
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4.2 System Structure

In the following part fundamental features of thgoathm, reference structure for the
implementation and constraints in the area of uségfee algorithm are discussed.

Target object is structured in 3D space. Howeveadoordance with task level idea,
surface and reference pattern data are taken ico@Rlinate system.

Algorithm is generated for the system which hastationary symmetry axis and target
holds same features around this axis. For exanipti@rget object is selected as cylinder,
symmetry axis could be shown as linm the following figure 4.7 and the target has shene

features around the symmetry akigis mentioned.

K

Figure 4.7 Cylindrical Target Object and Symmetry Axis k

An origin or the reference frame is placed to tkater of the target object which is
illustrated again using a cylindrical target antcalliculations are performed based on this
reference frame in figure 4.8.

Coordinate system is placed in such a way that, ang of the coordinate system
coincides with the symmetry axis. Moreover z positis provided by the rotation of the
target around the rotation. Apart from the pos#iaiere is need for orientation and auxiliary

angles shown as andp.
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Figure 4.8: Reference Axis Placed to the Center &@ylinder

In the following part input structure of patterndaprofile data is shown with the
coordinate system illustration. Coordinate systermset to the center of the 3D target as shown
in the middle part of figure 4.8 The symmetry axientioned is set to x axis.

The origin and the reference frame could be seeth® left as the 3D representation of
the target object.

Pattern data is taken iz plane and has 2D. Profile data is taken basedhe@rtioss
section of the target object in they plane and illustrated with shaded parts on thgetar
object and shown as 2D xay plane in figure 4.9 and named as profile. As iildde seenx
axis is common in both pattern and profile. It msportant to remark that; base of the
algorithm is constructed onto this common symmaxig x.

3D Representation Profile Pattern

Figure 4.9: Target on the Left, Patterns orx-z Axis and Profile on x-y Axis

Orientationo provides end effector to be perpendicular to timase of the target on
thex-y plane. Orientatio is used for auxiliary angle for some specific istlial application
and discussed in the next section in detail.

What is tried to be achieved is basically, takimgut that defines the pattern such as the

ones given in right side and taking input that wesi profile for the surface of the target such
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as given the middle part, in figure 4.9. Goal isgation of the reference motion coordinates
for the tip of the manipulator after evaluatinggbenputs. Consequently, desired pattern is
generated on the surface of the target object a&inbdl given on the left part in figure 4.9.

Some basics had been mentioned so far. Algoritlingdneration of mentioned coordinate

references are discussed in detail in the follovpags.

4.3 Synchronization

One important issue that should be referencedeig goints taken from the user. They
are taken as boundaries of absolute positions. &stioned for every point in the array,
there exist correspondingz positions and.-4 orientations. However since user enters pattern
and profile positions separately in the conceptask level programming, it is possible to
have different x coordinates. If these input araleated in the functions that gives positions
and orientations as they are, there is possititithave different x coordinates. In order to
prevent this, theseinputs coming from pattern and profile should fpechronized and there
should be one array of positions that should be given to functions thaheyatesz-y
positions andu-f orientations. In that sense, the x parametersntéi@an the pattern and
profile should be pre-processed. In the followingrtpthis synchronization process is
illustrated with a simple example:

It is assumed that boundaries that define the vaterfor the pattern and profile are
given asa<b<c<e< d

The parts in the profile are listed as:

(fabl, [bd,[cd)

The parts in the profile are given as:

(la.é . [e d)

There are 3 segments of the profile of the targgtad and two segments of the pattern.
As a result of the synchronization algorithm thexest 4 segments of the x arrays that are sent
to the functions that generates remaining coordsiand these arrays are given as:

x=(lab.[bd.[cd[ el
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4.4 Algorithm I, Circle-Plane Intersection

Circle plane intersection is developed since thergection of plane-sphere has some
disadvantageous.

Plane-sphere was good motivation to solve the probbf generating path on the
surface of target object. However this solution wad sufficient enough to solve the
problems of more general systems. The intersedidhe plane that is oriented accordingly
with the pattern and target object was easy iftdrget object has a known form such as
sphere in this case. However if the surface of tdrget object is a combination of the
different geometrical properties, this algorithrags. However intersection method of sphere
and the plane is a sufficient algorithm for the esjtal target and created an insight for a
proper solution.

In order to generalize and improve the algorithmeleiplane interaction approach is
tried to be used. Similarly performed in the presi@lgorithm, intersection is again the main
idea. However this time the target object is modiele the combination of the circle slices on
symmetry axis. Details of the reference system tedsymmetry axis are clarified in the
following parts.

That algorithm is valid in the systems that havensetry around a predefined axis.
Surface of the target does not have to be a pwwkrshape such as in the case of the sphere
but combination of them. The details of the aldortare presented in the following part.

Initially, symmetry axisX axis is selected. Then profile and pattern fofedént parts

are taken from the user as absolute points ancheynized. Result is represented in equation

(4.14) . x, means initial pointx, means final point anc, means section.

Xg = (X1, X1)
X2 = (X2 X; 2) (4.14)
X = (X35 X;3)

Xsn = (Xin ! an)

After initial and final points are taken as an igparrays between the initial and final
points are created for every n number of the pasisg aA delta offset. Related equation

could be seen in equation(4.15).
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Xa =[% %, 8, %,+24, % +3A,... %]
Xo =[%2 X8, X, 720, X,+30, ... %,]

Xo =[Xs X3 +D, X3+2D, X, +3A, ... X%,] (4.15)

Xsnz[xn Xn +Ax Xn+2Ax Xn-'-3A Xt an]

After these arrays are created, they are used doergting the surface of the target
profile in 2D dimensions.

After array is created in order to create the aetdhe surface of the target object, the
functions for the surface are evaluated for evesintpof the array in equation(4.15). The
target object has 3D structure but in order toizeat, cross section of target in tkey plane

is found.

The functions given in equation (4.16) are useddpresentation of the profile.

Yo = f(Xa)
y52 = f (XSZ) (416)
Yo = F (X

In the experiments two different functions are usedlefine target object. Separate

functions could be used and combined in order toegee corresponding values. First

function was for creating circular profiles. Relhtrinction that could govern all the parts
given in the following equation.

X, = X.+ Rcos@)
arcco{xS;RXCj =0 (4.17)

Ys =Y.+ Rsin(@)

Where x and y are the center of the circular part, R is theusdif the circular part,sx
is the input array andis the angle of the circular section.

If additional offsets are desired to be implementethe system then equations could be
written in this format:

Y =Y.+ Rsin@)+Ay (4.18)
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Specified parameters of the circular pattern ltwstrated in figure 4.10.

Figure 4.10: Circular Profile Representation

If the profile or the surface is linear, functidrat creates line equation is used and it is
illustrated in the following part, in equation (9)1

Xsn:[xn Xn+Ax Xn+2Ax Xn+3Ax"' an]

Yi =¥ _Y¥ (4.19)
X =% X=X

(Yr = ¥)(% = %)
Xi =%

y=y+

Similar to the circular profile, sds the input array to the functiong;) and & -ys) are
the initial and the final points of the line anésythe output array that represents profile.

As the second part of the algorithm, pattern dataken as input.

Input for the linear pattern is initial and finabipts of the pattern which are illustrated

as(x ,z), (%, z) and the angle of the linear line with respecth® X axis shown ag

which could be seen in figure 4.11.
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(Xpa1 aYpa1 )

¢

(Xpa2 J Ypa2)

y4

Figure 4.11: Example of Pattern and Parameters Used

Following figure 4.12 shows how algorithm workspnnciple. Red line given witlp
angle shows the pattern. The blue shaded parts gt®plane generated in accordance with
the pattern, n is the normal vector of the planiee Target object is represented with the
circles that defined for every point taken in tharray in which x point is the center of them.
The dashed red lines show the intersection of dhget (circles) and plane. Result could be

seen on the right part of the figure 4.12

Figure 4.12: Plane-Circle interaction and ResultedPattern

Next part of the algorithm illustrates generatihg planes that define the pattern circle
slices through x axis and finally intersection be¢w the planes and the circles shown in
figure 4.12.

Parametric circle equation is given as

C(i) =C, (i) +U (i)cos(®, ) + V() sin©®,) (4.20)
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WhereC, is the center of the circlel andv are the vectors from center of the circle

ul=V[=R
UV =0

(4.21)

R is the radius of the circle an® =[0,277] is the angle that corresponds to the

intersected points. For every x vector in equatidi) there is one circle equation and the

following equation shows how x arrays are creatéd wffsetax .

x(i +1) = x(i)+ Ax i =[0,(n-1)] (4.22)

Then solution of the following equation gives thegkes that plane intersects the circle

for every x(i) interms of © .
(C-P).N=0 (4.23)

P is a point on the plane amtis the normal vector of the planes. There exsblations
which are®, =0 andO, =(180-0).

Circles are created in tlyez plane with centers in symmetry axisTherefore the radius
Ris the values coming from the surface equationsgives they values in equation (4.17).

y-z values of the intersection are found usingftil®wing realtion between polar and

Cartesian coordinates.

y = Rcos(0©)

z= Rsin(0) (4.24)

For theP which is point on the plane, the first elementhax array for every section is
used if the section is continuation of anothergratt Otherwise pattern is initially placed to

the centefx,0,0] since the pattern is thought to begin from thatrdmate and continued to

the +x and —x direction from this central point.
The normal vector in the formula is found from tieen input by the user. Following

formulas illustrated how the normal vector from {ha&ttern based on the given angles are

found with respect to the coordinate system usedhé following part,[x,, V,, z] shows

the mentioned the normal vectors.
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X, =-c0s(90-0)

y,=0 if ©:00<90

| 7, =-sin(90-0)

v =0

y,=0 if ©=90 (4.25)
1z ="1

[ X, =c0s(90-0 )

y,=0 if ©:90<O<18(

| 7, =-sin(90-0)

After intersection begins from the andz=0 point for the middle part, if there exist
combination of patterns, for the other sectionsia® to combine, intersection again begins at
the point where z=0. Then the pattern is rotatethénx axis according to the final position of

the pattern in the previous section usifgiven in equation (4.26)

=X X

Figure 4.13: Generation of the Pattern in SymmetryAxis Directions

1 0 0
R(@)=|0 cosf - sird
0 sinéd cod
RO X Yoo 7]’ (4.26)

@ =arctan 2¢f yf )

The result of the intersection is rotated in orttercombine the patternx,, Vi, Z.

means intersected y, zvalues and the angle to be rotated is found usiadinaly-z points
of the pattern on the surface of the target ustagfunction in (4.26). Ther®part of the
pattern is rotated around x axis to combine withitfitial section. The procedure of creating
planes and circles are illustrated in the figures44and 4.15, while rotation algorithm is

shown in figure 4.15.
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Figure 4.15: 29 section of the pattern in yellow and rotated versin in red

In order to find the orientations of the path, reelffitting algorithm is implemented on
both pattern and target segments. The angles bettheeconsecutive two points are found

through all points generated in the profile anthie pattern using equations in (4.27).
a= arctar{MJ
Xa ™ X

B= arctar'(—Zi Sk j
X~ X%

= [0...n— 1

(4.27)

= [0...n—- 1

41



So farx, y parameters and the two orientation angitand S are found and the z
values found from intersectioa.parameter should be given as angle as constraiithws
amount of rotation of the target around symmetris &x In order to find these valuesg,
parameter found from intersection and yhealues coming from profile of the target are used

as shown in the following formula

@=arctan2¢g y (4.28)

As mentioned this algorithm could generate comipnadf the linear patterns. However
in implementation sharp edges that created atahs pecause of the combination of different
lines could not performed by the tool of the mafapar. At those specific points there exist
two algorithms for solution. One of them is rotatithhe corresponding axis of manipulator by
not changing the position of the manipulator udgsired orientation is reached and the
second one is creating fillets at these specifiotpoRelated equations for those algorithms
are illustrated in the following part. The fillegralgorithm has a main structure but it differs
slightly based on the position of it in the car@scoordinate system.

Basic parts of the algorithm is creating a circlech has a centefx,, y.) and radiug

where there exist beginning and final points of tharcle which are the points where line

starting from center of the circle cut the cirgberpendicularly. These points are marked as

(%, ¥,) and (x,Y,). Moreover the edge point shown &%,,y.) andK is the distance

between the pointéx,, Y.)- (c,,c,) . The discussed parts could be seen in figure 4.16

(Xe,Ye) Z

Figure 4.16: Representation of Implemented Fillet Ayorithm

Algorithms for generating fillets shown according the place of the fillet in the

Cartesian coordinate system are given as:
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Condition 1
x>0
z<0

zis increasing

¢, =180-¢

_180-@ +4,)
¢c - 2

Ksin@.)=r
r

sin@, )

% =X, — Kcos@, ) cosf,
Yy, =Y, + Kcos@, )sing, |

X, = X%, + Kcos@, ) cosp,
Y, =Y, — Kcos@, )sing, )

for ¢I > ¢c

C, = X + Kcos@.+¢,)
¢, = Y.~ Ksin(g . +4,)
forg, <¢,

C, =X — Kcos@.+¢,)
C, =Y.~ Ksin(@g.+¢,)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

Position on the filleted part are found using tbikofving formulation of the circle

6= arccos% )

y =y, + Rsin(@)
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Condition 2

Condition 3

x>0 7is decreasing
z<0

X = %, — Kcos@, ) cosg,
Y, =Y, + Kcos@, )sing, |

X, = %, + Kcos@_ ) cosp,
Y, =Y, + Kcos@, )sing, )

for g, > @,

C, =X+ Kcos@.+¢,)
C, =Y.+ Ksin@ +¢,)

forg, <@,

Cc, =X — Kcos@.+¢,)
C, =Y.+ Ksin@ +¢,)

x>0 7isincreasing
z>0

X = %, — Kcos@, ) cosg,
Yy, = Y, — Kcos@, )sing, |

X, =%, + Kcos@, ) cosf,
Yo=Y~ KCOS@C )Sin¢r }

forg, >4,

C, =X+ Kcos@.+¢,)
C, =Y, Ksin@_ +¢,)

forg, <@,

Cc, =X — Kcos@.+¢,)
C, =Y, Ksin@_ +¢,)
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(4.39)

(4.40)

(4.41)
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Condition 4

x>0
z>0

Zis decreasing
% =X — Kcos@, )cosé,
Yy, =Y, + Kcos@, )sing, |

X, = X%, + Kcos@, ) cosp,
Y, =Y, + Kcos@, )sing, )

for ¢I > ¢c

C, = X+ Kcos@.+¢,)
C, = Yo+ Ksin@,+9,)

forg, <4

C, =X, — Kcos@.+¢,)
C, = Yo+ Ksin@,+9,)

Condition 5

x<0
z<0

zis increasing

Equations are same with the equation given in Gamdi.

Condition 6

Xx<0
z< 0

zis decreasing

Equations are same with the equation given in Gmmd.

Condition 7

x<0
z>0

zis increasing
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Equations are same with the equation given in Gmmds.

Condition 8

x<0
z>0

Zis decreasing

Equations are same with the equation given in Gmmd4.
As the next step of the filleting algorithm tkez values generated the algorithm should

be replaced with the ones found from the intersaadf the planes and the circle slices.

4.5 Algorithm II

In this part, the second method for generating pattliscussed. First algorithm was
based on the intersection of the circles resemlilwegtarget and the planes resembling the
patterns. In this method path for the manipulatas wot created using the intersection of the
circle slices and the planes. Pattern and proféetiaought as separate functions which has
same synchronized input.

First algorithm contains one important shortcomiogly linear patterns could be
processed using this algorithm. Linear lines aidized with the planes which has same
orientation. Therefore path for only linear patteauld be succeeded to generate in algorithm
1. Idea of intersection could work for non lineattprns only a surface holds for non linear
pattern could be generated. However implementirgh su method requires very complex
calculation. Initially mathematical definition di¢ non linear pattern is required to be defined
for a non-linear surface in 3D. Then intersectidrthos surface with the circles should be
found. Because of the counted reasons, implemeastioly a method in an industrial system is
not feasible. In addition, non linear pattern cobtlrealized also with infinitesimal plane-
circle intersection; lines or planes could be ditinfinitesimal data points of the non linear
pattern and nonlinear path generation could beopadd with algorithm 1. However this
method also requires implementation of outnumbefade generation and intersection. As a
result second approach isnot also applicable ingtrthl systems.

Generation of only linear pattern was an undedilefttient solution. In addition to the
linear pattern there are also various non lineatepa examples. As a result, a second
algorithm is developed in such a way that, botlkedimand non linear patterns could also be
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processed. Moreover any pattern that could be gasem function is applicable by using
algorithm this second algorithmy andz values of the path are generated using two diftere
functions which has same x array input. Thereby @atyern or profile that could be defined

as a mathematical function of the fornys= f(X) and z= f(X) could be used in second

algorithm. Higher order functions which have onhedype of variable could also be used for
pattern generation since system is define from 2itepn and profile data. Apart from
capability of the implementing non-linear pattersgcond algorithm proposes a simpler
algorithm. There is no intersection algorithm tbegates planes, circles and angles. Problem
is solved by handling the pattern and profile refees separately but having same X
parameter coming from symmetry axis.

This algorithm contains two different approachasdeneration of path. The difference
of these two algorithms is the method for takinfemence for the pattern data. In the first
approach, pattern reference is takex-mplane and projected onto the target. Therefore the
lengths of the reference and the lengths of théepatbn the surface are different. In the
second method reference is taken for the z axith@fpattern with the true distance that
corresponds to the surface of the target.

Input to the algorithm is again reference patterd tne profile of the cross section of

the target as shown in figure 4.17.

3D Representation Profile Pattern

2 (1R

Figure 4.17: Target, Profile and Pattern Represent#ons

a7



In the left part of figure 4.17 target objects dhastrated together with the processed
pattern representation. It could be seen thaheatrtiddle part of figure 4.17 profiles acquired
from cross section of the targets are shown anthénright part, pattern references are
illustrated.

The coordinate frame is put to the center of thgeia Symmetry axis is set to thexis
which axis is common in the definition of pattemdahe profile. The profile is in they axis
and the pattern defined is in the axis.

Profile and pattern definitions are performed safgy by entering points. By defining
points, algorithms allow either linear or circufaatterns currently. Additional function could
be added to the system by defining functions. Hencee complex patterns could be defined.
In same manner profile data that defines the csestion of the target object is also defined
similarly.

The first section of the algorithm is taking inpat the pattern and the profile.

The following equation shows the result for lin@and circular patterns in the y axis
(profile). But same equation could be used in otdeyenerate pattern.

For the linear pattern and profiles input are ta&en

(a.h) (& .h) [a:a]

Wherea andb are the coordinates in 2D coordinate systemiartif subscripts show

initial and final points of a segment and :a,] is array created between initial and final

points of the line.

For the circular pattern and profile inputs arestaks:

[a:a].(a, h).(n,A

Where[a : a ] is the array which has initial and final part oétbircular segment, subscript

andf show initial and final points of the circular segmh in the symmetry axiga, ,b.) is the

center of the circular segment in the 2D coordirsgsem and is the radius of the circular
pattern.

In the following part the first approach of the sed algorithm for path generation is

illustrated. As it could be seen, pattern inputetakn thex-z plane is projected onto the
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surface of the target. The length of the pattepuirand the length of the path generated on

the surface are different. The algorithm is illaged in figure 4.17.

N«

Profile Pattern

b

t;

Figure 4.18: Projection of Pattern on Target object

The pattern is defined by the user in Xaeplane, what is done in the algorithm is could
be explained as in the following. Pattern is prtgdcon the surface of the target.is the
distance of the pattern and profile in the x afis the angle betweery plane and lengths
of the patternt,. t ,t,and t,could be seen clearly from bottom part of the fegdrl7. As it
could be seen symmetryxsand itis common in both pattern and profile.

In the following parts it shows thatparameters entered from user as initial and final
point are evaluated using the function for pattend profile andy-z positions of the pattern
are found as shown in equations (4.48), (4.49)(arD).

X :[txi :txf ] :[t>d t><2 tx3 ter (448)

Y=0(0=[tt, st (4.49)
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Z=f,(X)=[t, t, t, t,] (4.50)

The function examples(iX) and §(X) are used for finding Y and Z are illustratedngsi
the line and circle equations. The equations aredor the profile but same equations also
hold for pattern equatiorx parameter in both equation is the array that etceaetween the

initial and final point of the segments. In equati@.51) linear function and in equation
(4.52) circular function is represented.

Yi T Y _ Yy
Xp =% X=X
(4.51)
INCASICSE)
X =X
_ X
m—arccos%, 4.52)

y =y, + Rsin(®)

For every point in the axis there is another points on the profile andtenpattern.
After x-y-zpositions are found. There is one more operatiarder to complete the positions
part. The Z parameters that should be found as [simjld be converted to the angl® z

[degree] which defines that how many degrees shtaulget rotate abow axis in order to
create pattern.

Position that generates pattern as angle is givémei following equation.

Z,= arcsir{:—zJ (4.53)
y

In the second approach for the second algorithmztlikstance is given in the true

distance. This approach is illustrated in the follgy figure. As you can see the distance of
the pattern taken from the user in the z directsogiven ast, in thex-y plane and distance
which corresponds to the processed pattertn.if\s it could be seen from figure 4.19,# t,

. X-y parameters are found using the same algorithm showapproach 1. But z parameter is

found using the equation (4.54)
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Figure 4.19: Algorithm Il with Real Pattern Distance

t x 360
Z,=| = 4.54
g [Wy] 54

Until that pointx, y andz values are found, what is missing is the orieatatf the
manipulator. Same method applied in equation(4ir2®yder to found orientations and given

one more time as:

a=arctar{uj i=]0..n- 1
X~ X
(4.55)

,B:arctar(%] i=[0..n- 1
i+

4.6 Benefits of Algorithms over the Algorithm ofFesto

Idea of developing knowledge for gen&atpath for the known surface for the
unknown mechatronics system was the problem prabbgehe Festo. Developing solution
by specifying of the motion of the manipulator wasin idea. In that sense research and
implementation was already started. An algorithrdaseloped in order to solve the problem
by collaboration. In addition to the existing algiom, main motivation of this thesis is to
generate different methods that present advantages the available algorithm. In the
following parts difference between the algorithms these advantages are discussed.
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The aim of generating different algoritbould be listed in the as:
1) Developing the existing algorithm.

2) Generating algorithm in order to propose solutimt anly to specific structured
manipulators or surfaces but to the systems whiakie hchangeable kinematic
structure, variable structure and variable surfaces

3) Generating an algorithm which could be understawd implemented easier than the
one available solution.

4) To improve the available structure and turnea iaitframeworks. In that sense two
different algorithms which turn high level input tiee required motion specification
are developed and implemented.

5) Inside these two algorithms, various functions greposed to be used in the
implementation for generation of pattern and peoBlch as linear lines or circular
pieces and softening algorithm.

Base of the algorithm developed by Festo Germaunycanrent structure of the system
constructed on top of it. Solution proposed usessaime method in concept of task level
programming in which the execution files generatad downloaded to be evaluated. On the
other hand, solution developed has some disadvemiag algorithm is tried to be
implemented to reach the result rather than giefiigrt for understanding it. Because of this
approach implementing this algorithm when targgecband pattern varies, gets difficult. In
addition to that, another problem could be poiraed Algorithm developed specifically for
the path generation of the tire model availablé-@sto so in that sense it is constrained to
only specific mechatronic system. Based on thégdies, it is seen that because of the
features that are discussed in the following peailable algorithm is hard to understand by
the other engineers except one who designed it.

In order to demonstrate the pointed ideas, avalablution is analyzed and the features
that cause difficulties in understanding and impfamnof the algorithm are pointed out.

The surface parameters are taken as parametdtsefoorresponding three segments of
tire including angles for the circular pattern, haof the circles, radius, and lengths.
Moreover there are some parameters defined fosggments and they are not generic which
means for the same pattern different input typesuaed.

In the new algorithm parameters for generatingag@fare taken in an order. Tke
values for the segment, offsets and the radiusssgifnents are circular, if it is lineavalues
that segment cover and beginning and end poinkDiare taken for every instance. To sum
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up, in the algorithm section size could be incrdased it does not depends on a specific
segment size like in the previously existent aliponi and there is an order for taking input

In the available solution, in order to create finadrsion of the profile data, the
parameters are created in the origin of the tiemttihey are processed using the rotation and
translation matrixes in order change the coordsé&tem origin to the desired coordinates.
That part causes additional work to implement fbe tengineers. What is done as
development with respect to the existing solutionld be discussed as: Second transition
parts were not used in the algorithm, the resybtedile is formulated to generate profile in 1
step that combines rotation and orientation suafivas in equations (4.16) and (4.17).

To sum up taking available solution into accoumgpesed algorithm is designed to
take input for more general profile and patterntays. Usage of the algorithm by the
engineers is facilitated by creating simple butkirg solutions.

Apart from the surface and profile generation, ma@velopment of the algorithm is
performed in the algorithm that generates patmeateons and positions. Fundamental part of
the algorithm developed by Festo is simple. Howawgslementation of this algorithm is
confusing. That algorithm will be discussed basycahd the problems of implementation are
discussed in the following part.

As mentioned pattern has dimensionxiz and profilex-y. So third position value in
both group is unknown, the parameters¥andz for pattern is already known. The pattern is
considered to be selected as base. As positiopdtiern x andz parameters are already
known andy values are missing. In order to find them profike, y) values are used as base
and, a second point is found by adding an offsettie known points such as
(x+Ax , y+Ay). By using these two points, consecutive linescaeated. Circular shaped
of profile is approximated with fitting lines in sih distance. Then x values coming from the
pattern values are thought to be on these linestanten the domain of profile. Therefore,
parameters of the pattern should hold the line #opsin the domain of profile and by giving
this x values to the line equation as input missing y @slaf the pattern data is found on the

domain of the tire surface. In the following padgaithm is shown in figure 4.20.
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XpttAXpf , YprtAYps

Xpf, Y pf
pf:Yp Ay

Figure 4.20: Line Fitting Algorithm in the Existing Solution

Algorithm that takes three inpyk, ,y, , x, ) meaning x profile, y profile and x pattern and

pf
output(y,,) is created whit given line equation in (4.56):

AY (Xpt B pr)

(4.56)
AX

ypt = ypf +

An important deficiency of that solution is that,used several times for different
purposes such as finding the unknown coefficiemhiog in one domain like given in the
example, adding offset to the system, finding gintthe same domain, in the process of
finding orientations of the path. As a result, essiee usage of that algorithm creates
confusion. Furthermore, since algorithm developgdkermany and used in Turkey with the
purpose of not learning but just for the implemg&ata of the algorithm, it is hard to
understand it. Moreover, from structural point aéw understanding the algorithm and
implementing it, requires an important effort fdretengineers rather than the ones who
developed it.

In this part, algorithms developed for path genenstare summarized and given as list.

1) Taking parameters for the pattern and profile.

* The range of the segments in the x direction ieridkr pattern and profile
* Algorithm 1 is used for linear patterns.

» Algorithm 2 is used for linear and circular pat&rn

2) Synchronization of the x parameters
Scanning the x ranges and defining all possiljensat intervals.
3) Algorithm 1
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3.1) Aim is finding the intersection between thearms and the circles for z
coordinates.
3.2) Planes generated, represent linear patterns.
Circles represent target object which has a synymatis (axisx) in the
examples.
3.3) Finding intersection between circles and @amparameterized circle equation
and plane equation
3.4) Calculation ok, y, zcoordinates of the desired path.
3.5) Finding z parameter as angle which correspomd@snount of rotation around
symmetry axis.
3.6) Finding orientations for the profile.
3.7) Finding the orientations for the pattern.
3.8) Fillets for sharp edges are generated.
Rotations without changing position utite orientations hold.
3.9) New points found as a result of softening atgm are replaced with the
original data.
3.10) Finding new orientations after changingxhepoints for fillet operation
4) Algorithm 2
4.1) Takingx input for pattern and profile
4.2) Synchronization x parameters
4.3)y values generated using proper functions similargmin algorithm 1.
4.4)z values are generated using one of the two methods;
» Projection of the pattern
* Read lengths belonging to the pattern on the serrfac
4.5) Z angle found usingposition of pattern angvalues comes from the profile.
4.6) Orientations are found by finding angles o fines by using consecutive
points.

These algorithms, especially algorithm 2 provideseasy but an effective solution to
the path generation algorithm. The algorithm steges listed and as it could be seen, the
algorithm does not consist of over use of the fimmctThe steps are pointed clearly so that it
could be understands by the other engineer whobeilllealing with the same problem in the
feature.

Another contribution tried to be implemented isdevelop a framework out of this

algorithm. GUI was also generated specifically taking input in the available algorithm.
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Therefore another method for GUI is developed. @&Jtleveloped in such a way so that
numbers of sections and types for pattern and lprafould be defined. Based on the
reference, user is prompted to define section ptigse and then functions that define pattern
and profile are selected. Finally after user erteais over, output files are generated and

downloaded to the controller. The structure gereré illustrated in figure 4.21.

Graphical User
Interface

Generation of Output

Input Menu Files

+ v
Profile Pattern

¢_I_¢¢_I_¢

Function Function Function Function
1 2 1 2
[ | | |
I

Figure 4.21: GUI structure and Usage of the Develaa Algorithms

Input menu offers the selection of number of seditor pattern and profile. Based on
the selection using text box, boundaries of segsai@ entered. Then algorithms synchronize
the input in the symmetry axis Then user defines the types of pattern and profisésg the
available functions shown as function 1-2 in tlgufe 4.21. Then inside the software output
file that contain motion definition discussed areegerved in files and these files are

downloaded to the controller using FTP.
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Chapter 5

IMPLEMENTATION AND EXPERIMENTAL RESULTS

5.1 Manipulator Structure

Algorithms are implemented using available manifmlaystem in order to validate
that they are functioning. There exists a protetggstem that represents a mechanism used
for grooving tires of constructed machines. In thiowing part kinematic structure of the
manipulator, structure of the target object and dlesired patterns are explained. Lastly,
implementation results of the algorithms on the imalators are mentioned.

Computer aided design of manipulator developedyfooving operation could be seen

in figure 5.1 and real manipulator is shown in fig.2

Figure 5.1: The CAD of Manipulator Used in Experiments

Frame attached to the tip of the end effector shtvesworld frame in figure 5.1.
However reference frame used in the calculatiomsexperiments is set to the center of the

tire model shown in figure 5.3.
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Reference frame shows the center of the tire. Thripalator has motion ix andy
axis. Thez position is created by rotation of the tire arouhd symmetry axix .Rotation
could be seen from profile view of the tire in figs 5.2 and 5.3 a8z

Figure 5.2 shows the experimental setup with xpggitions illustration.

Figure 5.2: 5 DOF Manipulator Used in Experiments

Orientation around axis shown as Ain figure 5.1 and in the calculatioasnotation is
used. Second orientation is an auxiliary orientatidn figure 5.1, it is shown as,fandp
notation is used in the calculations for auxiliangles.

Target object is shown on the left part of figur8.Reference frame is the center of it.
On the right park-y-z coordinate reference is given together with dig orientations of the

end effector.

Figure 5.3: Target object, Reference Axis and Cooldates of Manipulator
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Orientationa is provides tip of end effector to be perpendicutathe profile of the
target during the operation and anfles an auxiliary angle that is related with theteuof
the manipulatarOne edge of the manipulator cuts the tire. Theeetbe edge should be
tangential to the pattern during the motion @natientation provides that requirements. —

S orientations are shown in figure 5.3 and 5.4.

Figure 5.4: End effector of the manipulator

Controller supports DOF up to 9; 3 positions, 3potations and 3 auxiliary angles.
Since system has 5 DOF, 5 of these parameters heddsdefined for path generation. The
remaining parameters are predefined.

The target object is the prototype for tires of dmmstruction machine. It consists of

three segments. Segments are given in figure 5.5

Tire Model

-150 -~

-100 | -~

il \

-100

-200 100

Figure 5.5: Simulation of the Sample Tire Model
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Figure 5.5 shows three segments of the tire prpeotyiven with blue, black and red
sections. As mentioned, in the implementation taotgect is regarded as the profile in the
y plane and surface of the target object is symmatound the symmetry axks The profile
related with the target object is given in figuré.5It consists of three different circular
segments and illustrated with the same colors lilezk and red with the 3D simulation of
the tire.

The profile of the target is further discussed #mel offsetA proposed for the tire is

shown in figure 5.7.

Profile

155

150

145

140

135

130
80

Figure 5.6: Profile of the Target Object in thex-y Plane
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\ Y/

\ ]/
X\
Figure 5.7: Structure of Pattern and Profile and Ofset Ay
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The tire radiusRtire is smaller than the radius of the pattern gendr&pattern
Therefore pattern generated on the y axis cannbtdger than the tire radius as a constraint.
In order to overcome this problem, an offset vdeab defined ady in order to change the

profile andAy is calculated ad, =R, = R jem-

The parameters of the tire profile are shown itet&bl.

XC yc R A
Segmentl(Red) -53.10 213.492 30 -100
Segment2(Black 0 0 250 -100
Segment3(Blue) 53.10 213.492 30 -100

Table 5.1: Parameters of the tire profile

In order to make experiment a pen is assembletdeend effector of the manipulator
and the pattern is processed on the surface diréhprototype. The setup used could be seen
in figure 5.8. Tire shows the smaller prototypetloé tire of a real construction machine. A
standard pen is attached to tip of the end effentorder to generate pattern on the surface of

the tire.

Figure 5.8: View of the experimental Setup, Targeand End Effector

Parameters that should be sent to the manipula&gigen in the table 5.2. These

parameters are used for the manipulator designedyrfmoving tires of the construction
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machines and used in experiments. In the positigh$ hand rule and for the orientations

y-zeuler rotations are used.

pos pos pos ori ori ori aux aux aux

Coordinate, x y z o Y \} B T €

Table 5.2: Content of the Coordinate Generated

The parameters given in red are the parametersedetedbe found listed as vy, z
positions andz, S orientations Remaining parameters does not nagefs the application
used. However in the case of additional degreeegidom they could be used.

The sample script coordinates in the language usedcoordinates and motion
commands are given in table 5.3. The orders opHrameters are same with the parameters
given in table 5.2. The remaining parametersastget to constant values.

pos0: CARTPOS:={7.82 131.22984.566Q 134.798 180,00,0,0)

pos0: CARTPOS:={4.32 134.70524.2406 134.798 180,021.81830,0)

Table 5.3: Sample Script Used in FTL Showing Two Blerent Coordinates

Example motion commands that evaluate coordinaitegigen in table 5.4

Lin(pos0)
Lin(pos1)
Table 5.4: Sample Motion Commands for Coordinates {8en

Manipulator has 5 DOF freedom therefore the pararadabeled with red are required

to be given to the controller.

5.2 Hardware and Software Used in the Experiments

In the experiments management PC is used for amafigpn, process, control and
motion control. The software generated is alsotkxtan the management PC and no IPC is
used for that purpose. Configurations, processroband some part of the motion control

excluding motion control used as it. Simulations performed using MATLAB. Moreover,
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algorithms are developed and experiments are asted on using MATLAB. Via points
generated are held as arrays. Therefore usage GiLMB is selected as the initial solution.
Using MATLAB validations of the generated algorittnare shown by evaluating the
generated output files. However MATLAB is not metd in industrial applications because
of its high license payments. Therefore complefinsme structure created using Microsoft
Visual Studio. Files generated using visual studicompared with the files generated with
MATLAB and they are consistent with each other.

Algorithm 1l is used in the developed softwarecsinit present a more generic and easy
solution.

Algorithm is created using Microsoft Visual Stud©@# language is used apart from the
one generated in VB. Algorithms contains varioub-sections such as creating via points,
synchronization, functions that define pattern g@naofile, file generation and sending files
using FTP. In addition a GUI is also created udt# form application and the working
operation of the GUI is shown in the section 5.6e Btructure of the algorithm is shown in
figure 5.9.

Graphical User
Interface

1]

Symmetry Axis (X)
Synchronization

{

Generation of x position
Via Points

h 4 * * h 4

Generation of Profile Generation of Pattern
Positions Positions
y= (¥ z= fi(¥

3 4

4
h 4

Generation of Generation of
Orientation Angle Auxiliary Angle

a= fg(x, Y) B=1(x2)

h 4
‘ Generation of Motion \
Specification Files

i

Sending Output Files
to Controller
(FTP)

Figure 5.9: Flow Chart of the Algorithms
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5.3 Simulation and Experimental Results of Algothm |

Profile consists of 3 circular geometries and s&chioundaries are given in table 5.5 as:

Xj X
Xprofile1 -75 -60.34
Xprofile2 -60.34 60.34
Xprofile3 60.34 75

Table 5.5: Boundary points of the profile in the xaxis

The parameters for the circular profile are listethble 5.6 as:

Roatem = 250 R,. =150 Ay =-100
X, =-53.1¢ y,, =213.492 R, =30

X, =0 Yeo =0 R, =250
X, =53.19 Y., = 213.49: R, =30

Table 5.6: Parameters of the circular profile

These parameters for the profile are given to timetion y = f(X) in order to generate
points on they axis of the target. Segments of the pattern inxtfaxis are given in the

following part.

(I-75 ,-40] , [-40 , 40],[40 , 75

Initial and final points on thg-z coordinates given as:

pattern X z
patternl -75 -11.17
pattern2 -40 23.09
pattern3 40 -23.09
pattern4 75 11.17

Table 5.7: Points that Defines Linear Pattern
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Pattern is generated from the combination of linkaes. The lines are generated
between the points taken from the user and thetpoised in the experiments are given in
table 5.7. Consequently, there are 4 points defirindifferent segments shown with red,
black illustrated in figure 5.10.

Pattern - Algorithm 1

Figure 5.10: Pattern Simulated Based on User Input

The x parameter taken for pattern and profile grelsronized in order to have same x
axis input. Profile and pattern has three segmeékdsit could be seen; pattern and profile
segments have different boundaries from each othesrder to have same interval for the
both pattern and profile user input is synchronizé€te overallx segments used in the

algorithm are given as in the following form.

[75 , -60.34]
[60.34, - 40]
[-40 40]
[40 , 6034
[60.34 | 75]
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These segments are used in order to created afismyng points on the x axis and these
points are put input to the functions given in ,14.19) , (4.27) , (4.28) and in table 5.8.

y = fi(%)
z = £L(X
2 =f(z Y
a =f,(xy)
B =12

Table 5.8: List of parameters found using Algorithm

An output file is generated that contathe position and orientation using these
functions. These positions and orientations dethee tool path of the end effector of the
manipulator. One more file that contains motion owands provides manipulator to move the
positions defined in the first file. As a resulgsited path taken in the high level is processed

to the surface of the tire.

Simulation and experimental results of algorithnecould be seen in the following
figures.

Figure 5.11 shows simulation results of algorithmQoordinates generated on the tire
model using plane-circle intersection are illugidatand it could be seen that coordinates

corresponds to the pattern in figure 5.10 in 3D.

Simulation of Algorithm 1

50 o -~ ~
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Figure 5.11: Simulation Results of the Path Generat using Algorithm
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Figure 5.12 shows three different pattern generasat the experimental setup using
algorithm 1. As it could be seen; the pattern isegated accordingly user reference illustrated
in figure 5.10 and overall pattern is consist aihtination of three different linear lines.

Figure 5.12: Experimental Result Using Prototype

As it could be seen from the left part; there expbblem at the edges of the segments.
At the turning points that combines the segmentshef pattern,x-y-z positions anda
orientation is kept constant and orflyorientation is changed until orientation reachegd b
turning provides being tangential to the patterreation. But because of stiffness and
assembly problems there exists distortions at donméng points. The distortions at the edges
could be solved by solving assembly and stiffnesblpms. Pattern generated after solving
these errors is shown on the right part of figude5

Apart from this solution, there is one more apphoadtich is seen frequently in the
industrial applications. Since a pen is used aritkpais created on the surface of the target,
operation could be done successfully by simply givem/ orientation by keeping other
parameters constant. However if this applicatiors &areel grooving operation, that sharp
edges could not be implemented. The filled algaritinentioned implemented to the system.
Parameters of the fillet algorithm given in figu4el6 are shown in figure 5.13 from x
negative to positive.

In algorithm there exist 3 segments. However tworanbnear lines are added
artificially to the ends of pattern data which iighy stays outside the tire target but there are
used in the fillet algorithm. Normally there extsto sharp edges. As a result of additional
lines there are 4 edges and the parameters ofitfesare given in table 5.9. Radiuses of the
fillet are 6 mm in all four cases.
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(X1,y1) (X2,¥2) (XcYe) z
Edge 1| (-76.69,-10.48 (-72.51,-8.87p) (-76.698%. decreasing
Edge 2| (-43.24,19.89)  (36.04,-20.8)  (-39.04,15/6lincreasing
Edge 3 (36.04,-20.8) (43.24,-19.89) (39.04,-15.,61decreasing
Edge 4| (72.51,8.875) (76.69,10.48)  (76.69,4.48) creasing
Table 5.9: Control Points of Fillet Algorithm
”e Fillet Algorithm, Control Points and Fillets
o A
B S\
N /o
se\N LN
I A o\
N o\
o\ /0 N
e A eee
S ****** ******
%30 -(;0 40 -;o 0o 210 410 éo ;o
X axis

Figure 5.13: Pattern used in 1 algorithm and Fillets Generated on the Pattern

The black lines show the original pattd®ed dots shows the control point that are used
to generate fillets at the sharp edges and thellilas shows the generated path using those
control points.

Following figure 5.14 shows the resulted pattersifians. Newx and z points are

replaced with the old pattern and z parameter indoin terms of degrees using the
equation(4.28). Four different edges that are mofte using fillet algorithm could be seen

clearly.
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Filletted Pattern
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Figure 5.14: Pattern Generated After Asing Fillet Agorithm

Pattern generated figure 5.10 is processed uslieg élgorithm and sharp edges are
smoothened. Smoothened pattern is used in the imgrarand Result of the experiment is
illustrated in the figure 5.15. In actual systerarthexist only three segments. Therefore there
are two smoothened edges.

Figure 5.15: Experimental Result with Filleted Edge

5.4 Simulation and Experimental Results of Algothm Il

This algorithm is developed in order togess non-linear pattern to the targets so that
algorithm is decided to be a general purpose strecthat could be used. Moreover this
algorithm is designed that any function given @gatern could be processed onto the target.
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Similarly with the first algorithm first the initiaand final points of the pattern and
profile in the x are taken as input. Than the syoization for the inputs for segments in the
x axis are performed. Then the arrays in the setgreer created. Finally arrays are evaluated
in order to find missing-zanda-g variables.

There is one interval for the pattern vishie given as:
[-77.85,- 40
There are three segments of the profile that paitéerval corresponds which are:

[-77.85,- 74.32] ,f 74.32 60.3535]-[ 60.3535 0]

Than using these intervals arrays are createdasrsim equation (4.15).

Than in order to createand y coordinates these points are evaluated dsigiions
y= (X, z= (X given for circular structures. Related simulati@sults are given at the

followings. Figure 5.16 shows the circular pattelesired to be implemented onto the tire

surface. Four parameters of the circular pat®given in table 5.10

Pattern - Algorithm 2

Z axis

Figure 5.16: Circular Pattern Used in Second Algothm

XC yc R A

Pattern -77.85 0 32.85 -40

Table 5.10: Parameters of the Circular Pattern Sseth the Second Algorithm
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y axis
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Profile Section of Algorithm 2

Figure 5.17: Profile of the Tire Shown with Three Dfferent Segments

Figure 5.17 shows the profile of the target thatstst of three segments which are
shown with black, blue and red parts which has samt@al and final points of pattern

[-77.85,- 40]in x axis.

Function parameters of the profile are given ingd&bl1.

xc/ yl ycly2 R A
Segmentl(Red) 131.2 134.7052 - -
Segment2(Blue) -53.10 213.492 30 -100
Segment3(Red) 0 0 250 -100

Table 5.11: Parameters of the Tire Profile

Using they andz values, values for anglé are found using functioff = f,(z y). Then

required orientations are found using equatiors f,(X,y) , 8= f.(X 2

In the figure 5.18 the path generated on the searfaicthe tire is illustrated in the

simulation.
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Simulation Result of Algorithm 2
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Figure 5.18: Simulation of the Pattern Generated otthe Surface of Tire

In figure 5.19 result of the experiment of proeeggattern using second algorithm is
implemented. Related output files containing camaitks and motion commands are given in
appendix A.1 and A.2.

Figure 5.19: Experiment Result of Second Algorithm

5.5 Conditions of Failure

There exist some conditions where generations aiomdasks fail. In this section these

conditions are presented in order clarify the usaigihe algorithms. The failures stem from
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two different reasons; first reason is the singtiéar of the manipulator and the second reason
is due to the mathematical algorithms.

Any motion task that stays outside of the workspaicéhe manipulator could not be
generated. In the x-y axis group there exist ingadimit switches. They are placed in —x,
+X, -y and +y directions to a predefined positiomsthe axis groups and on the end effector
there exist metallic part that activates inducseasors. If motion commands sent requires
end effector stage to pass these limit switcheshipoéator gives and error. Motion
commands regard the position of the tip of the effdctor. However limit switches are
placed onto the axis group. Therefore there isfiseiobetween the tip of the end effector and
position of the end effector on axis group. Evegndf the end effector could be inside the
working space of the manipulator, if the positidntlte end effector is outside the working
area, algorithms fails. The condition mentionedlusstrated in figure 5.20. As you could see
the position of the tip of the pen is differentrfrahe position of the end effector stage in x

direction.

Figure 5.20: Representation of Limit in —x directio

Another singularity of the manipulator is the raiatof the end effector around z axis
shown asu. Limits are defined in thewmi: and +wimit Orientation for precaution. If profile
requires having orientation over the limits, algam also fails.
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In addition to mentioned singularities, path getierafails because of the algorithms.
Target should be rotationary and symmetric arodnedaixis of rotationz position is defined
as the amount of rotation in degree. Thereforpibsition is not angular data algorithm is not
valid.

Profile is the surface data of the target on theptane and it is assumed that all surface
of the target could be generated out of 2D prafdéa by rotating it. In the case of asymmetry,
tip of the end effector either penetrates to th#ase or does not contact to the surface and
task fails.

In the case of second algorithm functions defirmdpiattern and profile should consist
of one parameter and should be continuous. Prafitepattern are in 2D. Therefore functions
that contain more than one type of variable aresndtible for the algorithm. If functions are
not continuous functions used could return NaN esland algorithm does not work.

Furthermore, algorithms fail also in the case whmaitern should be generated on the z-
y plane. First reason was already mentioned; efettef could not be rotated more than 90
degrees. Secondly projection algorithm fails side¢éa taken in the x-z plane could not be
projected to the y-z plane. In intersection agaattgsn was on the x-z coordinates and the
plane was generated to be tangential with the ipatiéaving a pattern on y-z plane requires

generating a plane with completely different oréioin from the generated plane.

5.6 Graphical User Interface

GUI is designed to have a dynamical structure. démgn criterion of the GUI was to
develop a structure which could be used to be ablgefine multi profile-pattern systems.
The solution for such an approach proposed asiggeatmulti-stage system. Properties of the
structures are defined from a general to particodemes. User is initially oriented to define
general structure and then based on the selectimars;s that contain more specific structures
are brought to the user. Hence a dynamical cordigur is created.

First menu of GUI takes numbers of segments inpdigern and the profile. Second
menu creates input section for the boundaries @stdgments created according to the taken
number. Then third menu is used to define functigres. Currently there exist two function
types namely circular and linear. They are defiagct’ for circular and ‘I’ for the linear case.
After functions definitions are finished, last inpuenu of GUI is created. This menu takes
data specific to functions defined. For exampleliiogar part, initial and final point for the
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pattern or profile is taken or for the circular t&as; radius, center of circle and the offset
data is taken as input. These inputs are evaluatélie part illustrated in section 5.2 then
output file is created and sent to controller.

In the following part model created these is iltattd in operational flow chart in figure
5.21.

Graphical User
Interface

Level 1

Level 2

Level 3

Level 4

Figure 5.21: Operation Flow of GUI

There exist two buttons on th& kevel of the GUI. Save buttons takes input forgpecific
function types and finds the related values of the function segment by segment. The
initiate/change segment button creates input sedbiothe function properties.

The GUI design showing 4 different levels is showithe following figures 5.22, 5.23,
5.24,5.25 and 5.26.
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Figure 5.22: Layer 1 of GUI, Number of Segments i Axis
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Figure 5.23: Layer 2 of GUI, Points of the Patterrand Profile
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Figure 5.24: Layer 3, Pattern and Profile FunctionTypes
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Figure 5.25: Layer 4, Linear Function Parameters
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save cincular profile -53.10 213492 -100 30 Profile section 2

Figure 5.26: Layer 4, Circular Function Parameters

Figure 5.22 shows the first level in which numbgpoints for pattern and profile is entered.

Parameters used in the algorithm Il is entered¢éGUI. In the example, there are 4 points
for profile and 2 points for pattern. In the fitevel, text boxes for the x point entrance are
created as it could be seen in figure 5.23. Levigk@s types of the functions and types are
entered as ‘c’ for circular or ‘I’ for linear segmte shown in figure 5.24. Function parameters
are taken as input after function types are taken.As an example function parameters of
first two segments of profile is illustrated. Firséction is linear and second segment is
circular. In figure 5.25 and 5.26 entries for Ane@nd circular functions of profile are shown.

After profile function data is taken, data for gakt function is taken similarly.

77



Chapter 6

CONCLUSION AND FUTURE WORK

This thesis is developed out of the collaborationduicted between Sabanci University
and automation company Festo AG. Consequently, rabjactive of the collaboration is
developing solutions that require definition of q@ex task for some particular fields of
application. These fields of application are therations that require patterns to be processed
on the surface of products and products contairesmommon features; products should have
a rotational structure and should be symmetricraalcan axis.

Main research and development of the company @ iheGermany. Festo Turkey does
not have enough man power for complex task gemerafiherefore Germany had to be
contacted for complex task definitions. In scopdhi$ thesis, algorithms independent from
solution of Festo Germany are presented and valbidavith the experiments. This
independency is the major contribution of this iheAdditionally, assistance that Germany
makes is charged. Independent solution providemgadditional money. This provides an
important contribution in the sense of industriglp@ach. Another contribution is the
generalized solution of motion specification. Fes&s a solution dedicated to the specific tire
profile and specific pattern inputs. On the othandh algorithms generated in scope of thesis
address more general solution so different numbpragdile and pattern could be generated.

The method of the implementation is taking higheleinformation. Information is
adequate to define product surface and patterreaadgh for generating a low level output.
Output prescribes the motion of target system. aifepns could be processed on the surfaces
of 3D targets by using these algorithms. Motionsprgtion is consists of the coordinates of
the tip of end effectors of the manipulator and iomotcommands for these coordinates.
Coordinates consist of position and orientations.

In order to create an insight for pattern procegsiperations, two different algorithms
are developed. In the first algorithm, producinsdeled as combination of circles. Patterns

are modeled as combination of planes. Intersectbnplanes and circles define the
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coordinates. However this method is capable of ggsing only linear patterns. Second
algorithm proposes much simpler solution. Undeditasn and implementation are much

easier. Pattern and target surface are handleatately and they are defined using two
different functions. There exist two different wiwdns in algorithm II, based on projection

and true pattern lengths. Both of them are capabprocessing circular and linear patterns
in the current structure. Apart from linear anctalar patterns, there is an additional benefit
of second algorithm ant pattern or profile thatlddoe described as mathematical functions
except the ones mentioned in the failure conditepdicable to be processed.

Methods and functions in algorithm Il are combinedh a GUI and a software
structure is created. A dynamical model is createahich different number of tasks could be
created by defining different pattern and profiEgments. Functions are kept as class and
desired function among them is called accordingl ¢hangeable user reference. Thus, in
addition to developing solutions and insight fott@an processing operations, a framework
that uses this solution is constituted. Thus a gelsgstem has been obtained.

Algorithms are tested in prototype of an industnnipulator. The patterns are created
on the surface of the tire model with constant kefoth algorithms are implemented
successfully. To conclude, algorithms could be usetkal industrial operation with some
additional studies. These studies are regardedatabake and error check mechanism and
they are discussed in the future part as.

On top of existing solutions, as future work thexest three topics that are proposed to
be carried out. A third algorithm is desired todeeloped. In the existing solutions pattern
mapped onto the 3D using projection or intersectionthe proposed algorithm pattern is
thought to be mapped by developing an algorithnh wraps the 3D surface of the product.
This algorithm aims to wrap the pattern onto thdame of the target. A mapping function
that takes data on maps it to the 3D surface ratiagr using projection

Secondly, another goal changing the data managgmaenof the software structure. In
the available solution reference data is directtpcpssed to the functions that define
coordinates but is not stored in system. Therefoeee is need for database. A database is
created for fixed number of segment and paramdiatsas a future work a dynamical
database is planned to be created. In the curlgotithm if parameters for different data are
entered, previous data is lost. Database will stbeeprevious parameters and if they are
needed they could be retrieved from it. Moreoveaadase is thought to dynamical as GUI,
based on the user definition required number ofirool data will be generated rather than

specifying fix number of parameter.
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Third part is creating an error check mechanismtifi@r generated output files. After
output files are generated, before sending therootdroller, a new task is desired to be
prepared. This additional task is proposed to gbancoordinates which could detect any
inconsistency and if possible to change the pasghbibors in the files. User could enter wrong
data to the system. In that case, undesired mat@ordinates could be generated and
manipulator could fail due to these coordinates éw task is proposed to check the motion
coordinates and detect any possible inconsistertyden the consecutive coordinates. The

first aim is warning the user about the problem #relsecond aim is detecting and fixing
mistakes generated in the output file.
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APPENDIX

A.1) Output File of Motion Coordinates -Algorithm |1

posO0 :
posl
pos2 :
pos3 :
pos4 :
pos5 :
pos6 :
pos7 :
pos8 :
pos9 :
pos10
posll

posi2 :
posi3:
posl4 :
posl15 :
posl6 :
posl7 :
posi8 :
posi9 :
pos20 :
pos21 :
pos22 :
pos23:
pos24 :
pos25 :
pos26 :
pos27 :
pos28 :

CARTPOS := (-77.72,131.3291, 16.0572, 138,180, 0, 0.075788, 0, 0)

: CARTPOS := (-77.62 ,131.4284, 16.0457, 1387180, 0, 0.22737, 0, 0)

CARTPOS := (-77.52 ,131.5277, 16.034, 13487980, 0, 0.37894, 0, 0)
CARTPOS = (-77.42 ,131.627, 16.0223, 1348,/930, 0, 0.53052, 0, 0)
CARTPOS :=(-77.32,131.7263, 16.0104, 138,180, 0, 0.68211, 0, 0)
CARTPOS := (-77.22 ,131.8256, 15.9985, 1387180, 0, 0.8337, 0, 0)
CARTPOS :=(-77.12 ,131.9249, 15.9865, 138,/180, 0, 0.98529, 0, 0)
CARTPOS := (-77.02 ,132.0242, 15.9744, 1387180, 0, 1.1369, 0, 0)
CARTPOS := (-76.92 ,132.1235, 15.9622, 138,180, 0, 1.2885, 0, 0)
CARTPOS := (-76.82 ,132.2228, 15.9499, 1387180, 0, 1.4401, 0, 0)

: CARTPOS :=(-76.72 ,132.3221, 15.9376, I/®8, 180, 0, 1.5918, 0, 0)
: CARTPOS :=(-76.62 ,132.4214, 15.9251, I1®8, 180, 0, 1.7434, 0, 0)
CARTPOS = (-76.52 ,132.5207, 15.9126, /348, 180, 0, 1.895, 0, 0)
CARTPOS = (-76.42 ,132.62, 15.8999, 1347930, 0, 2.0467, 0, 0)
CARTPOS :=(-76.32,132.7193, 15.8872, I/®8, 180, 0, 2.1984, 0, 0)
CARTPOS = (-76.22 ,132.8185, 15.8744, 738, 180, 0, 2.3501, 0, 0)
CARTPOS :=(-76.12,132.9178, 15.8615, I®8, 180, 0, 2.5018, 0, 0)
CARTPOS :=(-76.02 ,133.0171, 15.8485, I/®8, 180, 0, 2.6535, 0, 0)
CARTPOS := (-75.92 ,133.1164, 15.8354, /38, 180, 0, 2.8053, 0, 0)
CARTPOS := (-75.82,133.2157, 15.8223, /34, 180, 0, 2.957, 0, 0)
CARTPOS := (-75.72,133.315, 15.809, 134,930, 0, 3.1088, 0, 0)
CARTPOS := (-75.62,133.4143, 15.7957, I¥®8, 180, 0, 3.2606, 0, 0)
CARTPOS := (-75.52,133.5136, 15.7823, 738, 180, 0, 3.4125, 0, 0)
CARTPOS := (-75.42 ,133.6129, 15.7688, I®8, 180, 0, 3.5643, 0, 0)
CARTPOS :=(-75.32,133.7122, 15.7552, 7/®8, 180, 0, 3.7162, 0, 0)
CARTPOS := (-75.22,133.8115, 15.7415, 738, 180, 0, 3.8681, 0, 0)
CARTPOS := (-75.12,133.9108, 15.7277, /38, 180, 0, 4.0201, 0, 0)
CARTPOS := (-75.02 ,134.0101, 15.7138, /348, 180, 0, 4.172, 0, 0)
CARTPOS := (-74.92 ,134.1094, 15.6999, I’348, 180, 0, 4.324, 0, 0)
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pos29 :
pos30 :
pos31:
pos32 :
pos33:
pos34 :
pos35 :
pos36 :
pos37 :
pos38 :
pos39 :
pos40 :
pos41l :
pos42 :
pos43 :
pos44 .
pos45 :
pos46 :
pos47 .
pos48 :
pos49 :
pos50 :
pos51 :
pos52 :
pos53 :
pos54 :
pos55 :
pos56 :
pos57 :
pos58 :
pos59 :
pos60 :
pos61l :
pos62 :
pos63 :
pos64 :
pos65 :
pos66 :
pos67 :
pos68 :

CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS

:=(-74.82 ,134.2087, 15.6858, 7348, 180, 0, 4.4761, 0, 0)
:=(-74.72 ,134.308, 15.6717, 138,180, 0, 4.6281, 0, 0)

= (-74.62 ,134.4073, 15.6575, 7348, 180, 0, 4.7802, 0, 0)
:=(-74.52 ,134.5066, 15.6432, 7348, 180, 0, 4.9323, 0, 0)

= (-74.42 ,134.6059, 15.6288, I1®8, 180, 0, 5.0845, 0, 0)

= (-74.32 ,134.7052, 15.6144, 138, 180, 0, 5.2367, 0, 0)

= (-74.2535 ,134.7647, 15.60424 7846, 180, 0, 5.3889, 0, 0)
:=(-74.1535 ,134.8637, 15.58964 ¥365, 180, 0, 5.5412, 0, 0)
:=(-74.0535,134.9618, 15.575, %96, 180, 0, 5.6935, 0, 0)
:=(-73.9535,135.0589, 15.56043 B84, 180, 0, 5.8458, 0, 0)
:=(-73.8535,135.1552, 15.54583 6395, 180, 0, 5.9982, 0, 0)
:=(-73.7535 ,135.2505, 15.53133 8362, 180, 0, 6.1506, 0, 0)
:=(-73.6535,135.345, 15.5167, 133, 180, 0, 6.3031, 0, 0)
:=(-73.5535,135.4386, 15.50222 B529, 180, 0, 6.4556, 0, 0)
:=(-73.4535 ,135.5314, 15.48762 85829, 180, 0, 6.6082, 0, 0)
:=(-73.3535,135.6233, 15.47312B834, 180, 0, 6.7608, 0, 0)
:=(-73.2535,135.7144, 15.45852 0362, 180, 0, 6.9135, 0, 0)
:=(-73.1535,135.8047, 15.444, B3D4, 180, 0, 7.0662, 0, 0)
:=(-73.0535,135.8942, 15.42951 636, 180, 0, 7.219, 0, 0)
:=(-72.9535,135.9829, 15.4149] B®89, 180, 0, 7.3718, 0, 0)
:=(-72.8535,136.0707, 15.40041 D551, 180, 0, 7.5246, 0, 0)
:=(-72.7535,136.1578, 15.3858) B®23, 180, 0, 7.6776, 0, 0)
:=(-72.6535,136.2442, 15.37130 B505, 180, 0, 7.8305, 0, 0)
:=(-72.5535,136.3297, 15.35670 2996, 180, 0, 7.9836, 0, 0)
:=(-72.4535 ,136.4145, 15.342100897, 180, 0, 8.1367, 0, 0)
:=(-72.3535,136.4986, 15.32759 8BD06, 180, 0, 8.2898, 0, 0)
:=(-72.2535,136.5819, 15.3129.8525, 180, 0, 8.443, 0, 0)
:=(-72.1535,136.6645, 15.29839BD52, 180, 0, 8.5963, 0, 0)
:=(-72.0535,136.7464, 15.28379 0588, 180, 0, 8.7496, 0, 0)
:=(-71.9535,136.8275, 15.26918 8133, 180, 0, 8.903, 0, 0)
:=(-71.8535,136.9079, 15.25448 BB86, 180, 0, 9.0565, 0, 0)
:=(-71.7535,136.9877, 15.23978 B248, 180, 0, 9.21, 0, 0)
:=(-71.6535 ,137.0667, 15.225, 1837, 180, 0, 9.3636, 0, 0)
:=(-71.5535,137.1451, 15.21037 B395, 180, 0, 9.5172, 0, 0)
:=(-71.4535 ,137.2228, 15.19567 528, 180, 0, 9.6709, 0, 0)
:=(-71.3535,137.2998, 15.18097 BB74, 180, 0, 9.8247, 0, 0)
:=(-71.2535,137.3761, 15.166171475, 180, 0, 9.9786, 0, 0)
= (-71.1535,137.4518, 15.15136 8783, 180, 0, 10.1326, 0, 0)
:=(-71.0535,137.5268, 15.13656.152, 180, 0, 10.2866, 0, 0)
:=(-70.9535,137.6012, 15.121664923, 180, 0, 10.4407, 0, 0)
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pos69 :
pos70 :
pos71:
pos72 :
pos73:
pos74 :
pos75 :
pos76
pos77 :
pos78 :
pos79 :
pos80 :
pos81 :
pos82 :
pos83 :
pos84 :
pos85 :
pos86 :
pos87 :
pos88 :
pos89 :
pos90 :
pos9l :
pos92 :
pos93
pos94 :
pos95 :
pos96 :
pos97 :
pos98 :
pos99 :

pos100 :
pos101 :
pos102 :
pos103:
pos104 :
pos105 :
pos106 :
pos107 :
pos108 :

CARTPOS := (-70.8535,137.6749, 15.10676 1554, 180, 0, 10.5948, 0, 0)
CARTPOS :=(-70.7535,137.748, 15.0918, 2292, 180, 0, 10.7491, 0, 0)

CARTPOS := (-70.6535,137.8205, 15.07695.5937, 180, 0, 10.9034, 0, 0)
CARTPOS := (-70.5535,137.8923, 15.06195 4588, 180, 0, 11.0578, 0, 0)
CARTPOS := (-70.4535 ,137.9635, 15.04695 2247, 180, 0, 11.2123, 0, 0)
CARTPOS := (-70.3535,138.0341, 15.031945®12, 180, 0, 11.3668, 0, 0)
CARTPOS := (-70.2535 ,138.1041, 15.01694 %84, 180, 0, 11.5215, 0, 0)

: CARTPOS :=(-70.1535,138.1735, 15.00184 5263, 180, 0, 11.6762, 0, 0)

CARTPOS := (-70.0535,138.2423, 14.98674 2848, 180, 0, 11.8311, 0, 0)
CARTPOS := (-69.9535,138.3105, 14.97154 0639, 180, 0, 11.986, 0, 0)
CARTPOS := (-69.8535,138.3781, 14.95633.8337, 180, 0, 12.141, 0, 0)
CARTPOS := (-69.7535,138.4452, 14.941138D041, 180, 0, 12.2961, 0, 0)
CARTPOS := (-69.6535 ,138.5116, 14.92583 8751, 180, 0, 12.4512, 0, 0)
CARTPOS := (-69.5535 ,138.5775, 14.910531267, 180, 0, 12.6065, 0, 0)
CARTPOS := (-69.4535 ,138.6428, 14.895220489, 180, 0, 12.7619, 0, 0)
CARTPOS := (-69.3535,138.7075, 14.879828917, 180, 0, 12.9173, 0, 0)
CARTPOS := (-69.2535,138.7717, 14.86442 485, 180, 0, 13.0729, 0, 0)
CARTPOS := (-69.1535,138.8353, 14.84892 2389, 180, 0, 13.2286, 0, 0)
CARTPOS := (-69.0535,138.8984, 14.83342.14.34, 180, 0, 13.3843, 0, 0)
CARTPOS := (-68.9535 ,138.9609, 14.8179]1 77384, 180, 0, 13.5402, 0, 0)
CARTPOS := (-68.8535 ,139.0229, 14.80231 554, 180, 0, 13.6961, 0, 0)
CARTPOS := (-68.7535,139.0843, 14.78661 8201, 180, 0, 13.8522, 0, 0)
CARTPOS := (-68.6535 ,139.1452, 14.77091 1268, 180, 0, 14.0084, 0, 0)
CARTPOS := (-68.5535,139.2056, 14.75520 B®4, 180, 0, 14.1647, 0, 0)

: CARTPOS := (-68.4535 ,139.2654, 14.73940%6217, 180, 0, 14.321, 0, 0)

CARTPOS := (-68.3535,139.3247, 14.72360 4299, 180, 0, 14.4775, 0, 0)
CARTPOS := (-68.2535,139.3835, 14.7078) 2286, 180, 0, 14.6341, 0, 0)
CARTPOS := (-68.1535 ,139.4418, 14.6918)1®78, 180, 0, 14.7908, 0, 0)
CARTPOS := (-68.0535 ,139.4996, 14.67599XB75, 180, 0, 14.9477, 0, 0)
CARTPOS := (-67.9535 ,139.5568, 14.65989 5677, 180, 0, 15.1046, 0, 0)
CARTPOS := (-67.8535 ,139.6135, 14.64389B483, 180, 0, 15.2617, 0, 0)

CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS

= (-67.7535,139.6698, 14.627¥91294, 180, 0, 15.4188, 0, 0)
= (-67.6535,139.7255, 14.61158 P11, 180, 0, 15.5761, 0, 0)
= (-67.5535,139.7807, 14.59583 6931, 180, 0, 15.7336, 0, 0)
:= (-67.4535,139.8354, 14.5793 4156, 180, 0, 15.8911, 0, 0)
= (-67.3535,139.8897, 14.56263 2585, 180, 0, 16.0488, 0, 0)
= (-67.2535,139.9434, 14.54683 D419, 180, 0, 16.2065, 0, 0)
= (-67.1535,139.9967, 14.52987 B258, 180, 0, 16.3645, 0, 0)
:= (-67.0535,140.0495, 14.51387 51, 180, 0, 16.5225, 0, 0)

= (-66.9535,140.1018, 14.496Y7B947, 180, 0, 16.6807, 0, 0)
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pos139 :
pos140 :
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posl42 :
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pos145 :
p0s146 :
posl147 :
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CARTPOS
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CARTPOS
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:= (-66.8535,140.1536, 14.480171798, 180, 0, 16.839, 0, 0)
:= (-66.7535 ,140.205, 14.46356 8653, 180, 0, 16.9974, 0, 0)
:= (-66.6535 ,140.2558, 14.446¥67512, 180, 0, 17.156, 0, 0)
:= (-66.5535,140.3062, 14.42996 5375, 180, 0, 17.3147, 0, 0)
= (-66.4535 ,140.3562, 14.41316 8243, 180, 0, 17.4735, 0, 0)
= (-66.3535,140.4057, 14.396161114, 180, 0, 17.6325, 0, 0)
= (-66.2535,140.4547, 14.379P5 8989, 180, 0, 17.7916, 0, 0)
= (-66.1535,140.5032, 14.36215 5868, 180, 0, 17.9509, 0, 0)
:= (-66.0535,140.5513, 14.3455 475, 180, 0, 18.1103, 0, 0)

:= (-65.9535 ,140.599, 14.32785 2636, 180, 0, 18.2698, 0, 0)
:= (-65.8535,140.6462, 14.31065.0526, 180, 0, 18.4295, 0, 0)
:= (-65.7535,140.6929, 14.293B4 842, 180, 0, 18.5894, 0, 0)
= (-65.6535,140.7392, 14.27594 8317, 180, 0, 18.7494, 0, 0)
= (-65.5535,140.785, 14.25854 4218, 180, 0, 18.9095, 0, 0)
= (-65.4535,140.8305, 14.2414 2122, 180, 0, 19.0698, 0, 0)
:= (-65.3535,140.8754, 14.22384 003, 180, 0, 19.2303, 0, 0)
:=(-65.2535,140.9199, 14.2058317941, 180, 0, 19.3909, 0, 0)
:= (-65.1535,140.964, 14.18813 BB55, 180, 0, 19.5516, 0, 0)
:= (-65.0535,141.0077, 14.170838773, 180, 0, 19.7126, 0, 0)
= (-64.9535,141.0509, 14.152831694, 180, 0, 19.8737, 0, 0)
= (-64.8535,141.0937, 14.134528618, 180, 0, 20.0349, 0, 0)
= (-64.7535,141.1361, 14.11652 7545, 180, 0, 20.1964, 0, 0)
= (-64.6535,141.178, 14.09852 6476, 180, 0, 20.3579, 0, 0)
:= (-64.5535,141.2196, 14.08082.8409, 180, 0, 20.5197, 0, 0)
= (-64.4535 ,141.2607, 14.062121.346, 180, 0, 20.6816, 0, 0)
:=(-64.3535,141.3013, 14.04381 9286, 180, 0, 20.8437, 0, 0)
= (-64.2535 ,141.3416, 14.02581 7228, 180, 0, 21.006, 0, 0)
= (-64.1535,141.3814, 14.0071 5174, 180, 0, 21.1685, 0, 0)
= (-64.0535,141.4209, 13.98851 8123, 180, 0, 21.3311, 0, 0)
= (-63.9535,141.4599, 13.96991 1074, 180, 0, 21.4939, 0, 0)
= (-63.8535,141.4985, 13.951208028, 180, 0, 21.6569, 0, 0)
= (-63.7535,141.5367, 13.932#0.56985, 180, 0, 21.8201, 0, 0)
= (-63.6535 ,141.5744, 13.91360.4945, 180, 0, 21.9835, 0, 0)
:= (-63.5535,141.6118, 13.894702907, 180, 0, 22.147, 0, 0)
= (-63.4535,141.6488, 13.87570.0872, 180, 0, 22.3108, 0, 0)
= (-63.3535,141.6854, 13.85689.884, 180, 0, 22.4747, 0, 0)
= (-63.2535,141.7215, 13.837@956811, 180, 0, 22.6388, 0, 0)
= (-63.1535,141.7573, 13.818294783, 180, 0, 22.8032, 0, 0)
:= (-63.0535,141.7927, 13.79889 2759, 180, 0, 22.9677, 0, 0)
= (-62.9535,141.8276, 13.77949.0737, 180, 0, 23.1324, 0, 0)
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posl75:
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pos177 :
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pos181 :
pos182 :
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pos187 :
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CARTPOS
CARTPOS
CARTPOS
CARTPOS
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CARTPOS
CARTPOS
CARTPOS
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= (-62.8535,141.8622, 13.75998 8717, 180, 0, 23.2974, 0, 0)
= (-62.7535,141.8964, 13.74083 57, 180, 0, 23.4625, 0, 0)
= (-62.6535,141.9302, 13.72083 4685, 180, 0, 23.6278, 0, 0)
= (-62.5535,141.9636, 13.70098 2673, 180, 0, 23.7934, 0, 0)
= (-62.4535,141.9966, 13.6813 D863, 180, 0, 23.9591, 0, 0)
= (-62.3535,142.0292, 13.661a7 B655, 180, 0, 24.1251, 0, 0)
= (-62.2535,142.0614, 13.6417 B®5, 180, 0, 24.2913, 0, 0)
= (-62.1535,142.0933, 13.62097 4646, 180, 0, 24.4577, 0, 0)
= (-62.0535,142.1248, 13.60007 2645, 180, 0, 24.6243, 0, 0)
= (-61.9535,142.1558, 13.58087.0646, 180, 0, 24.7912, 0, 0)
:=(-61.8535,142.1865, 13.55996 865, 180, 0, 24.9583, 0, 0)
= (-61.7535,142.2168, 13.53986 5655, 180, 0, 25.1256, 0, 0)
= (-61.6535,142.2468, 13.518864662, 180, 0, 25.2931, 0, 0)
= (-61.5535,142.2763, 13.49806 2672, 180, 0, 25.4609, 0, 0)
= (-61.4535,142.3055, 13.477360683, 180, 0, 25.6289, 0, 0)
= (-61.3535,142.3343, 13.45685 8697, 180, 0, 25.7971, 0, 0)
= (-61.2535,142.3628, 13.435855712, 180, 0, 25.9656, 0, 0)
= (-61.1535,142.3908, 13.414@5473, 180, 0, 26.1343, 0, 0)
= (-61.0535,142.4185, 13.393252749, 180, 0, 26.3033, 0, 0)
= (-60.9535,142.4458, 13.37185D77, 180, 0, 26.4725, 0, 0)
:=(-60.8535,142.4727, 13.35084 B793, 180, 0, 26.6419, 0, 0)
:=(-60.7535,142.4993, 13.3294 85818, 180, 0, 26.8116, 0, 0)
= (-60.6535 ,142.5255, 13.307@4 4844, 180, 0, 26.9816, 0, 0)
:= (-60.5535,142.5513, 13.28504 2873, 180, 0, 27.1518, 0, 0)
:=(-60.4535 ,142.5768, 13.26394 0903, 180, 0, 27.3223, 0, 0)
:=(-60.3535,142.6019, 13.24184 0903, 180, 0, 27.493, 0, 0)
:=(-60.3,142.6189, 13.2206, B3&%6, 180, 0, 27.664, 0, 0)
:=(-60.2 ,142.6437, 13.1984, B22, 180, 0, 27.8353, 0, 0)
:=(-60.1,142.6685, 13.1761, B¥B3, 180, 0, 28.0069, 0, 0)
:=(-60,142.6932, 13.1537, 10337180, 0, 28.1787, 0, 0)
:=(-59.9 ,142.7179, 13.1311, B% 1, 180, 0, 28.3508, 0, 0)
:=(-59.8 ,142.7426, 13.1083, B235, 180, 0, 28.5231, 0, 0)

= (-59.7 ,142.7672, 13.0855, BIR9, 180, 0, 28.6958, 0, 0)

= (-59.6 ,142.7918, 13.0624, 7&R3, 180, 0, 28.8687, 0, 0)
:=(-59.5,142.8163, 13.0393, 1B&K7, 180, 0, 29.042, 0, 0)

= (-59.4 ,142.8408, 13.016, 1(&RY, 180, 0, 29.2155, 0, 0)

= (-59.3,142.8652, 12.9925, 1WR5, 180, 0, 29.3893, 0, 0)

= (-59.2,142.8896, 12.969, 1@%6180, 0, 29.5634, 0, 0)

= (-59.1,142.914, 12.9452, 1@&24, 180, 0, 29.7378, 0, 0)
:=(-59,142.9383, 12.9213, 10883180, 0, 29.9126, 0, 0)
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:=(-58.9,142.9625, 12.8973, H1%2, 180, 0, 30.0876, 0, 0)
:=(-58.8 ,142.9867, 12.8731, B¥3.6, 180, 0, 30.2629, 0, 0)
:=(-58.7,143.0109, 12.8488, BB, 180, 0, 30.4386, 0, 0)
:= (-58.6 ,143.0351, 12.8244, Ba3i5, 180, 0, 30.6145, 0, 0)
:=(-58.5,143.0591, 12.7997, B2R9, 180, 0, 30.7908, 0, 0)
:=(-58.4 ,143.0832, 12.775, 1@¥.3, 180, 0, 30.9674, 0, 0)
:=(-58.3,143.1072, 12.75, 10R8,180, 0, 31.1444, 0, 0)
:=(-58.2,143.1312, 12.725, 1@&®32, 180, 0, 31.3216, 0, 0)
:=(-58.1,143.1551, 12.6997, ¥2%6, 180, 0, 31.4992, 0, 0)
= (-58,143.1789, 12.6743, 10340180, 0, 31.6772, 0, 0)
:=(-57.9,143.2028, 12.6488, BI¥R®5, 180, 0, 31.8555, 0, 0)
:=(-57.8,143.2266, 12.6231, BB%, 180, 0, 32.0341, 0, 0)
:=(-57.7 ,143.2503, 12.5972, B324, 180, 0, 32.2131, 0, 0)
= (-57.6 ,143.274, 12.5712, 1@B8, 180, 0, 32.3924, 0, 0)
= (-57.5,143.2977, 12.545, 1@%2, 180, 0, 32.5721, 0, 0)
= (-57.4 ,143.3213, 12.5187, B®3.8, 180, 0, 32.7521, 0, 0)
= (-57.3,143.3448, 12.4922, XBB2, 180, 0, 32.9326, 0, 0)
= (-57.2,143.3684, 12.4655, X137, 180, 0, 33.1133, 0, 0)
:=(-57.1,143.3918, 12.4387, 1®3.1, 180, 0, 33.2945, 0, 0)
:=(-57 ,143.4153, 12.4117, 10346180, 0, 33.476, 0, 0)

= (-56.9,143.4387, 12.3846, 131, 180, 0, 33.6579, 0, 0)
= (-56.8 ,143.462, 12.3572, 1@®3, 180, 0, 33.8402, 0, 0)
= (-56.7 ,143.4853, 12.3297, 1W3,, 180, 0, 34.0229, 0, 0)
:= (-56.6 ,143.5086, 12.3021, 1¥3R5, 180, 0, 34.206, 0, 0)
= (-56.5,143.5318, 12.2742, T2®9, 180, 0, 34.3895, 0, 0)
= (-56.4 ,143.555, 12.2462, 1@%4, 180, 0, 34.5734, 0, 0)
= (-56.3,143.5781, 12.218, 1GR9, 180, 0, 34.7577, 0, 0)
:=(-56.2,143.6012, 12.1897, H¥®4, 180, 0, 34.9424, 0, 0)
= (-56.1,143.6243, 12.1612, BBAS, 180, 0, 35.1275, 0, 0)
= (-56,143.6473, 12.1324, 10233180, 0, 35.313, 0, 0)
:=(-55.9,143.6702, 12.1036, B1BS, 180, 0, 35.499, 0, 0)
:=(-55.8 ,143.6932, 12.0745, BBA3, 180, 0, 35.6854, 0, 0)
:=(-55.7 ,143.716, 12.0452, 1@1.8, 180, 0, 35.8722, 0, 0)
:=(-55.6 ,143.7389, 12.0158, BB&3, 180, 0, 36.0595, 0, 0)
:=(-55.5,143.7617, 11.9862, B128, 180, 0, 36.2472, 0, 0)
= (-55.4 ,143.7844, 11.9564, 1¥A.3, 180, 0, 36.4354, 0, 0)
:=(-55.3,143.8071, 11.9264, 1®7.8, 180, 0, 36.624, 0, 0)
:=(-55.2,143.8298, 11.8962, 1@A3, 180, 0, 36.8131, 0, 0)
:=(-55.1,143.8524, 11.8659, 128, 180, 0, 37.0027, 0, 0)
:=(-55,143.875, 11.8353, 102.897¥80, 0, 37.1927, 0, 0)
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:=(-54.9,143.8975, 11.8046, B¥A8, 180, 0, 37.3833, 0, 0)
:=(-54.8 ,143.92, 11.7736, 10285180, 0, 37.5743, 0, 0)
= (-54.7 ,143.9424, 11.7425, B2A8, 180, 0, 37.7658, 0, 0)
= (-54.6 ,143.9648, 11.7112, BIA3, 180, 0, 37.9578, 0, 0)
= (-54.5,143.9872, 11.6796, B¥A8, 180, 0, 38.1502, 0, 0)
= (-54.4 ,144.0095, 11.6479, BBH4, 180, 0, 38.3433, 0, 0)
= (-54.3 ,144.0318, 11.6159, BR29, 180, 0, 38.5368, 0, 0)
= (-54.2 ,144.054, 11.5838, 1@®5, 180, 0, 38.7308, 0, 0)
= (-54.1 ,144.0762, 11.5515, ¥BK9, 180, 0, 38.9254, 0, 0)
:=(-54 ,144.0983, 11.5189, 10286180, 0, 39.1205, 0, 0)
:=(-53.9,144.1204, 11.4861, U3®A, 180, 0, 39.3161, 0, 0)
:=(-53.8,144.1425, 11.4532, 4155, 180, 0, 39.5123, 0, 0)
= (-53.7 ,144.1645, 11.42, 102389180, 0, 39.7091, 0, 0)
:=(-53.6,144.1865, 11.3866, BBAB6, 180, 0, 39.9064, 0, 0)
= (-53.5,144.2084, 11.3529, B3k1, 180, 0, 40.1043, 0, 0)
:=(-53.4,144.2303, 11.3191, 8217, 180, 0, 40.3027, 0, 0)
:=(-53.3,144.2521, 11.285, 1@B2, 180, 0, 40.5018, 0, 0)
:=(-53.2,144.2739, 11.2507, 1¥248, 180, 0, 40.7014, 0, 0)
:=(-53.1,144.2957, 11.2162, BH1.3, 180, 0, 40.9017, 0, 0)
= (-53,144.3174, 11.1815, 10222180, 0, 41.1025, 0, 0)
= (-52.9,144.3391, 11.1465, 1044, 180, 0, 41.304, 0, 0)
:=(-52.8 ,144.3607, 11.1113, 1&4, 180, 0, 41.5061, 0, 0)
= (-52.7 ,144.3823, 11.0759, 1®75, 180, 0, 41.7088, 0, 0)
:=(-52.6 ,144.4038, 11.0402, 1321, 180, 0, 41.9122, 0, 0)
= (-52.5,144.4253, 11.0043, 10®6, 180, 0, 42.1162, 0, 0)
= (-52.4 ,144.4468, 10.9681, 1872, 180, 0, 42.3208, 0, 0)
:=(-52.3,144.4682, 10.9317, 1®A8, 180, 0, 42.5262, 0, 0)
= (-52.2,144.4896, 10.8951, 1B@3, 180, 0, 42.7322, 0, 0)
:=(-52.1,144.5109, 10.8582, 11AK9, 180, 0, 42.9389, 0, 0)
= (-52,144.5322, 10.8211, 10899180, 0, 43.1463, 0, 0)
:=(-51.9,144.5535, 10.7837, H7¥1.180, 0, 43.3544, 0, 0)
:=(-51.8 ,144.5747, 10.746, 1066, 180, 0, 43.5632, 0, 0)
= (-51.7 ,144.5958, 10.7081, B2B2, 180, 0, 43.7728, 0, 0)
:=(-51.6 ,144.6169, 10.6699, BB, 180, 0, 43.9831, 0, 0)
:=(-51.5,144.638, 10.6315, 10838, 180, 0, 44.1941, 0, 0)
= (-51.4 ,144.659, 10.5928, 1@PS8, 180, 0, 44.4059, 0, 0)
= (-51.3 ,144.68, 10.5538, 10882180, 0, 44.6184, 0, 0)
= (-51.2 ,144.701, 10.5145, 1@6S8, 180, 0, 44.8318, 0, 0)
= (-51.1,144.7219, 10.475, 1@R7, 180, 0, 45.0459, 0, 0)
:=(-51,144.7427, 10.4352, 10B35180, 0, 45.2609, 0, 0)
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pos302 :
pos303 :
pos304 :
pos305 :
pos306 :
pos307 :
pos308 :

CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS

:=(-50.9,144.7635, 10.3951, MBBY, 180, 0, 45.4766, 0, 0)
:=(-50.8 ,144.7843, 10.3547, 1P4, 180, 0, 45.6932, 0, 0)
:=(-50.7 ,144.805, 10.314, 1086880, 0, 45.9106, 0, 0)
:=(-50.6 ,144.8257, 10.273, 1®k6, 180, 0, 46.1289, 0, 0)
:=(-50.5,144.8464, 10.2317, BaP2, 180, 0, 46.3481, 0, 0)
:=(-50.4 ,144.867, 10.1901, 1aB8, 180, 0, 46.5681, 0, 0)
:=(-50.3,144.8875, 10.1483, HIb4, 180, 0, 46.789, 0, 0)
:=(-50.2,144.9081, 10.1061, H¥P, 180, 0, 47.0109, 0, 0)
:=(-50.1,144.9285, 10.0636, BaB7, 180, 0, 47.2336, 0, 0)
:=(-50,144.949, 10.0207, 101.52880, 0, 47.4573, 0, 0)

= (-49.9,144.9694, 9.9776, 1@1LS, 180, 0, 47.682, 0, 0)
:=(-49.8 ,144.9897, 9.9341, 1088, 180, 0, 47.9076, 0, 0)
= (-49.7 ,145.01, 9.8903, 101.245580, 0, 48.1342, 0, 0)

= (-49.6 ,145.0303, 9.8462, 1(®1L4, 180, 0, 48.3619, 0, 0)
= (-49.5 ,145.0505, 9.8017, 1@B3Z, 180, 0, 48.5905, 0, 0)
:=(-49.4 ,145.0707, 9.7568, 1@5;3180, 0, 48.8202, 0, 0)
:=(-49.3,145.0908, 9.7117, 1®1L8, 180, 0, 49.0509, 0, 0)
:=(-49.2 ,145.1109, 9.6661, 1(RB3, 180, 0, 49.2828, 0, 0)
= (-49.1 ,145.131, 9.6202, 10481180, 0, 49.5157, 0, 0)
:=(-49,145.151, 9.574, 101.29180, 0, 49.7497, 0, 0)

= (-48.9,145.1709, 9.5273, 1@B2, 180, 0, 49.9849, 0, 0)
= (-48.8 ,145.1909, 9.4803, 1@H.2, 180, 0, 50.2212, 0, 0)
= (-48.7 ,145.2107, 9.433, 101122180, 0, 50.4587, 0, 0)
:= (-48.6 ,145.2306, 9.3852, 1®B,1180, 0, 50.6974, 0, 0)
:= (-48.5,145.2504, 9.337, 1044,/180, 0, 50.9373, 0, 0)
:= (-48.4 ,145.2701, 9.2884, 113, 180, 0, 51.1785, 0, 0)
:= (-48.3,145.2898, 9.2395, 1@r9, 180, 0, 51.4209, 0, 0)
= (-48.2 ,145.3095, 9.1901, 1@u44, 180, 0, 51.6646, 0, 0)
= (-48.1,145.3291, 9.1403, 1@1P, 180, 0, 51.9096, 0, 0)
:=(-48 ,145.3487, 9.09, 101.05780, 0, 52.156, 0, 0)

= (-47.9 ,145.3683, 9.0393, 1@45H, 180, 0, 52.4038, 0, 0)
.= (-47.8,145.3878, 8.9882, 1410, 180, 0, 52.6529, 0, 0)
.= (-47.7 ,145.4072, 8.9367, 1@¥8, 180, 0, 52.9035, 0, 0)
:= (-47.6 ,145.4266, 8.8846, 1@359, 180, 0, 53.1556, 0, 0)
= (-47.5,145.446, 8.8321, 100.94180, 0, 53.4091, 0, 0)
= (-47.4 ,145.4654, 8.7792, 1408, 180, 0, 53.6641, 0, 0)
= (-47.3 ,145.4846, 8.7257, 1@3.8, 180, 0, 53.9207, 0, 0)
= (-47.2 ,145.5039, 8.6718, 1008, 180, 0, 54.1789, 0, 0)
= (-47.1 ,145.5231, 8.6173, 1@78, 180, 0, 54.4387, 0, 0)
:= (-47 ,145.5423, 8.5624, 100.82430, 0, 54.7002, 0, 0)
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pos309 :
pos310 :
pos311:
pos312 :
pos313:
pos314 :
pos315 :
pos316 :
pos317 :
pos318 :
pos319 :
pos320 :
pos321 :
pos322 :
pos323:
pos324 :
pos325 :
pos326 :
pos327 :
pos328 :
pos329 :
pos330 :
pos331 :
pos332 :
pos333:
pos334 :
pos335 :
pos336 :
pos337 :
pos338 :
pos339 :
pos340 :
pos341 :
pos342 :
pos343:
pos344 :
pos345 :
pos346 :
pos347 :
pos348 :

CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS

= (-46.9 ,145.5614, 8.5069, 1@18, 180, 0, 54.9634, 0, 0)
:= (-46.8 ,145.5805, 8.4509, 1073, 180, 0, 55.2283, 0, 0)
= (-46.7 ,145.5995, 8.3943, 1@34, 180, 0, 55.495, 0, 0)
:= (-46.6 ,145.6185, 8.3372, 1(B1%, 180, 0, 55.7635, 0, 0)
= (-46.5,145.6374, 8.2796, 1@¥43, 180, 0, 56.0338, 0, 0)
= (-46.4 ,145.6563, 8.2213, 1@35, 180, 0, 56.3061, 0, 0)
= (-46.3 ,145.6752, 8.1625, 1@LS, 180, 0, 56.5803, 0, 0)
= (-46.2 ,145.694, 8.103, 100.83¥80, 0, 56.8565, 0, 0)
= (-46.1 ,145.7128, 8.043, 10@5,1180, 0, 57.1348, 0, 0)
:= (-46 ,145.7316, 7.9823, 100.39180, 0, 57.4152, 0, 0)
:= (-45.9,145.7503, 7.9209, 1®7.8, 180, 0, 57.6977, 0, 0)
:= (-45.8 ,145.7689, 7.8589, 1616, 180, 0, 57.9825, 0, 0)
= (-45.7 ,145.7875, 7.7963, 113, 180, 0, 58.2696, 0, 0)
= (-45.6 ,145.8061, 7.7329, 1@r4, 180, 0, 58.559, 0, 0)
= (-45.5,145.8246, 7.6688, 1014, 180, 0, 58.8508, 0, 0)
:= (-45.4 ,145.8431, 7.604, 100.35180, 0, 59.1451, 0, 0)
:= (-45.3,145.8616, 7.5384, 184180, 0, 59.4419, 0, 0)
:= (-45.2,145.88, 7.4721, 100.40480, 0, 59.7414, 0, 0)
:= (-45.1,145.8983, 7.405, 100.838180, 0, 60.0435, 0, 0)
:=(-45,145.9167, 7.3371, 100.B5880, 0, 60.3485, 0, 0)
= (-44.9 ,145.9349, 7.2683, 133, 180, 0, 60.6564, 0, 0)
= (-44.8 ,145.9532, 7.1987, 10a8, 180, 0, 60.9672, 0, 0)
= (-44.7 ,145.9714, 7.1282, 1@382, 180, 0, 61.2811, 0, 0)
:= (-44.6 ,145.9895, 7.0568, 1@2.2, 180, 0, 61.5981, 0, 0)
:=(-44.5,146.0076, 6.9844, 1@0.8, 180, 0, 61.9185, 0, 0)
= (-44.4 ,146.0257, 6.9111, 14®2, 180, 0, 62.2422, 0, 0)
:= (-44.3 ,146.0437, 6.8368, 1@%1, 180, 0, 62.5694, 0, 0)
= (-44.2 ,146.0617, 6.7614, 1008, 180, 0, 62.9003, 0, 0)
= (-44.1 ,146.0796, 6.685, 10®34180, 0, 63.235, 0, 0)
= (-44 ,146.0975, 6.6075, 100.22580, 0, 63.5736, 0, 0)
= (-43.9 ,146.1154, 6.5288, 1@19, 180, 0, 63.9162, 0, 0)
:= (-43.8,146.1332, 6.4489, 108D, 180, 0, 64.2631, 0, 0)
= (-43.7 ,146.151, 6.3679, 10605180, 0, 64.6145, 0, 0)
.= (-43.6 ,146.1687, 6.2855, 1(B20, 180, 0, 64.9704, 0, 0)
= (-43.5,146.1864, 6.2018, 1@B8, 180, 0, 65.3311, 0, 0)
= (-43.4 ,146.2041, 6.1167, 9568180, 0, 65.6968, 0, 0)
= (-43.3,146.2217, 6.0302, 9236180, 0, 66.0678, 0, 0)
= (-43.2 ,146.2392, 5.9421, 999880, 0, 66.4443, 0, 0)
= (-43.1,146.2568, 5.8525, 9%8,1180, 0, 66.8265, 0, 0)
= (-43,146.2742, 5.7612, 99.89280, 0, 67.2148, 0, 0)
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pos349 :
pos350 :
pos351 :
pos352 :
pos353 :
pos354 :
pos355 :
pos356 :
pos357 :
pos358 :
pos359 :
pos360 :
pos361 :
pos362 :
pos363 :
pos364 :
pos365 :
pos366 :
pos367 :
pos368 :
pos369 :
pos370 :
pos371:
pos372 :
pos373:
pos374 :
pos375 :
pos376 :
pos377 :
pos378 :
pos379 :

CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS
CARTPOS

= (-42.9,146.2917, 5.6683, 9936180, 0, 67.6094, 0, 0)
= (-42.8 ,146.3091, 5.5734, 9%3280, 0, 68.0108, 0, 0)
= (-42.7 ,146.3264, 5.4767, 9282180, 0, 68.4193, 0, 0)
= (-42.6 ,146.3437, 5.378, 99.29980, 0, 68.8352, 0, 0)
'=(-42.5,146.361, 5.2771, 99.2,/8680, 0, 69.2591, 0, 0)
'=(-42.4 ,146.3782, 5.174, 99.95280, 0, 69.6915, 0, 0)
= (-42.3 ,146.3954, 5.0685, 9972180, 0, 70.1329, 0, 0)
= (-42.2 ,146.4126, 4.9604, 9%40180, 0, 70.5839, 0, 0)
= (-42.1 ,146.4297, 4.8496, 9883180, 0, 71.0452, 0, 0)
= (-42 ,146.4467, 4.7359, 99.65980, 0, 71.5176, 0, 0)
= (-41.9,146.4638, 4.6191, 9%6;3180, 0, 72.0019, 0, 0)
= (-41.8 ,146.4807, 4.499, 99.618830, 0, 72.4992, 0, 0)
= (-41.7 ,146.4977, 4.3752, 9989180, 0, 73.0106, 0, 0)
= (-41.6 ,146.5146, 4.2474, 99.58680, 0, 73.5374, 0, 0)
= (-41.5 ,146.5314, 4.1153, 9854180, 0, 74.0812, 0, 0)
= (-41.4 ,146.5483, 3.9784, 9952180, 0, 74.6437, 0, 0)
= (-41.3 ,146.565, 3.8363, 99.29780, 0, 75.2271, 0, 0)
= (-41.2 ,146.5818, 3.6882, 934780, 0, 75.834, 0, 0)
= (-41.1 ,146.5984, 3.5336, 9985180, 0, 76.4676, 0, 0)
= (-41 ,146.6151, 3.3714, 99.42%80, 0, 77.1318, 0, 0)
:=(-40.9 ,146.6317, 3.2005, 99130180, 0, 77.8316, 0, 0)
= (-40.8 ,146.6483, 3.0195, 9938180, 0, 78.5738, 0, 0)
:=(-40.7 ,146.6648, 2.8264, 9985180, 0, 79.3671, 0, 0)
:= (-40.6 ,146.6813, 2.6185, 939183180, 0, 80.2242, 0, 0)
= (-40.5,146.6977, 2.3919, 99.31180, 0, 81.1639, 0, 0)
= (-40.4 ,146.7141, 2.1409, 9828180, 0, 82.217, 0, 0)
:= (-40.3 ,146.7304, 1.8553, 99126180, 0, 83.44, 0, 0)
:=(-40.2 ,146.7468, 1.5158, 9924180, 0, 84.9674, 0, 0)
= (-40.1 ,146.763, 1.0726, 99.21880, 0, 87.9157, 0, 0)
:=(-40,146.7793, 0, 99.2185, 18087.9157, 0, 0)
:=(-40,150.7793, 0, 99.2185, 18087.9157, 0, 0)
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A.2) Output File of Motion Commands -Algorithm Il

Lin(pos0)

Vel(dynCart,3.5)
Vel(dynPtp,100)

Lin(posl)

Lin(pos2)

Lin(pos3)

Lin(pos4)

Lin(pos5)

Lin(pos6)

Lin(pos7)

Lin(pos8)

Lin(pos9)

Lin(pos10)
Lin(pos11)
Lin(pos12)
Lin(pos13)
Lin(pos14)
Lin(pos15)
Lin(pos16)
Lin(pos17)
Lin(pos18)
Lin(pos19)
Lin(pos20)
Lin(pos21)
Lin(pos22)
Lin(pos23)
Lin(pos24)
Lin(pos25)
Lin(pos26)
Lin(pos27)
Lin(pos28)
Lin(pos29)
Lin(pos30)
Lin(pos31)
Lin(pos32)
Lin(pos33)
Lin(pos34)

Lin(pos35)
Lin(pos36)
Lin(pos37)
Lin(pos38)
Lin(pos39)
Lin(pos40)
Lin(pos41)
Lin(pos42)
Lin(pos43)
Lin(pos44)
Lin(pos45)
Lin(pos46)
Lin(pos47)
Lin(pos48)
Lin(pos49)
Lin(pos50)
Lin(pos51)
Lin(pos52)
Lin(pos53)
Lin(pos54)
Lin(pos55)
Lin(pos56)
Lin(pos57)
Lin(pos58)
Lin(pos59)
Lin(pos60)
Lin(pos61)
Lin(pos62)
Lin(pos63)
Lin(pos64)
Lin(pos65)
Lin(pos66)
Lin(pos67)
Lin(pos68)
Lin(pos69)
Lin(pos70)
Lin(pos71)
Lin(pos72)

Lin(pos73)
Lin(pos74)
Lin(pos75)
Lin(pos76)
Lin(pos77)
Lin(pos78)
Lin(pos79)
Lin(pos80)
Lin(pos81)
Lin(pos82)
Lin(pos83)
Lin(pos84)
Lin(pos85)
Lin(pos86)
Lin(pos87)
Lin(pos88)
Lin(pos89)
Lin(pos90)
Lin(pos91)
Lin(pos92)
Lin(pos93)
Lin(pos94)
Lin(pos95)
Lin(pos96)
Lin(pos97)
Lin(pos98)
Lin(pos99)
Lin(pos100)
Lin(pos101)
Lin(pos102)
Lin(pos103)
Lin(pos104)
Lin(pos105)
Lin(pos106)
Lin(pos107)
Lin(pos108)
Lin(pos109)
Lin(pos110)

Lin(pos111)
Lin(pos112)
Lin(pos113)
Lin(pos114)
Lin(pos115)
Lin(pos116)
Lin(pos117)
Lin(pos118)
Lin(pos119)
Lin(pos120)
Lin(pos121)
Lin(pos122)
Lin(pos123)
Lin(pos124)
Lin(pos125)
Lin(pos126)
Lin(pos127)
Lin(pos128)
Lin(pos129)
Lin(pos130)
Lin(pos131)
Lin(pos132)
Lin(pos133)
Lin(pos134)
Lin(pos135)
Lin(pos136)
Lin(pos137)
Lin(pos138)
Lin(pos139)
Lin(pos140)
Lin(pos141)
Lin(pos142)
Lin(pos143)
Lin(pos144)
Lin(pos145)
Lin(pos146)
Lin(pos147)
Lin(pos148)

Lin(pos149)
Lin(pos150)
Lin(pos151)
Lin(pos152)
Lin(pos153)
Lin(pos154)
Lin(pos155)
Lin(pos156)
Lin(pos157)
Lin(pos158)
Lin(pos159)
Lin(pos160)
Lin(pos161)
Lin(pos162)
Lin(pos163)
Lin(pos164)
Lin(pos165)
Lin(pos166)
Lin(pos167)
Lin(pos168)
Lin(pos169)
Lin(pos170)
Lin(pos171)
Lin(pos172)
Lin(pos173)
Lin(pos174)
Lin(pos175)
Lin(pos176)
Lin(pos177)
Lin(pos178)
Lin(pos179)
Lin(pos180)
Lin(pos181)
Lin(pos182)
Lin(pos183)
Lin(pos184)
Lin(pos185)
Lin(pos186)
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Lin(pos187)
Lin(pos188)
Lin(pos189)
Lin(pos190)
Lin(pos191)
Lin(pos192)
Lin(pos193)
Lin(pos194)
Lin(pos195)
Lin(pos196)
Lin(pos197)
Lin(pos198)
Lin(pos199)
Lin(pos200)
Lin(pos201)
Lin(pos202)
Lin(pos203)
Lin(pos204)
Lin(pos205)
Lin(pos206)
Lin(pos207)
Lin(pos208)
Lin(pos209)
Lin(pos210)
Lin(pos211)
Lin(pos212)
Lin(pos213)
Lin(pos214)
Lin(pos215)
Lin(pos216)
Lin(pos217)
Lin(pos218)
Lin(pos219)
Lin(pos220)
Lin(pos221)
Lin(pos222)
Lin(pos223)
Lin(pos224)
Lin(pos225)

Lin(pos226)
Lin(pos227)
Lin(pos228)
Lin(pos229)
Lin(pos230)
Lin(pos231)
Lin(pos232)
Lin(pos233)
Lin(pos234)
Lin(pos235)
Lin(pos236)
Lin(pos237)
Lin(pos238)
Lin(pos239)
Lin(pos240)
Lin(pos241)
Lin(pos242)
Lin(pos243)
Lin(pos244)
Lin(pos245)
Lin(pos246)
Lin(pos247)
Lin(pos248)
Lin(pos249)
Lin(pos250)
Lin(pos251)
Lin(pos252)
Lin(pos253)
Lin(pos254)
Lin(pos255)
Lin(pos256)
Lin(pos257)
Lin(pos258)
Lin(pos259)
Lin(pos260)
Lin(pos261)
Lin(pos262)
Lin(pos263)
Lin(pos264)

Lin(pos265)
Lin(pos266)
Lin(pos267)
Lin(pos268)
Lin(pos269)
Lin(pos270)
Lin(pos271)
Lin(pos272)
Lin(pos273)
Lin(pos274)
Lin(pos275)
Lin(pos276)
Lin(pos277)
Lin(pos278)
Lin(pos279)
Lin(pos280)
Lin(pos281)
Lin(pos282)
Lin(pos283)
Lin(pos284)
Lin(pos285)
Lin(pos286)
Lin(pos287)
Lin(pos288)
Lin(pos289)
Lin(pos290)
Lin(pos291)
Lin(pos292)
Lin(pos293)
Lin(pos294)
Lin(pos295)
Lin(pos296)
Lin(pos297)
Lin(pos298)
Lin(pos299)
Lin(pos300)
Lin(pos301)
Lin(pos302)
Lin(pos303)

Lin(pos304)
Lin(pos305)
Lin(pos306)
Lin(pos307)
Lin(pos308)
Lin(pos309)
Lin(pos310)
Lin(pos311)
Lin(pos312)
Lin(pos313)
Lin(pos314)
Lin(pos315)
Lin(pos316)
Lin(pos317)
Lin(pos318)
Lin(pos319)
Lin(pos320)
Lin(pos321)
Lin(pos322)
Lin(pos323)
Lin(pos324)
Lin(pos325)
Lin(pos326)
Lin(pos327)
Lin(pos328)
Lin(pos329)
Lin(pos330)
Lin(pos331)
Lin(pos332)
Lin(pos333)
Lin(pos334)
Lin(pos335)
Lin(pos336)
Lin(pos337)
Lin(pos338)
Lin(pos339)
Lin(pos340)
Lin(pos341)
Lin(pos342)

Lin(pos344)
Lin(pos345)
Lin(pos346)
Lin(pos347)
Lin(pos348)
Lin(pos349)
Lin(pos350)
Lin(pos351)
Lin(pos352)
Lin(pos353)
Lin(pos354)
Lin(pos355)
Lin(pos356)
Lin(pos357)
Lin(pos358)
Lin(pos359)
Lin(pos360)
Lin(pos361)
Lin(pos362)
Lin(pos363)
Lin(pos364)
Lin(pos365)
Lin(pos366)
Lin(pos367)
Lin(pos368)
Lin(pos369)
Lin(pos370)
Lin(pos371)
Lin(pos372)
Lin(pos373)
Lin(pos374)
Lin(pos375)
Lin(pos376)
Lin(pos377)
Lin(pos378)
Lin(pos379)
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