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Abstract
Valkering, C.: Robot path planning from image data
M.Sc. Thesis, Measurement and Control Group ER, Department of Electrical Engineering,
Eindhoven University of Technology, November 1992.
The report describes a research in the field of off-line robot programming which is done as a part
of the ESPRIT-project "Hephaestos n".
The object of this research is the development of software which can generate robot programs for
an ASEA Irb 2000 welding robot based on data collected by a vision survey system. After the
path where the robot should weld is extracted from these data, the orientation of the robot has to
be computed based on the location of the path while avoiding collisions with the workpiece the
robot is welding. The algorithm computes joint coordinates from the position information with an
optimiution criterion which takes the minimal distance of each robot link to the workpiece into
account. The orientation can be derived from the joint coordinates.
Also an algorithm is implemented to efficiently compute the distances between the robot links and
the workpiece. It is based on finding the points on each object (a link and the workpiece) which is
closest to the other object. These points are found through an iteration method. Two arbitrary
selected points are shifted over the objects via a gradient search method until the shortest distance
is found.
Furthermore the software is described which transforms this information into an ARLA (ASEA
Robot LAnguage) robot program. After compilation this robot program can be loaded into the
robot controller. Finally attention is paid to the development of an interface between the software
and the ARLA-compiler.

Samenvatting
Valkering, C.: Robot path planning from image

data

Afstudeerverslag, vakgroep Meet- en Regeltechniek ER, Faculteit EIektroteehniek, Technische
Universiteit Eindhoven, november 1992.
Dit verslag beschrijft een onderzoek op het gebied van off-line robotprogrammering dat is
uitgevoerd als onderdeel van het ESPRIT-project "Hephaestos nil.
Het doel van dit onderzoek is de ontwikkeling van software die robotprogramma's tan genereren
voor een ASEA Irb 2000 lasrobot gebaseerd op gegevens verzameld door een vision survey
systeem. Nadat de lasbaan voor de robot uit deze data is gebaald, moet de orientatie van de robot
worden berekend gebaseerd op de plaats van de lasbaan, waarbij botsingen met het te lassen
werkstuk moeten worden vermeden. Het algoritme berekent de jointcOOrdinaten uit de positieinformatie en een optimaJisatiecriterium dat rekening houdt met de minimale afstand tussen elke
link van de robot en het werkstuk. De ori~ntatie tan uit de jointeoOrdinaten worden afgeleid.
Ook is een algoritme geTmplementeerd dat de afstanden tussen de robot links en het werkstuk op
een effici~nte manier berekend. Dit is gebaseerd op het vinden van de punten op elk object (een
link en het werkstuk) die het dichtst bij het andere object liggen. Deze punten worden met een
iteratiemethode gevonden. Twee arbitrair gekozen punten worden over de object verschoven totdat
de kortste afstand is gevonden.
Verder wordt er software beschreven die deze informatie in een ARLA (ASEA Robot lcAnguage)
robotprogramma om zet. Na compilatie tan dit robotprogramma in de roboteontroJler worden
geladen. Tenslotte wordt er aandacht besteed aan de ontwikkeling van een interface tussen de
software en de ARLA-compiler.
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Chapter 1 Introduction
1.1 The Hephaestos project
The Measurement and Control group of the faculty of Electrotechnical Engineering of the
Eindhoven University of Technology participates in an European cooperation project called
Hephaestos n. This is a project which is sponsored by the European Community as a part of the
ESPRIT-program, a program that stimulates European research in various areas of technology.
Partners from several European countries participate in Hephaestos n or ESPRIT project 6042
"Intelligent robot welding system for unique fabrications", as the full name is. The objective of
this project is to advance the technology of intelligent robotic welding in the field of thick steel
fabrication.
This technology can be applied in various parts of industry, but in order to give the project a
practical basis, the goal of the project is set to produce a welding system which can be used in a
Greek shipyard.
This shipyard replaces sections of hulls of damaged ship's. This is done by assembling and
welding a repair part and then welding this workpiece into the ship. This is all done by hand now.
Programming a robot to do the job of the welders is not easy, because of the vast differentiation
in the welding tasks. Each workpiece is unique, because the damage and the ship itself are
different.
Due to the complexity of it all, the welding of the workpiece into the ship will remain handwork.
The aim of the project is the automation of the welding of the workpiece.

1.2 Tasks for the MeasureDlent and Control Group
Because each workpiece is different, the welding robots have to be reprogrammed for every
workpiece. Conventional numerical off-line programming methods are technically and economically not suitable for this application, because little is known about the workpiece in advance. The
objective of the project is to develop an intelligent robot welding system, which can be programmed off-line in a flexible way.
The task of Measurement and Control group (ER for short) is to develop a Vision Survey System
(VSS). This VSS is an object recognition system, which has to determine the geometric data of the
workpiece. It consists of a set of calibrated camera's and an image processor. The camera's are at
a certain height above the workpiece and make images of the workpiece. The images of all the
camera's together should cover the entire workpiece. From these images and from foreknowledge
about the workpiece geometry all the necessary data are extracted: a three-dimensional model is
built with the exact dimensions of the workpiece. This model can be used by other partners in the
project for the off-line programming of the robots.
The development of the software of this VSS is the primary task. The hardware will be selected
from the commercial products which are available now.
Although the main task of ER is the development of the VSS, there is also an interest in robot
programming. An effort is made to make software which can generate a robot program from the
data supplied by the VSS. The aim is to develop a software package which can do off-line
programming and do a simulation of the robot actions, based on the robot program. The generated
robot program can serve as input for a robot. Both the robot programming and the simulation
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software can be used for testing purposes, to see if the VSS can meet the requirements which are
set for it. This software will be referred to as OPS (Qff-line £rogramming ,Software).
This report describes the work which is done on this task. In this report the development of
software in the field of
• collision avoidance and path planning for the robot
• distance determination between objects (necessary for the collision avoidance software)
• generating the robot program
• mterfacing with the robot and the robot compiler
will be described. Before describing this work, the weld task will first be stated in more detail.

2

Oaapler 2 Programmable weld palM

Chapter 2 Programmable weld paths
2.1 The intelligent welding system
The workpieces concerned are big, typically 5xl0x2 meters. This is beyond the workspace of a
fixed single robot. To shorten the manufacturing time the welding system will consist of two
welding robots. A gantry offers several extra axes, to enlarge the workarea of each robot:
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Figure 2.1 The gantry
Before the welding starts, the workpiece is built up manually: the standard components are placed
at the desired locations with accuracies of e.g. 10 em. To keep the standard components at their
places so-called 'struts' and 'bridges' are used to support them. These objects are not on the
drawing of the ship. They don't have standard dimensions and have an arbitrary assembly
position. Because of the way they are used they obstruct the robots in their motions. The only way
they can be detected is by the VSS.
The goal of the project is, that at this stage the intelligent welding system takes over. The VSS
makes images of the workpiece and, with facts and rules stored in a Knowledge Base System,
these images are interpreted and transformed into a CAD file containing a 3D model of the
workpiece. This CAD file is used by an off-line program generator to generate a robot program.
At this stage, a graphic simulation of the program execution might be inspected. Next, this robot
program is sent to the controller of the robots. The robot controller executes the robot commands,
based on knowledge about welding stored in a second Knowledge Base System. In order to
compensate for insufficient resolution and accuracy of the VSS and deformation of the workpiece
due to the heat of the welding process special sensors are used to guide the robot along the weld
path and to avoid collisions.
The complete intelligent welding system can be described as depicted in figure 2.2.
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BEFORE

Figure 2.2 The intelligent welding system

2.2 The VSS test configuration
The robot type which is selected to be the robot for the welding system is an ASEA Irb 2000
fabricated by ASEA, a member of the ABB group. In the actual welding system there will be two
robots, upside down mounted on a gantry. Such a configuration is not available for test purposes.
Therefore we use a stand-alone ASEA Irb 2000, which is located in the Robot Centre, related to
the Eindhoven University of Technology. The generated robot programs and the simulations are
based on such a stand-alone robot.
The robot actions are controlled by a standard S-3 type robot controller. This controller can
operate in various modes:
• manually: the robot actions are completely controlled by an operator which moves the
robot by using the function keys of a manual programming unit, especially its joystick.
• program: the robot actions are based on a robot program.
In program mode, the robot controller is running a robot program that is actually machine code.
The robot controller can be programmed in two ways:
• interactive. The robot is moved by an operator who is using a manual programming unit
and is watching the actions results. Besides, the robot controller is storing the commands
in its memory so that it is able to reproduce the actions later. This method is also known
as "teach-in".
• off-line. The robot controller has an editor to compose a robot program by entering a set
of commands in a robot language. After compilation this robot program can be
downloaded. The latter way the robot programs which are generated by the OPS have to
"4
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be loaded into the controller.
The robot controller can only load machine code. For off-line programming purposes, ASEA
developed a programming language for the robot. This programming language is called ARLA (an
acronym for ASEA Robot LAnguage). Robot programs written in ARLA can be compiled and the
resulting machine code can be run by the robot controller.
The Robot Centre has the "Kranendonk" compiler at its disposal. This commercially available
compiler is running on a separate computer, a PC, connected to the controller via a RS-232 serial
interface.
A robot program, written in ARLA and generated by the OPS, should be compiled by Kranendonk. Unfortunately the Kranendonk compiler is a very closed system. Only ARLA-programs
written in the built-in editor can be compiled and there is no normal way to load external ARLAfiles.
To overcome this problem, software has been written which can act as an interface between the
OPS and the Kranendonk compiler. This is described in Appendix B.
The input to the OPS is data describing a workpiece to be welded. These data are supplied by the
VSS, providing a 3D defmition of the workpiece in the robot workspace. The exact location of the
workpiece relative to the robot is known, because the position of the camera is calibrated to the
robot position. The software of the VSS is running on a PC, just as the OPS.
The 3D model of the workpiece is supplied in the form of a CAD-flJe, written in the DXF format
(this format is also used by AutoCad). Efforts to make this intermediate step superfluous and to
combine the VSS and the OPS into one software package have failed so far, because of the vast
amount of memory both packages use and the memory limitations of the operating system of the
PC's.
The complete VSS test configuration is depicted in figure 2.3.
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Figure 2.3 The VSS test configuration
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2.3 The workpiece
Although the name of the project suggests that each workpiece is different, which is certainly true,
this doesn't mean that there is DO foreknowledge of the workpiece what so ever.
Each workpiece consists of a limited number of standard components. These components can be
divided into three categories:
•

~: a rectangular plate which is used in a horizontal position. The lower plane or
ground plane of the workpiece consists of plates.

• Stiffener: a profile which is used in a vertical position. Stiffeners are used on top of the
ground plate. There are three types of stiffeners:
- T-stiffener: a T-shape profile consisting of one vertical and one horizontal plate.
- L-stiffener: a L-shape profile consisting of one vertical and one horizontal plate.
- I-stiffener: a I-shape profile consisting of one vertical plate.
• Web: a plate which is used in a vertical position, with openings in it.

PLATE

~FFENER

WEB

L-snFFENER

T-8TIFFENER

Figure 2.4 Standard components
Apart from these standard components, which eventually form the workpiece which is welded into
the ship, there are some components, which are used during the welding process. These components are called struts and bridges and are used to keep the standard components on the correct
place during the assembly and when they are welded. After the welding of the workpiece, the
struts and bridges are removed.
These struts and bridges have to be recognized by the VSS however to provide collision free weld
paths with adapted torch access in obstructed places to enable the weld and avoid collisions of the
robot with these objects.

6
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The plates, which form the ground plane of the workpiece, will be at the outside of the ship once
the workpiece is welded into it. The stiffeners and webs give the workpiece the necessary solidity.
The webs are always perpendicular to the stiffeners. The stiffeners go through the openings in the
webs. A typical workpiece is drawn in figure 2.5.

Figure 2.5 A typical workpiece

The structure of the workpiece is encoded in a workpiece code. This workpiece code is also available as foreknowledge for the welding system. The workpiece code describes the number of each
standard component in each direction.
A workpiece code can be XIPyI-X.f)Y2-X3WY3, where the capitals denote the type of the components, the X;'s denote the number of components of that type in the north-south direction and the
Yi'S denote the number of components of that type in the east-west direction. The directions refer
to a top view with predefined directions of the wind.
Furthermore there are some constraints regarding the position of the components. These
constraints are:
1.

Stiffeners go from east to west.

2. Webs go from north to south.
3. The face of the L-stiffeners which is parallel to the ground plane always points to the
south.
4.

The plates which form the ground plate always go from east to west (plates are not
square).

With these constraints it is possible to completely find the relative position of the components
from the workpiece code.

7
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The uniqueness of the workpiece lies in the fact that the geometric data are not known. The
objective of the VSS is to find the dimensions of the standard components and the absolute
position of each component.
A more detailed description of the foreknowledge of the workpiece can be found in [PPRl].

8
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Chapter 3 Collision avoidance
3.1 Introduction
The OPS which is currently under development should be able to generate a robot program for an
ASEA Irb 2000 robot from the workpiece data it gets from the VSS. The VSS provides a CAD
file of the workpiece: a structured list of coordinates (x,y,z) of all vertices in a numbered order
and faces, identified by four or more vertices. See Appendix C for an example of such a CAD
file. At the start of this research, the OPS was already able to find the seams, where the robot
should weld, in the model [Dunias, p.1S]. The seams have a direction and an ordering. The next
task is to transform this seam information into a robot program.
The welding seams represent positions in space where the tip of the welding torch, including the
wire stick~ut and the arc length, should be. These positions are represented by ~ parameters.
As the tool has Ii! degrees of freedom, the ~ parameters representing the orientation of the
torch remain to be defined.
The major problem now is the path-planning: the avoidance of collisions when the robot is
moving. The task is to provide the six parameters. The applied criterion prescribes the ideal torch
attitude where possible. However in situations where access is restricted it aims to find an optimal
torch attitude with kinematic solutions which prevent collisions. The workpiece itself can be an
obstacle for the robot, when it is moving from one seam to the next, when it is welding at a seam
which is difficult to reach or when it is welding in concave comers.

3.2 Off-line programming
The automation of robot programming which is the goal of this research has much resemblance
with off-line programming. In literature, off-line programming of industrial robots is getting
increased attention, because the number of robots used in industry increases and there is a demand
for more flexible and more autonomous robots. The majority of the articles can be categorized in
the study of two separate problems:
1.
2.

Assuming that we have a starting position and an end position for the end effector of the
robot, find a continuous path between these points such that collisions of the robot and
certain obstacles are avoided. This is called '6D path planning'.
Given a path for the end effector (6D, both position and' orientation are known),
determine a sequence of joint angles, such that collisions are avoided.

The latter problem demands some explanation. This problem is connected with redundancy in
robot kinematics. Robot tasks generally are tasks which require six degrees of freedom of the tool.
Welding e.g. requires that three position parameters and three orientation parameters are given.
A robot with six joints has six degrees of freedom, so if the position and orientation of the end
effector (or configuration, as it is also called) are known, the joint angles (or joint coordinates) are
also known. If, however the robot has more than six degrees of freedom, there are more sets of
joint angles which give the end effector the same configuration. This redundancy can be used to
avoid obstacles. Path planning with a surplus of joints requires an extra criterion, e.g. a maximum
distance of the robot to the obstacles. With this criterion the joint angles can be computed from
the path information despite of the fact that a redundant robot has more joint angles than the
number parameters of the path.

9
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This problem is also extant in the OPS in a slightly different way. The ASEA Irb 2000 is a robot
with six joints, so it has six degrees of freedom. From the path of the end effector only the
position is known, which is represented by three parameters. The orientation of the tool is not
prescribed: this has to be computed.
We can regard this as redundancy: there is a robot with more degrees of freedom than parameters
of the path are known. The surplus can be used to avoid collisions with obstacles.
When generating a robot program, the former problem studied in literature also appears. If the
robot is moving from one welding seam to the next, a path without collisions has to be found.
Therefore attention has to be focused on finding the orientation for the welding seams. The 'find
path problem' was already solved in [Dunias], albeit in a rather inefficient way. The method will
do for the time being.

3.3 Calculation of the joint angles
A seam which has to be welded is a path in space. The information of the seams is stored in a
data structure in the OPS. This information includes begin position and the end position of each
seam. This gives a seam a direction: a seam should be welded from begin position to end position.
This is done because the OPS also gives an order to the seams in order to weld them as efficiently
as possible. In this case, 'efficient' means that the robot takes the shortest path to do all its weld
tasks without going to and fro over the workpiece. Interchanging begin and end position of a seam
would spoil this efficiency.
A seam is an infinite sequence of positions. A trajectory adds time constraints to this sequence.
Calculating the orientation for this path means calculating the orientation for specific positions on
this path. Therefore the seam is divided into pieces. A number of positions, equally divided over
the seam, represent the path. This number is a compromise between the necessary computer
power and the accuracy of the calculations: the more positions, the more orientations have to be
computed and the more time this takes for the computer. But less positions increase the possibility
that the robot collides with the workpiece when moving from one position to the next.
The problem is to compute the six joint angles from the three known parameters representing the
position. The orientation of the tool (and also its position) can be computed directly from these
joint angles.
When calculating the orientation, there are a few things to consider:

1. There is a tracking sensor mounted on the welding torch. This sensor is Decessary to
exactly find the seam. The reason for the presence of this sensor is the lack of
accuracy of Dumerics in the model of the workpiece.
Because of the imperfect calibration of the camera's of the VSS and the errors in the
robot and the tool kinematics there is a limited accuracy of the model.
Furthermore there can be a difference between model and reality because of deformation of the workpiece due to the heat of the welding process, or because of human
errors (someone moved components after the survey has been done).
The tracking sensor guides the welding torch to the exact location of the seam.
The torch connected preview sensor limits the actions of the robot, however. The size
of the sensor limits the possibilities of welding in comers of the workpiece. And in
order to function properly. the sensor always has to be at the front side of the welding
torch, relative to the moving direction of the torch. This is a restriction for the
possible orientations.
10
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Flgure 3.1 The welding torch plus the
sensor
2. The welders have a preference for a certain orientation. The seam is welded best at a
certain angle between the torch and the seam. This angle depends on the kind of
component which has to be welded. This will be explained in more detail later.
3. In the previous paragraph we already saw that collisions between workpiece and the
robot have to be avoided. The space occupied by the workpiece restricts the possible
motions by the robot.
Even when we take all this into consideration, there is still an infinite number of orientations to
choose from. This means that a criterion has to be defined on the basis of which an orientation
can be chosen. From energy use point of view, the robot moves most efficiently if the joint
coordinates change as little as possible, when going from one position to the next. This results in
a very smooth motion over the entire path.
Application of this criterion implies that the difference of the joint coordinates at the positions on
the seam is regarded. The orientation of one position is computed by considering the data of the
previous position. The first position of a seam does not have a previous position, so the criterion
is not applicable in that particular case. The problem can be subdivided into two problems:
• Find an initial tool orientation. This is the orientation at the first position of the seam.
•

Compute a tool orientation for a position on the basis of the previous position and
orientation.

3.3.11be initial tool orientation
For the initial tool orientation we look at the requirements set for the orientation (see the
beginning of paragraph 3.3). Suppose we start with an ideal orientation from the welding point of
view (see figure 2.3) and the joint angles are changed as little as possible during the welding, the
seam is welded optimally. So for the initial tool orientation the ideal orientation is chosen, while
taking the other constraints into consideration.
The tracking sensor must be at the front side of the welding torch. Furthermore the robot should
not collide with the workpiece. This can be checked by determining the minimal distance between
the robot and the workpiece. Due to the complex shapes of both the robot and the workpiece there
is no analytical function which, given the configuration of the robot, gives the distance between
11

robot and workpiece. This distance must be computed numerical. A description of how this is
done can be found in the next chapter.
If the robot, with the ideal orientation, collides with the workpiece, the orientation is shifted until
an orientation is found where no collision occurs. An effort is made to find a collision-free
orientation which is as close as possible to the ideal orientation. A description of how this rotating
is done can be found in paragraph 3.4.

The question remains how the ideal orientation for a seam can be found. This orientation depends
on the type of welding seam. For the two types of concern we assume the ideal torch attitudes:
• Butt seams. This happens when two ground plates have to be welded. For reasons of
simplicity the usual torch attitude has an approximately 90 0 angle to the ground plates
(see figure 3.2), although in skilled manually welding one would opt for a 'stick' or
'drag' angle different from 90 0 •
END

BEGIN

Figure 3.2 Ideal torch orientation for a butt seam
• Fillet seams are between two plates with a 90 0 angle. These are seams between webs
or stiffeners and ground plates. The usual torch orientation is found when the torch has
an approximately 90 0 angle to the seam and a 45 0 angle to the plates which have to be
welded. This is basically the same orientation as in the case of a butt seam, rotated
over an angle of 45 0 from the vertical object (web or stiffener) towards the ground
plate (see figure 3.3).

12
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BEGIN

Figure 3.3 Ideal torch orientation for a
fillet seam
The orientation of the robot can be expressed in three unit vectors in the OPS:
•

an approach vector I, pointing in the same direction as the tip of the welding torch.

•

a slide vector
of the robot.

•

a normal vector n, which is actually redundant, because it can be calculated by taking
the cross product of ~ and J: n = ~ x J.

~,

which as a 90° angle with I, and is pointing away from the front side

I

z

~'

•

x

Figure 3.4 Torch with the orientation vectors
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If we look at a butt seam first, it is easy to compute the three vectors: the welding torch should be
perpendicular to the ground plates, which are parallel to the ground surface. The j vector has the
same direction as the welding torch, so, related to a world coordinate system xyz, the approach
vector i is

g

=

[J I

(3.1)

The robot should weld the seam from begin position to the end position. The front side of the
torch, with the tracking sensor on it, should be moving towards the end point of the seam . The ~
vector is the vector which represents the direction of the seam. The direction of the seam can be
found by subtracting vector 12, which denotes the begin of the seam from vector ~, which denotes
the end of the seam. The J vector should point in the same direction:

(3.2)

As we noticed, the !1 vector is redundant. For completeness,
cross product:
n"

n,

= s,oz - szo,
= szo" - s"oz

n can be

calculated by taking the

(3.3)

nz = s"o, - s,o"
For the seams between two perpendicular plates of objects, the same reasoning applies. After j, ~
and D have been computed, the orientation of the torch has to be rotated over an angle of 45 0
from the vertical object towards the ground surface. This is a rotation around the direction of the
seam.
Since J is parallel to the seam, its direction remains the same. The .J and .D vector have to be
rotated. This can be done by an addition and a substraction of the old .J and D vectors:
(3.4)

(3.5)
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3.3.2 The joint angle algorithm
Now that the initial torch orientation is found, the next step is to develop an algorithm to compute
the joint angles for a weld position in the world coordinate system from the joint angles of the
previous position.
The robot transformation matrix containing the Denavith-Hartenberg parameters, can be seen as a
relation between the joint angles and the configuration of the robot, expressed in world coordinates.
Related to the transformation matrix is the Jacobian matrix, which relates velocities:

!

= J(g)~

(3.6)

The ~ vector denotes the rate of change of the joint angles and the ! vector denotes the
velocities in the WCS. Usually, the ! vector contains six velocity components: three translational
components (in the x-, the y- and the z-direction) and three angular components (rotation around
the x-, the y- and the z-axis). The 'n' , the number of joints is also six. So the number of degrees
of freedom equals the number of joints.
The relationship can be approximated by:
(3.7)

for small changes of ~ and g.
Here, 4 is a vector [~px ~py ~z ~lpx ~lpy ~IpJT.
The change of the position of the end effector (the welding torch) is described by the first three
parameters of this vector. The change of the orientation of the end effector is described by the last
three parameters, which denote a rotation. The ~g vector denotes the change of the joint
coordinates.
Together with the information we have about the seams, the constraints and the optimization
criterion we can use this relationship to compute the orientation.
Since we know the location of the seam and the positions on the seam, we also know the
difference between those positions.
If we look at the 4 vector, we can see that this means that the first three elements of this vector
are known: ~x. ~y and ~z can be computed from the seam information.
If we leave out the information about the rotations of the robot, we can write relation (3.7) as

I1t

= J'(g)~

(3.8)
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The tracking sensor always has to be at the front side of the torch. So, if the torch is initially in a
correct orientation, a rotation around the torch is not allowed. This seams to imply that the last
joint of the robot, joint number 6 always has to have the angle. This, however, is not true,
because the torch is crooked. Even if joint number 6 doesn't change the torch can still rotate.
A better way to ensure the correct position of the sensor is to prohibit rotations around the axis
through the torch. Suppose we define a coordinate system connected to the tip of the welding
torch with e.g. the z-axis parallel to the torch:

x

Figure 3.4 Torch with the coordinate system

Prohibiting rotations of the torch means that Alp" always has to be O. So, by leaving out all the
information about the rotation in the ~ vector, vital information which is necessary to compute
the orientation is left out. We have to include this in the ~ vector in the relationship:

tt.t' = J

/I

(g)A{1

(3.9)

This relation can be seen as the description of a redundant robot.
The vector on the left side of the set of equations only has four elements. This is the number of
degrees of freedom which are given for the welding task.
The Ag vector still has six elements, being the number of joints. Since the number of joints is
higher than the degrees of freedom of the task, we have redundancy.
The rotation element Alp" is the change of rotation around the z-axis of the coordinate system
connected to the end of the welding torch. The position elements Ap", Apy and Ap" however are
defined in the world coordinate system, connected to the base of the robot. The elements of the
~ vector are defined in two different coordinate systems. This problem can be solved by
computing the correct elements of the Jacobian matrix: the first three rows of this matrix express
the translational velocities relative to the world coordinate system, the last rows expresses the
rotational velocity around the z-axis relative to the coordinate system of the torch, all as a function
of the rate of change of joints.
This Jacobian matrix is a dynamic matrix: it changes when the robot moves. How this matrix can
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be COmputed for each position on the seam is explained in paragraph 3.2.3.
We now have a relation with four known elements on the left side and six unknown elements in
the ~g vector. The elements of the Jacobian matrix J are also known. We can use this relation to
compute the ~g vector. If we have computed this ~g vector, we have found the change of the
joint coordinates compared to the previous position. Assuming we have the joint coordinates of
this previous position, we can compute the joint coordinates of the current position. Since the joint
coordinates fully describe the robot configuration, this means that we have computed the robot
orientation. By using the transformation matrix, we can transform the joint coordinates into a
position vector and the J, 1 and D vectors describing the orientation of the robot.

If we look at this relation as a set of equations, we have four equations with six variables. This set
of equations has an infinite number of sets of solutions for the variables. The optimum solution
for our purpose can be found by using a performance index. This performance index is used to
find a solution which satisfies the constraints as good as possible. This is done by solving the set
of equations while maximizing or minimizing the performance index. Because the goal is to fmd a
path where the joint coordinates change as little as possible, we choose a performance index which
contains the change of the joint coordinates and try to minimize this performance index. The
classical manner is to use the quadratic criterion:
(3.10)

By taking the inner product of the ~g vector and its transposed vector, we obtain the sum of the
square of the change of the joint coordinates. The multiplication factor Jh does not influence the
solution of the equations.
Our goal is to find a path get) in the configuration space so that the given end effector path Z(t) is
achieved and collisions are avoided. Collisions between a robot R and an obstacle 0 are avoided if
the following condition is satisfied:
d(R,O)

~d_

(3.11)

where
d(R,O) = min d(x,O)
xER

(3.12)

In the remaining part of this chapter it is assumed, that this distance between the robot and the
obstacle (the workpiece) can be computed numerically as a function of the configuration. This is
explained in the next chapter.

If the robot is far away from the obstacle, Le. d(R,O) > d..s then there is no fear of any
collision. The d..s constant denotes a lower bound for the distance between robot and the obstacle.
17
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In this case, the above mentioned quadratic criterion would be satisfactory. If however, the robot
is close to the obstacle, the possibility of a collision between robot and obstacle increases.
To avoid this, distance information will be used in the performance index. Suppose point l. on the
1* link of the robot is the closest point to the obstacle.
We use a matrix M E R6I6, which is symmetric and positive definite:
(3.13)

We select M to be a diagonal matrix:
M

= diag(m),

m/ =

d,..,. -dJDiA
d(R,O)-d"..",

i = 1,... ,6,

(3.14)

i = 1, ... ,1,

,

= 1,

i

= 1+1,... ,6

=

Since this matrix M is only used if d~.O) < d-,.. II1j is bigger than 1 for i < l. If d~, 0) >
is substituted by the unity matrix I. The M matrix puts a penalty on the motion of the
joints smaller than or equal to I Le. the joints which influence the motion of link l. We can see
this more clearly if we write O(.l1Q) as the sum of the squares of the elements of the A.g vector,
multiplied by weighting factor 1I1j:

d.- then M

6

o(A{l) = iE m/ (&])2

(3.15)

/00

We can obtain this sum by writing out expression (3.13).
The squares with a weighting factor bigger than 1 contribute more than the squares with weighting
factor 1. Since we want to minimize O(.l1Q), those squares will be as small as possible. This means
that the change of those joint coordinates will be small which implies little motion by the links
connected by those joints. The motion of the end effector is established primarily by the joints
bigger than l.
One must note that this algorithm does not guarantee avoidance of a collision. It only calculates
(the change ot) the joint coordinates in such a way that the possibility of a collision is minimal.
Once the new joint coordinates (and hence the new orientation) is computed, the distance between
the robot and the obstacle (the workpiece) must be computed to check if the robot does not collide
with the calculated orientation.
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We noticed that we have a set of equations
(3.7)

and a performance index
(3.13)

The optimal solution to this set of equations can be found by computing
(3.16)

The proof of this solution can be found in Appendix A.
The~.Q vector can be found my multiplying G and A!, where A! = [~K ~y ~z ~cpJT.
The elements ~z. ~y and ~z can be computed from the seam information, while ~z must be 0
to prevent rotation of the torch. This means that we can neglect the last column of the G matrix.
This does not mean that we also could have neglected a columns or row from the Jacobian matrix
J, because all rows and columns of the J matrix influence the first three columns of the G matrix.
The ~cpz information is used in the computation.

3.3.3 Computing the Jacobian matrix

In order to do the computations we described in the previous chapters, the Jacobian matrix has to
be calculated. Saying "the" Jacobian matrix is actually not correct, because the Jacobian matrix
can be calculated in different forms. These forms can differ in two ways:
•
•

The reference point for which the velocities are calculated can be arbitrarily chosen.
The components can be expressed in any coordinate system, connected to joints 0 to
N + 1 Goint N + 1 is the TCP on the end effector).

Only the movements and velocities of the tip of the welding torch are interesting, so for the
reference point the TCP is chosen.
Normally, the components of the Jacobian are all expressed in the same coordinate system. As we
saw in the previous chapter, in order to move the robot and keep the sensor ahead of the welding
torch, the rotational components need to be expressed in the end effector coordinate system (ECS)
and the translational components must be expressed in the world coordinate system (WCS).
Therefore two Jacobian matrices are combined, one relative the ECS and one relative to the WCS.
Only the necessary components are used and written in one matrix, a combined Jacobian matrix.
This matrix has the following structure:
A 8 denotes a translational component and a 'Y denotes an rotational component.
The leading superscript denotes the coordinate system, the trailing superscript denotes the
direction of the movement or the rotation axis and the trailing subscript denotes the corresponding
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joint:

JctW

o~

0p;

0p;

°Pi

o~

o~

o~

o~

o~

o')'~

o')'~

o')'~

(3.17)

The actual values of the components of the matrix can be calculated using the transformation matrices. There are several methods which can be used, which differ in the form of the Jacobian and
in computational efficiency.
A summary of six methods is described in [Orin]. Two methods are selected, which calculate the
two forms of the Jacobian which is needed, in the most efficient way. These methods will be
described in short.

Computin~ the

translational conmonents: the QIsonlRibble method

For a revolute manipulator (Le. a robot with only revolute and no prismatic links) the following
applies:
The rotational velocity of a coordinate can be written as a function of the joint rates. O~+" the
rotational velocity of coordinate frame i+ 1 in the WCS, is the sum of o~ and the rotational
velocity of link i + 1 relative to the fI' coordinate frame:
(3.18)

Extending this formula to N yields the rotational velocity of the TCP:
N-1
0", -

-

-

rLJ'1./·1-/
It .z

(3.19)

1-0

The translational velocity of the endpoint of link i+ 1, ~+" can be written as the sum of ~ and
the cross product of the rotational velocity 0~+1 and the position of the base of the i+ 1·
coordinate frame relative to the base of coordinate frame i:
(3.20)
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Again, extending this to N yields the translational velocity of the TCP:
(3.21)

Substituting (3.19) into (3.21):

~ E[t 41+1;';] x ~~+1 _oIl.)
=

J~

I~

(3.22)

N-l

=

E4 1

j + ;j

j~

x ~Il.N -lJz)

Comparing the results of (3.22) with (3.17), a formula is found for the translational components
relative to the WCS:

i=I, ...,N

(3.23)

The factors in the right term of this equation can all be computed from the transformation
matrices:

o

1;

On
~;

= 0T

•

i-1

= 0T.
I

0]
[°~'

[g]

0'

i=I, ... ,N

i = 1•... ,N

(3.24)

(3.25)

1

The one remaining problem is to determine the transformation matrices &rio
They can be computed using a recursive formula:

i=I, ...,N-l

(3.26)
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(3.27)

sina~in(q/+8/)

cos(q/+8) -cosa~in(qj +8)

,=

'-IT

apos(q/+8)

sin(q/+8)

cosa~in(q/+8)

0

sinai

cosa,

d,

0

0

0

1

-sina,.cos(q;+8;) a•.sin(qj+8)

(3.28)

i = l, ... ,N

The parameters in the last formula are the structural kinematic parameters and the joint
coordinates. The structural kinematic parameters are supplied by the manufacturer of the robot. So
the combined Jacobian matrix can be computed completely if the joint coordinates are known.
The recursion is from the base to the end effector; the intermediate results are transformation
matrices which denote the transformation form the WCS to a coordinate frame connected to a
joint.

ComDUtin2 the rotational components: the Orin/Schrader method
As we noticed before, the rotational components have to be expressed in the ECS. We can apply a
similar method as the OlsonlRibble method to calculate these components. The difference is the
coordinate system, which means that the recursion in the method takes place from end effector to
base instead of the other way round.
A rotational component can be found by taking a column from the corresponding transformation
matrix.

N+I..,

~/

=

N+IT
l-l

0

[8]

i=1.. ...N

l'

(3.29)

o

The z-component of this 'Y-vector is the only part which is necessary:

N+I. ,~ =
II

[0 0 1 0] oN+IT1-1

0

[8]

l'

i=1.. ... N

(3.30)

o

22

CJaapt~r

3 ColJisiOl'l

avoidanc~

The transformation matrix can again be found by recursion:
HotT.
Hot

=

(3.31)

I

i=N+1, ... ,1

(3.32)

The transformation matrices ~lTi are of course the same as in the OlsonlRibble method. These
matrices can be computed once and be used in both methods. It is not possible to use one
recursive formula for both methods, due to the different coordinate system. The eventual
transformation matrices have to be calculated twice.

3.3.4 Adjusting the orientation
After the new orientation is computed the distance between the robot in the new configuration and
the workpiece is determined. This distance can be used in the criterion to compute the orientation
for the next position, but it is also used to check if the new orientation is correct. If distance
between the robot and workpiece is smaller than 0, i.e. the robot collides with the workpiece the
orientation has to be adjusted. A new orientation is determined based on the orientation found by
the original method. The torch orientation is shifted over angles of tOO and the distance is
computed again, until an orientation is found with which the robot does not collide with the
workpiece. The orientation is shifted in two directions: to and from the ground plane and to and
from the seam. The definition of the angles can be found in figure 3.5:

Figure 3.5 Definition of the angles
The angles a and P can be found by computing the perpendicular projection of the J vector on the
ground plane. a is the angle between this projection and the seam, P is the angle between J and
the projection of J.
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If we define

L

to denote the direction of the seam then

(3.33)
and

P = acos(g· fl."')

(3.34)

The new a and P angles are searched in such a way that they are as close as possible to the old
values. The new orientation vectors can be computed by first computing the
projection of the new a on the ground plane:

(3.35)

and then the new

j.

(3.36)

The new n depends on the original values of II and ~:

(3.37)

and the I-vector can be computed via the cross product:
s

-1IlftIIo'

=a

Xn

-WW-1IlftIIo'

(3.38)
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3.4 The software
In the previously described method to compute the joint angles from the position, the relationship
(3.6)

is approximated by
(3.7)

This approximation only applies to small values of ~. In the OPS, the welding seams (and also
the transition paths) are subdivided into 10 equivalent parts, regardless of the length of the seam.
For long seams, (3.7) is not accurate enough, because ~, the length of a part of the seam is to
big. This inaccuracy appears when recomputing the position from the joint angles. In the
previously described method, the joint angles are computed from the position and an additional
criterion and then the orientation can be computed from the joint angles using the transformation
matrix. It is also possible to compute the position from the joint angles. This way can be checked,
if the correct joint angles are found. If the length of the seam increases, the difference between
the original position and the computed position from the joint angles increases, which also means
that the orientation is computed less accurate. The allowed inaccuracy is chosen to be less than
5 %. The inaccuracy can be corrected by the tracking sensor.
Experiments showed, that if ~ is 25 mm, the inaccuracy is about 1.5 %, which is more than
satisfactory.
The ~ can be decreased by increasing the number of parts in which the seam is divided. This
would also increase the computation time, because for every position the distance has to be
determined and the new orientation has to be computed from the joint angles.
Therefore the division into 10 parts remains, and the new orientation is only computed at these
positions, but for the computation of the joint angles every part is divided again into subparts
which are maximal 25 mm long. Via this method the joint angles are determined accurately and
the computation time is saved. In the eventual robot path, the original positions are used
instead of the recomputed positions to get maximum accuracy.
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4 Computing distances between robot and workpiece
4.1 Introduction
In the previous chapter an algorithm is described to compute the orientation of a robot path when
the position of that path is known, while avoiding collisions with obstacles in the workspace. We
saw that distance information is a key factor in this method. The algorithm used this information
to prevent the robot from getting to close to the obstacle (Le. the workpiece). Furthermore the
distance is determined to check for collisions.
The problem of determining the distance between robot and workpiece is not very simple. Both
the robot and the workpiece have rather complex shapes. It is not possible to find an analytical
function which describes the distance as a function of the robot configuration. The distance has to
be computed with a numerical algorithm.
The distance problem is a thr~imensional problem. Several researchers have considered this
problem, but generally they only solved part of the problem. Algorithms have been found which
can compute the distance between three-dimensional line segments, or between boxes. Also twodimensional algorithms for polygons have been developed. The problem to find the threedimensional distance can be divided into three two-dimensional distance problems by intersecting
the robot and the workpiece in three different directions. In that case a new problem is created
namely how to compute the three-dimensional distance from the two-dimensional distances. This
depends on the position of the robot and the workpiece relative to each other. This approach does
not simplify the problem very much.
Since the distance has to be determined often, computational efficiency is important to ensure
minimal computing time. The algorithms which are mentioned earlier are computationally
intensive. In this research an algorithm is chosen which is described in [Bobrow]. It is an iterative
minimization procedure which can compute distances between any two polyhedral objects. The
only restriction is that these objects have to be convex.
The procedure starts by taking a point on each object. Both points are shifted over the objects
until the minimal distance between these vertices is found. Actually, this minimal distance between
the points is the distance between the objects. The points are not shifted randomly, but the optimal
shifting direction is determined after each iteration step in order to minimize the distance between
the points as fast as possible.

4.2 The minimization procedure
The algorithm requires that the objects (the robot and the workpiece) are represented as a set of
planar half-spaces. A half-space is the union of a plane and the space on one side of the plane.
The object consists of the intersection of a set of half-spaces.
Let the objects OBJl and OBJ2 be represented by pi and p2 half-spaces respectively. A point
which is part of object k (Le. is on the boundary of or in the interior of object k) must satisfy

i = 1,2, ... ,pt

E R3 is the point of object OBJk,
E R is a unit normal vector of the plane pointing outward of the half-space (and thus

In this formula (.,.) denotes an inner vector product,

!!:

(4.1)

,!k

3
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pointing outward of the object) and d;l is the perpendicular distance between the plane and the
origin. Although distances are always positive, d/ can be negative depending on the position of
l
the origin relative to the half-space: if the origin is not in the half-space, dl is negative.
In the remainder of this chapter, a superscript denotes an object and a subscript denotes a plane.
The whole concept can be understood best by simplifying it to the two-dimensional case. A halfspace in 3D is analogue to a half-plane in 2D. A half-plane is the union of a line and the plane on
one side of the line. An object in 2D can be described as the intersection of a set of half-planes.
In figure (4.1) we see a half-plane with its normal vector and a set of half-planes representing a
polygon:

....

~

... ,
I
I
I

Figure 4.1 Half-space representation of a 2D
object
This method of representing an object as the intersection of a set of half-planes can only be
applied if the object is convex. The robot and the workpiece are both concave. Hence it appears
that this description method cannot be used. This problem can be solved by dividing the objects
(the robot and the workpiece) into convex subobjects and computing the distances between all the
parts belonging to different objects.
The robot consists of links which can be treated as separate parts. The links which are concave
can be made convex by taking the hull. This might introduce an error in the calculation if the
distance, but this is just a small error: the links are "almost convex", the hull does not differ
much from the actual link.
The workpiece consists of several components, as we saw in a previous chapter. A workpiece can
contain any number of plates, L-stiffeners, T-stiffeners and webs. L-stiffeners, T-stiffeners and
webs are also concave.
Because the stiffeners consist of two plates, those plates can be treated as separate parts. To make
the webs convex, the hull of the web has to be taken and the holes in the web have to be
neglected. A web without holes in it is just an ordinary plate, which is convex. So the workpiece
can be treated as a collection of plates.
In the remainder of this chapter the links of the robot and the plates of the workpiece will be
referred to as "objects". So an object no longer denotes the whole entity.
The distance between robot and workpiece is the minimum of the distances between the links and
the plates. Dividing the robot into links and calculate the distance separately also has the
advantage, that the link which is the closest to the workpiece is automatically found. This
information is necessary for the orientation determination algorithm.
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Points ~I and ~2 are defined as ~I E OBJI and ~2 E OBJ2 and
(4.2)

The problem of finding the minimum distance between the two objects OBJI and OBJ2 can be
reformulated as: find the points ~I and ~2 such that the function f is minimized and the constraints

i = 1,2, ... ,p1

(4.3)

= 1,2,... ,p2

(4.4)

and
j

are satisfied.
Checking for collisions is very easy with these constraints: if ~I satisfies
j

=1,2, ... ,p2

(4.5)

then a point of object OBJI lies in the interior or on the boundary of object OBJ2. This implies
that the objects collide.
The same applies when ~2 satisfies

i = 1,2,... ,p1

(4.6)

The so called Kuhn-Tucker conditions [Bobrow] are used to check if a minimum distance between
Xl and ~2 is found. To give a good explanation of this method the distance function f is redefined
in a slightly different way. A vector ~ is defined as ~
[xl X2jT and f is changed into

=

(4.7)
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We now have to minimize the function f with the constraints gj(z) :S: 0 for j=1,2, ... ,(P,+p,),
where gj(z) = ~, z) - bj •
The vectors J.i are defined as

o :S:j:S:p'

(4.8)

and

[~],
and bj is equal to

d/

(4.9)

for j = l, ...,pl and to

d/

for j = pl+ 1,...,p2

The algorithm to find the minimum of the function f starts with the selection of two points, 'Jol and
'Jo2. ~1 is a point on the surface of OBJl, 'Jo2 is a point on the surface of OBJ2. The selection of
these points will be discussed in a later stage. The fact that a point lies on the surface of an object
implies that this point is an element of at least one plane which forms the boundary of a halfspace. If point 'Jo is on the edge of the object, it is an element of two planes, if it is a comer it is
an element of three planes. In complicated objects it would be possible that a point is an element
of more than three planes, but the plates and the links of the robots are simple objects, where a
comer with three planes is the maximum.
In order to check in which planes a point is, the equalities

(4.10)

have to be tested. If we check these equality constraints for both objects, it is similar to testing
whether g(z) = O. If such an equality constraint is satisfied it is called an active constraint.
In the search for a minimum the gradient of the f function 'If is used. It can be calculated as

-VI =

-~]

[ 'V

-

=

[f-~l]
xl-Xl

(4.11)

--

A minimum for the f function is searched by using the Kuhn-Tucker conditions.
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The conditions state, that if f has a minimum, the relation

-VI =

.
"t"'
LJ

'-I

(4.12)

a.a
.-;

with

(4.13)

i= 1,2,... ,m

must be satisfied, where a; E R are scalars and the Ii vectors are the normal vectors which
belong to the active constraints. In the K-T conditions a set of m independent.l vectors are used.
The conditions can be rephrased for this particular case is a less complicated way: the minimum
value for the f function and hence the minimum distance between the two objects is found if the
differential vector -y can be written as a linear combination of the normals of the active
constraints of OBII with all the scalars aj ~O and if the differential vector y can be written as a
linear combination of the normals of the active constraints of OBI2 with all the scalars a; ~O.
The two-dimensional case is used again for a clarifying drawing. For the algorithm and the
application of the K-T conditions this does not change much:

2"

2

- - - - - - - - - - - - - -)f -

)(~ ~

- - - - - - - - - - - - -21X

Figure 4.2 The minimization procedure

1

I.

=

We notice that the minimum distance between the objects is
Xl - X2
-y
X2 - Xl can be
2
1
1
written as a linear combination of -n. and ~
n and -v C
,,1 - ,,2 is an •
Q
-1
2
If we look at -Y.'
X ' - 11' we see that although y'
Xl' - X2' is a~, -Y.' can not be written as
a~ because the normal vector has the wrong direction.
The points Xl" and x2 " also don't satisfy the K-T conditions: -y"
X2" - 11" is a1f and Y. Xl
2
-X can be written as a,~ + a.!!~, but a3 and a. would be negative.
-.

=

=

=

=

=

This basic example shows how the K-T conditions work to test for a minimum. If the points don't
have a minimum distance, the K-T conditions also assist to find the new search direction. The new
search direction is found by projecting the differential vector Y. onto the planes with the active
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constraints. The vector which is the result of this projection denotes the direction of a line through
the old point ~Ir.. If we have a line for both objects, the new points Al and 'A2 can be found by
taking the shortest distance between the two lines, provided these new points are on the surface of
the objects. This will be explained in more detail in the next paragraph.
This method of searching for points is very efficient: usually the optimal points are found within
four iteration steps.

4.3 The distance algorithm
Now that we have a method to test for a minimal distance between the objects and a method to
find new candidate points in case the test fails, we have to transform these methods into an
algorithm.
Resuming the previous paragraph we have to do the following:
1) Compute a half-space representation of the objects.
2) Select two initial points to start with.
3) Check if the minimal distance is found by using the K-T conditions. If the test
succeeds the algorithm ends, otherwise we have to continue at step 4).
4) Compute the new search direction.
5) Compute the new candidate point from the old points and the search direction. Return
to step 3).
In this enumeration we can see the structure of the algorithm. Each step will be discussed in more
detail now.

4.3.1 Computing the halr-space representation
Before the K-T conditions can be used, the active constraints have to be determined first. These
constraints can only be determined if there is a half-space representation of the objects.
The workpiece does not change from position when the robot is welding the seam, so when the
distance has to be computed for different welding positions, the half-spaces of the plates don't
alter. This implies that these half-spaces can be computed in advance, before starting the
minimization procedure for every position. The robot configuration however obviously changes
for every position. The half-spaces representing the links have to be recalculated before every
distance calculation.
The half-spaces can be computed as follows: for every face of the object three comer points are
taken. Two differential vectors between two different sets of comer points are computed and the
cross product of those vectors are taken. Now a DOrmal vector for the plane containing the face of
the object is found. The direction can be wrong however: the direction only depends on the comer
points which have chosen, but it has to point out of the object. For that purpose the centroid of
the object is computed first.
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For the normal vector to point out of the object, the differential vector between one comer point
of the face and the centroid, and the normal vector coarsely have to point in the same direction or
(4.14)

i.e. the inner product has to be

~ 0:

o
Figure 4.3 Direction of the normal
Otherwise, the elements of the normal vector have to be multiplied by -1 to get the correct
direction.
The perpendicular distance to the origin d/ can be computed by taking the inner product of the
normal vector and one of the comer points:
(4.15)

Since any point in the plane has to satisfy (4.10) this can also be applied to the comer points of
the face, so we can use this equation to find d/.
In this stage also has to be considered how a concave object can be made convex by taking the
hull of the object. This can be done by omitting half-spaces belonging to certain faces.

4.3.2 Selection

or the initial points

A good selection of the points to start the algorithm with can save time, because then less iteration
steps are necessary to reach the end goal. In [Bobrow] two almost similar methods are discussed
to compute these points. Both methods start with the centroids of each object and then use a kind
of projection method to project these points on the planes which are closest to the other object.
These methods require computational effort: computing the centroid of an object will take some
time and the projection of the centroid will also take some time.
If a random comer point of the object is used, sometimes this guess is on the right side of the
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object. Otherwise the points are on the right side of the objects after one iteration step, due to the
good search direction determination. A comparison between both methods showed that when
random comer points are selected after one iteration step these points were close to the points
which were computed as the best initial points.
Since the computation of the initial points requires more time than the computational time of one
iteration step a comer point of each object is selected randomly instead of trying to find the
optimum initial points.

4.3.3 Use or the Kuhn-Tucker conditions
The test of the Kuhn-Tucker conditions starts with the determination of the active constraints. This
is done by checking the equations of the planes

i

= 1, ... ,pi

(4.16)

for both objects. Because of the limited accuracy of the computer, a certain margin must be
allowed in this equation. During this process, it is possible to check for errors: if a point does not
satisfy (4.1) for any of the half-spaces, the point is not inside the object. Also collisions can be
detected with these half-spaces: if a point of one object is found to satisfy a half-space equation of
the other object, it must be in the interior of the object and thus there is a collision.
Now it is possible to test whether the differential vector
of the normal vectors of the active constraints:

~

can be written as a linear combination

..

(4.17)

~ = LQl!~
i-I

where m is the number of active constraints.

~

•

has to replaced by

-~

when testing OBJt.

The method which is used to check the K-T conditions depends on the number of active
constraints:
•

0 active constraints indicate an error: the point is not on the surface, but in the interior
of the object. The algorithm can not handle this situation.

•

If there is 1 active constraint, the scalar a; can be found by dividing the first element
of the normal vector by the first element of ~. If the division of the second and the
third elements of those vectors yield the same result and this Qj is positive, then the KT conditions are satisfied for this object.

•

If there are two active constraints, the cross product of the normal vectors is computed
first. The inner product of this cross product and ~ indicate whether the K-T
conditions can be satisfied.
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(4.18)

then this is possible, because y is in the plane spanned by III and lb. If so, the same
method as when there are three active constraints is used to compute the scalars ai'
•

When there are three active constraints, it is always possible to find a solution for the
~, since the normal vectors are independent. The solution to the set of equations

o
[nnnl
"1-'2"""3

[:]

~

=~

(4.19)

or

(4.20)

has to be found. There are many methods to solve this matrix. A sweep method has
been chosen, where the pivot is considered to avoid numerical inaccuracies.
For the two-dimensional case

(4.21)

has to be solved. This is a set of three equations with two variables, al and a2' This
set has one unique solution if there are exactly two independent equations. This is true
if y is in the plane spanned by the two normal vectors, which is tested before.
The first two equations from the set are taken to compute the CWj's:

(4.22)
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If these equations appear to be dependent, the frrst and the third equation, which
logically have to be independent, are selected to compute the a;'s. There is a two out
of three chance that two independent equations are selected the first time; a test to
always select independent equations before sweeping the matrix would on average take
more time than restarting once every three times.
The K-T conditions are satisfied if the ai'S are all ~O.
If the K-T conditions are satisfied for both objects, the algorithm can stop here and the
distance between the objects is equal to I ~I _ ~2 ~.
4.3.4 Determination or the new search direction
If the K-T conditions are not satisfied, new candidate points have to be computed. The direction in
which the new candidate points are searched can be computed by projecting the differential vector
y onto the planes with the active constraints. For OBJ1 -y must be projected.
The search direction is denoted by a vector ~.
Again, the methods to find the search direction slightly differ for each number of active
constraints:
•

In case there is just one active constraint, a simple projection on plane i, the plane
belonging to the active constraint, will give the search direction:

(4.23)

•

When there are two active constraints, the search direction depends on whether the
ai's have been computed. As we saw in the previous section, first is determined
whether ~ = DI X !h and y are perpendicular. If ~, y) ¢ 0, then.& = ~.
If ~, y) = 0, then the a;'s have been computed. In that case, the best search direction
is found by projecting y onto the plane related to the largest value of a;. The same
projecting method as in the case of one active constraint.

•

If there are three active constraints (the maximum number), the new search direction
depends on the a;'s.
In [Bobrow], the author claims that Yo always has to be projected on the plane
belonging to the largest value of a;. This is true in most cases, but when there are two
positive a;'s and one negative a;, then the resulting search direction can be incorrect in
certain cases and the algorithm will fail, because it gets into an infinite loop. An
example of when the algorithm fails is drawn in figure 4.4:
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Figure 4.4 Fault situation

The arrows denote the other view direction. In this example, a 1 and a3 are positive
and az is negative. If a 1 > a 3 then y is projected onto plane 1, the top plane, to get
the search direction..This results in vector J. which points outward of the object, so a
new candidate point can not be found. In such cases, the ~z will remain on its place.
The new candidate point should be AZ' though. The search direction should be a vector
parallel to plane 1 AND plane 3, as indicated by ,i,.
In such cases the best search direction is

s

-

= -nj xn
-j

(4.24)

where A and Dj are the normal vectors of the planes related to the positive ~ CDI and
Jh in this particular case).
Even in the cases, where there were two positive and one negative ~, and taking the
largest value of a; did not fail, this cross product method can still be used, because in
these cases, the search direction which is found by both methods are the same.
Resuming we can say, that in case there are two positive and one negative ~ the cross
product of the normal vectors of the planes related to the positive ~'s have to be
computed and otherwise y has to be projected onto the plane with the largest value of

a;.
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4.3.5 Computing the new amdidate points
Now that the new search directions are found, the new candidate points can be computed. The
new point must be situated on the line described by

(4.25)

This is a line which is on the surface of the object, since ~k is on the surface and f is computed
thus that it is parallel to a plane where I k is in.
If for both objects the K-T conditions were not satisfied, the new candidate points are the points
which form the shortest distance between the two lines, provided the points are element of the
objects.
The new points can be found by solving AI and A2 from the equations
(4.26)

and
(4.27)

In case the K-T conditions are satisfied for one object, the point on this object should stay on its
place. This does not necessarily mean that this is the optimal point for this object and that only the
point on the other object has to be moved until the minimum distance is found.
If e.g. ~I satisfies the K-T conditions, then the new ~2 can be found by solving A2 from the
equation
(4.28)

In both cases, either when the shortest distance has to be found between two lines or between a
line and a point, it is possible that the solution yields a point outside the object. This is a situation
which the algorithm can not handle. To overcome this problem the minimum and the maximum
value for Ak so that point If remains in the object are computed.
This can be done by computing the intersection of the line with every plane of the object and
register the value for ~ of this intersection. ~ has to be solved from
(4.29)

for every plane j. The minimal positive value of all ~ 's is the maximal value for AI: when
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computing the new candidate points. Also the maximal negative value is minimal value for
These values are called
and ~ respectively.
The plane where the line is in has to be excluded of course, so if

x:...:

Xl.

(4.30)

then the test has to be skipped.
The new candidate points are computed via the line-line or line-point distance algorithm, but they
are bounded by the maximum and minimum values found for the ).1 '5. If a scalar ).1 which is
computed via (4.26) and (4.27) is outside the boundaries
or ~ then the new candidate
points are computed using the boundary values:

x:...:

(4.31)

x:....

is either >.:... or ~.
where
This method works fine when the planes where the points are in have a completely different
direction. But when the planes are almost parallel, it can take a lot of iteration steps before the
final points are found. An example of this situation is figure 4.5.

x'

1
...
r

l
Xl Xl'

Jo..

r

2

Figure 4.5 Situation where new points search method fails
We notice that initially the K-T conditions are satisfied for OWl and not for 0812. The new
candidate point X2 ' is computed by taking the perpendicular distance between Xl and the line
denoting the search direction (parallel to the plane). Because the planes are almost parallel, the
Now the K-T conditions are satisfied for 0812 and not for
new point X2' is very close to
0811. The situation repeats itself. This way it takes quite some time before &1 and
reach their
final position. It even can happen that the algorithm reaches a deadlock.
This problem can be solved easily by moving X2 ' to the end of the line (on the boundary of the
object) instead of putting x?' on the shortest distance to ~1. This way in the next iteration step &1
and 1 2 will reach their final position.
We now have created a new problem: we have to determine when should the points be calculated

r.

r
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via the shortest distance method and when should the points be moved to the end of the line.
The problem of the slow iteration to the final position only arises when one points satisfies the KT conditions and one point does not. So when both objects do not satisfy the K-T conditions, the
shortest distance method should be used.
When one object does and one object does not satisfy the K-T conditions the selection of the
search method depends on extra conditions. A couple of cases were examined and determined
when which method should be used. It depends on the number of active constraints and sometimes
also on how the search direction is compared to the planes. The results are summarized in the
following table. In this table, -Iright- denotes the number of active constraints of the object
which does satisfy the K-T conditions, -#wrong- denotes the number of active constraints of the
object which does not satisfy the K-T conditions, -S- denotes the shortest distance method and
-E- denotes the method which shifts the point to the end of the line:
Table 4.1 New point computation methods
Iright

#wrOD!!

extra conditions

search method

1

1

None

E

1

2

None

E

1

3

None

E

2

1

None

S

2

2

The search direction is in the plane spanned by the
normal vectors of the object which does satisfy the
K -T conditions

S

2

2

The search direction is not in the plane spanned by
the normal vectors of the object which does satisfy
the K-T conditions

E

2

3

The search direction is in the plane spanned by the
normal vectors of the object which does satisfy the
K-T conditions

S

2

3

The search direction is not in the plane spanned by
the normal vectors of the object which does satisfy
the K-T conditions

E

3

1

None

S

3

2

None

S

3

3

None

S
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4.4 The software
The OPS and the VSS communicate at this stage of the project via disk files. In a later stage the
OPS and the VSS should be integrated. The VSS writes the description of the workpiece on disk
and the OPS can read the data again. A workpiece is described in two separate files:
• a file describing the physical location of the workpiece. This file contains a list of all
the faces a workpiece has. Each face is described by the numbers of its comer points.
The numbers refer to another part of the file, an enumeration of points with the exact
coordinates of these points in the WCS. The data are loaded into an array with faces
and into an array with points. Together these arrays form a description of the geometry
of the workpiece.
• a file describing the structure of the workpiece. As we noticed in chapter 2, a
workpiece is built up from standard components. Each standard component is built up
from primitive objects, either plates (the stiffeners and the plates) or webs (the webs).
For each primitive object is also recorded, which faces and points from the location file
belong to it. All this information is loaded into a tree-like array with structures, the
Object list, which is a structural description of the workpiece.
An example of these two files can be found in Appendix C.

Although the robot is not an item which is investigated by the VSS, it is handled the same way as
a workpiece in the OPS. There is a file containing the structure of the robot and a file with points
and faces, and the dat from these files are loaded into similar datastruetures as those of a
workpiece. The components of the robot are its links.
For the robot there are additional files for each separate link describing the faces of each link and
around which line the link can rotate. This information is necessary in order to be able to compute
motions of the robot.
For the distance algorithm, a half-space representation of each primitive object (or link) is needed.
For each object has to be determined, which faces must be used to form a hull of the object out of
the balf-spaces belonging to these faces (as we noticed, this was necessary in order to deal with
concavity).
For the workpiece, we noticed that primitive objects are either plates or webs. Plates are already
convex, but webs are not. A web consists of a number of faces wbicb is greater than six (the
number of faces of a plate). Because the VSS determines the webs in a standard way, the
sequence of the faces in the location file are always the same. Therefore the hull of the web (a
plate) can always be found by taking the first four and the last two faces of the web. Which faces
belong to the web can be found by checking the object list.
For the robot the concave links have to be considered. The robot data are known in advance and
can be altered as long as the modifications do not interfere with other parts of the OPS. Therefore
the faces of a link which form a convex hull of the link are marked in the location file. The last
number of each face is not a number of a comer point, but a mark specifying whether the face is
part of the hull or not. This information is also copied into the datastrueture of the robot.
Therefore it is possible to determine of which faces the half-space has to be computed in the
distance algorithm. Note that this method could not be used for the workpieces, because the
workpiece files are generated by the VSS. This would require modifications to the VSS.
The half-spaces are recorded in an array. The element number in this array corresponds to the
face number. The elements of the array corresponding to faces which are not part of the hull
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contain a NULL-pointer instead of balf-space data. This is DecesSary to maintain the
correspondence between the faces array and the balf-space array.
The other elements in the balf-space array contain a pointer to an array with four elements: the
normal vector (three elements) and the distance to the origin.
Both the robot and the workpiece bave a separate balf-space array. The data in the robot balfspace array are recomputed for every position, the workpiece balf-space array is computed only at
the start of the path planning. With these balf-space arrays the distance between the robot and the
workpiece can be computed for every robot position.
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5 Programming the robot using the OPS
5.1 Introduction
In chapter 3 is described how the OPS can compute a robot path from the geometrical description
of the workpiece. This information can be used for off-line programming of the ASEA Irb 2000
robot. Based on the robot path data, the OPS can automatically generate robot programs in ARLA
(the ASEA Robot LAnguage), which can be used to control the robot.
An ARLA robot program not only contains path data, but also describes at which locations the
robot should weld and it contains weld parameters, which control the welding process.
In of this chapter is described, how a complete robot program can be made with the OPS.

5.2 Building a robot program file
The ASEA Irb 2000 robot, located in the Robot Centre related to the Eindhoven University of
Technology, has the Kranendonk compiler at its disposal which gives the ability to program the
robot off-line.
The Kranendonk compiler is a software package, which can be used to control the robot. It
translates source code programs, written in ARLA, into machine code programs for the robot.
These machine code programs can be downloaded into the robot controller.
The standard way to use the Kranendonk software as a tool to control the robot is by writing
ARLA robot programs using the built-in editor. This editor has facilities to generate and edit a
program and to save a program to and load it from disk. Unfortunately the Kranendonk compiler
uses its own internal format, the ARL format, to write the programs in files on disk. The
developers of the Kranendonk compiler have not published anything about the structure of this
format.
In this study, the robot programs are generated by the OPS, instead of by a human operator. Since
nothing is known about the ARL format, it is not possible to adapt the output of OPS to the
Kranendonk compiler. Therefore the output is written on disk in ASCn format (also known as text
format). A special method has to be developed to load the programs into the Kranendonk
software, since there is no facility to load ASCn files. This method is described in Appendix B of
this report.
The source code of the robot program which is generated by the OPS is located in two files. This
two stage method of saving the data is the same as the method the Kranendonk software uses,
albeit in a different format. These two files are:
• the ARLA robot prolUam file containing the actual commands. In this file is described
what actions the robot has to make.
The actual data about the positions and orientations of the robot are not directly in this
fIle, but they are addressed by labels.
• the coordinate file containing the position and orientation data. In this file is described
Elm the robot should go. A position plus orientation is related to a label. The labels
in this coordinate file should correspond to the labels in the program fIle.
The path data are stored in an array of structures, as mentioned in chapter 3. Each structure
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contains one position of the path where the robot should go. The orientation which is computed
for this position is stored in this structure. Whether the position is part of a welding seam or a
transition path is also recorded.
These path data are not sufficient to make a robot program.
For the welding paths. welding parameters are required. These welding parameters control the
welding process. Parameters like welding voltage. welding current and length of the wire stick out
can be varied to get an optimal weld. In the eventual set up of the configuration at the shipyard,
these welding parameters have to be determined automatically, based on the geometrical data of
the workpiece and welding knowledge located in a welding base. Since the OPS is only going to
be used for test purpose, where the attention will be focused on the accuracy of the path data, and
since generating these welding parameters is DOt the object of this research, the welding parameters have default values which are automatically included in the ARLA robot program. These
parameters are stored in the file 'WELD.H'. If necessary, these parameters can be changed. in
that case. recompilation of the OPS is required.
The welding parameters are not the only parameters necessary. There are four more parameters
which have to be specified to get a working ARLA robot program. In the OPS they have a default
value, but they can be changed by the OPS operator upon request:
• The Kranendonk compiler has the possibility to work with several coordinate systems.
In its memory, several coordinate systems, or 'frames' as they are denoted in the
Kranendonk software, are defined. The path data in the OPS contain positions and
orientations which are defined relative to the world coordinate system, located in the
centre of the base of the robot. In the current settings of the Kranendonk compiler, the
WCS is defined as frame O. This is also the default value in the OPS.
• The ASEA Irb 2000 is a multi purpose robot. It can be equipped with several robot
tools. The position and orientation of the Tool Centre Point (TCP) differs for every
tool. For the welding torch, the position of the TCP is the tip of the torch. In order to
be able to work with different tools, the TCP of every tool is stored in the memory of
the Kranendonk software with a number connected to it. These TCP's are defined
relative to the centre of the flange where the tools are mounted upon. This centre of
the flange is defined as TCPO. In order to guide the tool to the correct position and
orientation. the TCP number must be included in the robot program. The default value
for the TCP in the OPS is 11, being the current number of the TCP of the welding
torch in the Kranendonk software.
• The velocity of the motion of the robot. The ARLA language does not have possibilities to define the trajectory of the robot, only to define the path. It is not possible to
add timing to the robot path e.g. to order the robot to move to position P at time T.
The only possibility to influence the timing is to state the speed of the motion. In the
beginning of the program the maximum allowed velocity M and the normal velocity V
of the motion can be defined. ID the remainder of the robot program, the robot can be
ordered to move to a position P with a velocity which is a percentage of the value of
the velocity V. The maximum velocity M is the upper boundary for the actual velocity.
For the welding process it is better that the robot moves along the transition paths at a
reasonable fast velocity. When the robot is welding however it must move slowly to
get a good weld. In the OPS is opted for 100% velocity during the transition paths and
10% velocity when the robot is welding.
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The maximum velocity M and the normal velocity V can be adapted by the OPS
operator. Upon default, Mis 2500 mm1s and V is 1000 mm1s.
A disadvantage of this method is that the motion over the seam is not completely
fluent. The robot moves to the specified position, decreases its speed when the position
is reached and then increases the speed again to go to the next position. This stammering motion decreases the quality of the weld.
If the parameters are set to the correct values, the path data generated by the OPS can be
transformed into an ARLA robot program automatically. To preserve maximum flexibility, the
ARLA robot program is not only written to disk directly, but is also kept in the PC's memory.
The robot program is written to disk in a temporary file. In the memory of the PC resides a link
list of structures. Each structure represents one line of the ARLA robot program. The elements of
a structure are a pointer to the structure representing the next ARLA line in the robot program
and a number, denoting the position of the ARLA line in the temporary file. With this number,
the ARLA line can be read from the temporary file if necessary. Edit functions are implemented
to allow the OPS operator to change the robot program, if necessary. If the operator is ready, the
lines are read from the temporary file and written into the definitive robot program file.
Another method of keeping the ARLA program in memory would be by creating a linked list of
structures containing the ARLA lines directly. Now the linked list contains references to ARLA
lines in a temporary file. The indirect method is chosen to avoid memory problems: for a complex
workpiece the number of ARLA lines to weld the workpiece would be vast. If these text strings
are all kept in memory, they would occupy much memory space. This indirect method saves a lot
of memory space.
To develop a robot program, the operator is able to:
•

Adjust the additional parameters, as described previously.

• Transform the robot path data plus the additional parameters (plus the welding
parameters, but they can not be changed) into a robot program. This means that the
path data Le. the positions and orientations are labelled and written into a coordinate
file, and that the temporary file containing the ARLA lines and the data structure
containing the sequence of these lines in the actual program are produced.
Every structure containing the information of one position is translated into one
ARLA-line describing whereto the robot should move with which velocity. A label
implicitly denotes the desired position and the orientation after the motion. For
positions on welding seams the welding parameters are included in the same ARLAline. The additional parameters are all transformed into separate ARLA-lines.
An example of a robot program generated by the OPS can be found in Appendix E.
•

Show the robot program. The complete robot program is displayed on the screen.

•

Save the program. The ARLA lines are read from the temporary file and written in the
defmitive file in the correct order as described by the sequence data structure.

•

Load a program. Programs previously saved to disk can be loaded again for modification.
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•

Delete lines. Lines which are unnecessary according to the opinion of the operator can
be removed from the program.

•

Add extra lines. If the operator wants to change the additional parameters, the new
values can be included in the robot program at a specified position.The new values of
the additional parameters are valid for the rest of the robot program. Normally the
frame and the TCP are not changed, but the velocities can be changed if necessary.

S.3 The coordinate file
In the previous paragraph we saw how the robot program can be changed. The coordinate file can
not be changed. The data extracted from robot path are written in the coordinate file directly in its
definitive form.
The Kranendonk compiler uses a different method of describing the orientation of the robot.
Instead of using approach vector a, slide vector I and normal vector .n, Euler angles are used. The
way the Kranendonk compiler uses these angles differs from the normal definition.
The ex, P and "y must be used in the following way to get a new orientation:
•

first the coordinate system must be rotated

•

next the system must be rotated

P rad

"y

rad around the x-axis.

around the new y-axis.

• finally the system must be rotated ex rad around the ~ z-axis.
In the vector method to describe an orientation, the J vector is parallel to the new z-axis, the J
vector is parallel to the new y-axis and the 11 vector is parallel to the new x-axis.
Keeping this in mind, the ex, P and "y can be computed from the vector description as follows:
(5.1)

The computation of ex and "y depends on the value of p.
If P is not equal to 0 or 2" then

s

ex = aretan(-...!.)

(5.2)

liz

and
"y

D
= aretan(...!)
D"

(5.3)
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However, if fJ is equal to 0 or 1r then
0=0

(5.4)

and
(5.5)

The position data can be written into the file directly. The positions and orientations are labelled
according to the numbering of the seam they belong to. Each line in the coordinate file contains a
label, three parameters denoting the position and three parameters denoting the orientation.
An example of a coordinate file generated by the OPS can be found in Appendix E.
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6 Conclusions and recommendations
This study has been concentrated on three subjects:
• Robot path planning
• Distance computation
• Production of robot programs and the interface between the OPS and the Kranendonk
software
These subjects will be discussed one by one.

Robot path

plannin~

In the robot path planning the attention has been focused on the generation of orientation data
from the geometrical data of the workpiece. For simple situations. the algorithms work fine. but
for complex workpieces. errors occur. This is due to the implementation of the algorithm; the
algorithm itself is useful.
One disadvantage of the robot program at this moment is that every path (a seam or a transition
path) is subdivided by taking 8 intermediate positions. This causes a non-fluent motion.
The intermediate positions are necessary to prevent collisions. More intermediate positions would
decrease the chances of collisions. On the other hand. less positions would decrease the computation time of the OPS and give a more fluent motion. The number of positions is a compromise
between safety and efficiency.
Furthermore more attention can be paid to the transition paths. The paths found in the current
method are not optimal and leave room for further investigation.
In the algorithms compromises have been made to reduce computation time of the robot path. A
faster hardware environment could allow the algorithms to compute the robot path even more
accurately. although the current methods are satisfactory.
The generated robot programs lack specific welding process assignments and sensor instructions.
In a further stage of the project the generation of these instructions have to be added to the OPS.

Distance computation
The distance computation method via the minimization is a fast and efficient method. The method
itself is general and can be used in other areas than off-line robot programming too. The problems
which occurred in the implementation of the algorithm were due to an inaccurate and incomplete
description of the procedure by the author. These problems have been solved now.

Production of robot promms and the interface between the OPS and Kranendonk
The robot programs can be generated by the OPS in a semi-automatic way. Only additional
parameters have to be specified by the operator. who can alter the robot program to his specific
needs if necessary. This part works fine and is easy to use.
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Loading the robot programs into Kranendonk is also possible, but this situation is not ideal: the
method which is used to load the robot programs is rather complex and not user friendly. An
option is to stop using the Kranendonk compiler. In the mean time the Robot Centre has the OLP
compiler at its disposal. This compiler is much more accessible than the Kranendonk compiler.
The output of the OPS has to be adapted to the OLP standards, but few problems have to be
expected in this area, since OLP resembles the Kranendonk compiler very much.
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Appendix A Proof of the solution of equation

~x

4!

= J (g)' ~

= J (q). ~Q

The joint coordinates result from calculating the change of the joint coordinates compared to the
last position. This is done by solving the equation 4L = J&g under the constraint that Ih &gT M
&g is minimal. The solution is found by calculating &g = GoAL,
G = M· I JT(J M· I JT)'I. M is symmetrical positive definite matrix containing distances between the
robot links and the workpiece.

Given:

Matrix J E R-, m < n.
4L E Rm.
Matrix M E RIIlD>, which is symmetrical positive definite, so M1' = M.

Vector

Definition:
~

E R")

Problem:
Find a vector &g E Rn which satisfies ~ = J &g and

I &g I is minimal.

Lemma 1:

frQQf:

b+II = Ih ~ + I? M ~ +

= Ih ~T

I>
+ IT) M ~ + I>

=~~Mx+~rMx+~~MI+~rMI

= bl

+ Ih IT (M'n)T M'n X + Ih J.T (M'n)T M'n I +

III

= 11.1 + (M'nx)T M'n I + III
= 11.1 +X™I+ III
Lemma 2:
J M-I

JT is invertible.
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= J(V· ~

Definition:
G = M-t )T(J M- t .r)-t, G E RIlUl
G is a right hand inverse of J. This means that JG

= I.

Lemma 3:
GTMGJ

= GTM

lEQf:
GT M G J

= (M-t )T(J M- t .r)-t)T M M- t )T(J M- t .r)-t) J
= Q M-t .r)-T (M-t .r)T )T(J M- t .r)-t) J

= Q M-t .r)-T J M- t )T Q M- t J1)-t) J

= {Lemma2}
Q M-t J1)-T (J1)T M- t M

= (J M-t .r)-T (M-I .r)T M
= (M-t JT(J M-t .r)-I)T M

= G™
Lemma 4:
The set of all possible solutions of the equation J ~ = 4il is
{ 4il I there is a vector i E RD so that 4il = G~ + (I - GJ)i }
Solution:

1G.1L + (I - GJ)~ I = {Lemma 1 }
IG4!c I + (G4!c)T (I - GJ)l + 1(I - GJ)d
= {Lemma3}

IG4!el
~

+

1(1 - Gnd

{norm is not negative }

1G4!c 1
So G.1L is a solution of the equation with minimal norm.
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Appendix B Loading robot programs into
the Kranendonk compiler
As we noticed in chapter 5. it is not possible to load the output of the OPS directly into the
Kranendonk software. The output of the OPS consists of two disk files. one file containing the
actual robot program and one file containing the path data. Both files have the ASCll format.
Loading these files into the Kranendonk software will now be discussed one by one.

B.l ARLA robot program files
There are two options in order to try to load ARLA robot program files in ASCll-fonnat into the
Kranendonk compiler:
• Making a translation program. which translates ASCll into ARL format. This is very
difficult. with very little chance of success. because the ARL format looks rather
complicated.
• Using some kind of trick to make the Kranendonk compiler believe the input. which is
actually coming from disk. is coming from the keyboard. MS-DOS. the disk operating
system of the PC. has a possibility to set some other device as the standard input
device instead of the keyboard. The other device takes over the control over the PC
from the keyboard.
With this redirection method. the ASCll file from disk is "typing" the program into the
Kranendonk editor instead of a human typist (the operator) using the keyboard.
The latter method seems to be the most promising possibility.
But there are two difficulties:
1) The MS-DOS commands to redirect the input don't work with the Kranendonk
software. So the Kranendonk software can't be deceived in this simple way.
2) The Kranendonk editor is not a normal editor. like a wordprocessor. Instead of typing
the commands to make an ARLA robot program. the operator has to built a program
by selecting these commands from a menu using cursor keys and the
<Return> key. Only when data are required. they must be typed in directly.

B.l.l Solution to problem 1)

There is a more sophisticated way to use a file from disk as an input device instead of the
keyboard. This method will be described in short.

NB In the next section, references will be made to memory tlddresses of the pc. The memory of
the pc is divided into segments. The tlddresses mentioned Me tI1l in segment 0000.
First something about how the keyboard works.
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When a key is typed at the keyboard two things happen:
• 1he keys is stored in a part of the memory, the keyboard buffer.
• an interrupt (interrupt 09h) is issued to notify the processor there is a key hit waiting to
be processed.

For the PC the keyboard buffer is located in the addresses 041Eh to 043Dh. This a 32 byte area and
every key is stored in 2 bytes.
The buffer is a ring buffer, which means that after a key is stored at 043Ch and 043Dh at the end of
the keyboard buffer memory area, the next key is stored at location 041Eh and 041Fh.
Address 041Ah contains a pointer to the address in the keyboard buffer containing the next key to be

processed.
Address 041Ch contains a pointer to the address in the keyboard buffer where the next key which is
typed will be stored. If the contents of 041Ch is 2 bytes less than the contents of 041Ah, 1he
keyboard buffer is considered full. So the buffer can contain 3012 = 15 keys.
The keys are stored as two byte values to be able to store special keys and combinations like cursor
keys, < Ctrl > + character and so on.
In the MicroSoft C compiler which is used to develop the software to load the OPS output into the
Kranendonk compiler, the integer type is also stored in two bytes. In the software, every key is
oomidered being an integer. So data are read from and written into the buffer two bytes at a time.
E.g. the cursor down key « ~ > ) is represented by the integer value 20480 and the < Return> key
by 7181.
Every -normal- key, a key which corresponds to a character from the ASCII set, is represented by
256+ASCII value of the character.
Resuming we notice that in order to fake a keyboard hit, the integer value corresponding to the
desired key has to be written to the keyboard buffer, pointer 041 Ch has to be updated and an
interrupt 09h has to be issued to notify the processor.
Suppose there is a disk file containing a sequence of integer numbers corresponding to the keys
which have to be typed to get the desired robot program into the Kranendonk editor. This sequence
can be loaded into the Kranendonk software via the following method:
First the file with the keys which have to be -typed- in the Kranendonk editor are copied into the
computers memory. This is done to avoid conflicts: disk access during the handling of an interrupt
usually creates problems.
Each integer is store as an element of an array of strings.
Then each element of the array of strings (= each key) is copied into the keyboard buffer.This must
be done during the time that the Kranendonk editor is running. Therefore the Kranendonk editor is
started from within the software and interrupt, interrupt 28h, is used to put the keys in the keyboard
buffer. This is a clock interrupt, which is issued 18.2 times a second. A new interrupt handler has
been written and connected to interrupt 28h. This interrupt handler 0 that copies the keys from the
strings into 1he keyboard buffer and issues an interrupt 9. Now 18.2 times a second a key is -typed-.
The only problem remaining is the timing. If the new interrupt handler for interrupt 28 is loaded, it
starts putting keys in the keyboard buffer directly. If the Kranendonk editor is started afterwards, the
keyboard buffer is overloaded long before the Kranendonk editor can accept the keys. The new
interrupt handler 28h should not be executed the Kranendonk editor is loaded. For this purpose a
semaphore is created, which is false on default (then only the old interrupt handler 28 is executed)
and which is set to true if a special key combination is typed (then the new interrupt handler is

executed). Of course, this combination must be typed after the Kranendonk editor is loaded. The
special combination which is selected is < Ctrl > + <A1t> +a. To check if this combination is
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typed, interrupt 9 is intercepted and there is a check whether <Ctrl> + <Alt> +a is pressed. If so,
the semaphore is set to true and the old interrupt 9 handler is executed. If DOt, only the old interrupt
9 handler is executed.
Resuming, the software:
1) Copies the file with the integers representing the keys into the memory.
2) Loads the new interrupt handlers for interrupt 9 and 28. After each execution, these
interrupt handlers call their old interrupt handlers.
3) Starts the Kranendonk editor.
Then the key~mbination <Ctrl> + <Alt> +a must be typed and the ASCn-file is loaded into the
Kranendonk editor.

B.l.2 Solution to problem 2)
The ASCn file containing the ARLA robot program must be translated into a file containing the
integers representing the keyboard hits, which make the same ARLA robot program in the Kranendonk editor. This seems to be the same, difficult problem as translating the ASCn file in an ARL
file, but DOW we have the advantage of knowing exactly how each ARLA command must be translated into a sequence of keyboard hits, instead of translating into an unknown format.
For the translation, a datastructure is developed, containing the complete ARLA language. The
datastructure is an array of pointers to structures (the C-equivalent of a record in Pascal) with three
fields:
• The ARLA command,or the string -DATA- (explained later).
• The key sequences to get this ARLA command in the Kranendonk compiler. As we saw
at the section describing the solution to problem 1), each key is considered an integer. In
this structure, each integer is written as a string. This is easier, because most of the time
there are more keys which have to be typed to select a command and I can easily put
more integers into one string.
• The indices in the array of all possible next ARLA commands. After each command,
there is only a limited number of other commands possible, or some data must follow. In
that case, the contents of the command field is -DATA-.
A more logical way would be to use pointers to the next commands instead of their
indices. They are DOt used for two reasons:

- The number of next commands is limited, but variable. A lot of memory space would
be wasted, because for each command save space would have to be saved for pointers
for the maximum number of next commands. Now only memory space is used for one
pointer to a string containing all indices. The memory for the string is allocated
dynamically.
- It's easier to save a string on disk than to save pointers. The complete datastructure is
written on disk instead of coding it directly in my software. In this way, commands can
easily be added, removed or changed without recompiling the software.
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The datastructure is in the file "partree.dat".

1
command 1
keys 1
2 5 4

V

3
command 3
keys 3
-1

2

command 2
keys 2
3

/

4
DATA
keys 4
6

f--

5
command 4
keys 5

-,

6
command 5
keys 6
7

7

/

DATA
keys 7
-1

6
9

8
command 6
keys 8
9

V

command 7
keys 9
-1

Figure B.I Example of the ARLA language datastructure

An example of a pan of this datastructure can be found in Fig. B.1
In this example, we notice that a line of an ARLA robot program can stln with either command 1 or
command 6. "-1" in the index field indicates that the command must be the last command of an
ARLA line.
When data should be typed, the "keys" field contains keys but also a '#' character marking the place
where the data should be typed.
Using this datastructure, the ARLA robot program is translated:
1) One line of the robot program is read (an ARLA line).
2) Each command is separated by searching for a 'space' character.
3) The first pan of the line is taken and searched for in the datastructure among the possible
first commands.
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4) The next part of the line is taken and searched for in the datastructure among the possible
next commands. If it is not found and "DATA" is also a possible next 'command' then
the part of the ARLA line is considered literal data.
This step is repeated until the end of the ARLA line.

S) Whenever a command is found, the keys connected to this command are copied to a file.
Data is copied from the ARLA robot program at the location of the '#' character. This
data is preceded in the file with the integers by a capital T to distinguish data from a key,
because keys are represented by numbers (an integer) and the data is usually numerical
too.
6) If an ARLA line ends before there is a "-1" in the field with the indices of the next
commands, then there is something wrong.

The resulting file is used by the program mentioned in the section about problem 1).
The name of this file is "Krandonk.aut".

B.2 Coordinate flIes
Loading coordinate files into the Kranendonk compiler is a lot easier than loading the ARLA robot
programs. For these kind of files the Kranendonk compiler has the facility to load and save ASCII
files. However, when the Kranendonk compiler is compiling, it can't work with coordinate files in
ASCII. So the ASCII (also known as text) coordinate files have to be loaded into the Kranendonk
compiler and saved in the Kranendonk compiler's own coordinate format, the COO format.
It's important for the user to remember the name (s)he gives to the new coordinate file.
In the ARLA robot program in ASCII format the name of the coordinate file connected to it is not
mentioned. When translating the ARLA robot program, the user has to specify the name of the
coordinate file he uses. Then it will be added automatically in the Kranendonk ARLA robot program.

B.3 Using the software
As mentioned before, the OPS generates two files. "program.txt" contains the ARLA robot program,
"coo.txt" is the coordinate file belonging to the program.
The software which load these files into the Kranendonk software consists of two separate files, one
to translate the ARLA robot program into keys hits, "parspar.exe" and one to load these key hits into
the Kranendonk compiler, "ak_arl.exe". Both files can be found in the directory
"c:\arac\main" on the Kranendonk computer in the Robot Centre.
The complete procedure:
• Run "parspar". The user has to specify the full name of the ARLA robot program. If no
path is specified (e.g.
"a:\test\program.txt") then it is assumed that the file is located in the directory "c:\arac\automato". Next, the user has to specify the name of the coordinate file (s)he is going
to use.
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• Run "ak_arl". If the editor screen pops up, press
< Ctrl > + <Alt> +a simultaneously to start loading the ARLA robot program. When
ready, save it and leave the editor again.
• Run "arac" (= the Kranendonk software). Go to the coordinate section, load the file
"coo.txt" as text and save it 'normally' using the name specified before
• Now everything is ready for compilation. Go to the compile section and compile the
ARLA robot program.

• Go to the robot section and run the program.

NB It's bnpoT1lUll that the settings ofthe Kranendonlc softwGTe GTe correct. For the specification of
the orientiltion Ciln be chosen between "lInguw" lind "vector". This must be "lInguw".
The software can also be used to load output from" Automatos" into the Kranendonk software.
Automatos is software package, based on AutoCad, which can also be used for off-line robot
programming purposes.
The output from Automatos is also an ARLA robot program, written on disk in ASCn format. But it
is different (only in detail) from the output of OPS. Therefore a different translation program is used
and a different datastructure. The translator is called "parsaut.exe" and the file with the datastructure
"auttree.dat" .
Automatos does not generate a coordinate file, but puts this information directly in the ARLA robot
program. "Parsaut" extracts this information during the translation and replaces it by labels, because
the Kranendonk compiler can't handle coordinate information in the actual ARLA robot program.
The coordinate information is written in a coordinate file (In ASCn format) with the name the user
specified and the extension" .txt". Of course this coordinate file must be rewritten into COO format
using "arac" before compiling the ARLA robot program.
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Appendix C Example of a workpiece description
The following files contain a description of a simple workpiece. The workpiece is identical to the
workpiece drawn in Fig. 2.5 on page 7 of this report.

MODEL2,PAT: The positions of the vertices and the faces
1 740.000000 -470.000000 785.000000
2 740.000000 -35.000000 785.000000
3 1390.000000 -35.000000 785.000000
4 1390.000000 -470.000000 785.000000
5 740.000000 -470.000000 770.000000
6 740.000000 -35.000000 770.000000
7 1390.000000 -35.000000 770.000000
8 1390.000000 -470.000000 770.000000
9 740.000000 -35.000000 785.000000
10 740.000000 400.000000 785.000000
11 1390.000000 400.000000 785.000000
12 1390.000000 -35.000000 785.000000
13 740.000000 -35.000000 770.000000
14 740.000000 400.000000 770.000000
15 1390.000000 400.000000 770.000000
16 1390.000000 -35.000000 770.000000

Faces:
4 3 2 15 6 7 8.

1 2 6 5.
2 3 7 6.
3 4 8 7.

1 5 8 4.
12 11 10 9.
13 14 15 16.
9 10 14 13.
10 11 15 14.
11 12 16 15.
9 13 16 12.
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MQDEL2.IRE: The construction of the workpiece from primitive objects
CODE
2Pl
OBJECT

platel
1

o

plateil
1
8

o
5

OBJECT

plate2
1

o

plateil
9

16
6
11
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Appendix D Software description
This is a short description of all the functions which are added to the OPS to get the present
functionality. The functions are subdivided by file where the source code is in.

PROGRAM.C
void AddPara(void)
Description:
Adds the ARLA lines containing the additional parameters (see paragraph 5.2) to
the robot program.
Input:
None.
Output:
None.

void AskVeloc(void)
Description: Asks the operator to specify the maximum velocity and the normal velocity which
are going to be included in the ARLA robot program.
Input:
None.
Output:
None.

void AskFandT(void)
Description:
Asks the operator to specify the frame number and the TCP which are going to be
included in the ARLA robot program.
Input:
None.
Output:
None.

void ~ara(void)
Description:
Query whether the parameters have to be added to the robot program or not.
Input:
None.
Output:
None.

void ClearDisp(void)
Description:
Clears the part of the screen where the robot program is printed.
Input:
None.
Output:
None.

void InsertLine(int AfterInstrud, fpos_t Pos)
Description:
Adjusts the robot program datastrueture when a new ARLA line is inserted in the
robot program. The line must be written in the temporary file (see paragraph 5.2)
separately.
Input:
AfterJnstruct: denotes after which line number in the program file the new line
must be inserted.
fQi: the begin position of the ARLA line in the program file.
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Output:

None.

void Delay(doubJe Dim
Description:
Wait for a specified time.
Input:
Diff: the waiting time in seconds.
Output:
None.
void Wait(int Col, int Row, char ·5, doubJe Delay)
Description:
Displays a message on the screen for a specific time.
Input:
.c&1.: Column number of the starting position of the message on the screen.
~: Row number of the starting position of the message on the screen.
~: String with the message to be displayed.
~: The time period the message is visible on the screen.
Output:
None.

void Load_Program(void)
Loads a robot program previously saved on disk.
Description:
Input:
None.
Output:
None.

void Show_Program(void)
Description:
Displays the robot program on the screen.
Input:
None.
Output:
None.

void Save_Program(void)
Description:
Saves the robot program to disk.
Input:
None.
Output:
None.

void DeJete_Program(void)
Description:
Deletes the robot program from the PC's memory.
Input:
None.
Output:
None.

void DeleteLine(int FirstInstruct, int LastInstruct)
Description:
Deletes specific lines from the robot program. Lines between the specified line
numbers are also deleted.
Input:
FirstInsttuet: Line number of the first line to be deleted.
LastInstruet: Line number of the last line to be deleted.
Output:
None.
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AV COLLI.C
void av colli(void)
Description:
Generates the orientations for the robot path on the basis of the positions of the
robot path while avoiding collisions.
Input:
None.
Output:
None.
void fill matrix(void)
Description:
Fills all the transformation matrices for the transformation from coordinate system
i-I to coordinate system i (i = 0•...•6) with the correct values based on the joint
angles and the Denavith-Hartenberg parameters.
Input:
None.
Output:
None.
void fill_matrix7(void)
Description:
Fills the transformation matrix for the transformation from coordinate system 6 to
coordinate 7 based on measurement data.
Input:
None.
Output:
None.
void matrix_up(int i)
Description:
Computes the intermediate transformation matrix for the transformation from
coordinate system 0 to coordinate system i.
Input:
i: the number of the coordinate system.
Output:
None.

void matrix_down(int i)
Description:
Computes the intermediate transformation matrix for the transformation from
coordinate system 7 to coordinate system i.
Input:
i: the number of the coordinate system.
Output:
None.
void calcjacob(void)
Description:
Computes the Jacobian matrix of the current robot configuration.
Input:
None.
Output:
None.

void find first(int I)
Description:
Computes the initial orientation for a seam.
Input:
1: the seam number.
Output:
None.
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Toid robot_coord(double- DiagM, double- DeltaQ)
Description:
Computes the change of the joint angles.
Dia&M: the values of the diagonal of matrix M which is used in the minimintion
Input:
criterion to avoid collisions.
Output:
De1taO: The change of the joint angles.

Toid adjustJM)S(void)
Description:
Adjusts the data of a position. Both the position and the orientation are computed
from the joint angles. This computation has a little numerical inaccuracy. Since the
position is already known more accurately, the inaccurate value is replaced by the
accurate value.
Input:
None.
Output:
None.

'Void calc_all_dist(void)
Description:
Computes the distance between the robot and the workpiece.
Input:
None.
Output:
None.

Toid calcjoint(double- n_veet, double- s_vect, double- a_Teet, doubl~ position)
Description:
Computes the joint angles from the position and the orientation vectors.
Input:
~: normal vector n.
~: slide vector ~.
~: approach vector i.
position: vector containing the position.
Output:
None.

AV DIST.C
double Inp(double .Pl, double -P2)
Description:
Computes the inner product of two vectors.
Input:
21: the first vector.
~: the second vector.
Output:
The value of the inner product.

'Void calc_Dormal(int Begin_Obj, Int End_Obj)
Description:
Computes the half-space representation of an object.
Input:
Be&in Obj: the number of the first object in the object list of which the half-space
representation has to be computed.
End Obj: the number of the last object in the object list of which the half-space
representation has to be computed.
Output:
None.
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void initpess(strud child_object ··obj)
Description:
Selects random points on two primitive objects for distance computations.
~: the primitive objects (plate or robot link) of which the mutual distance has
Input:
to be computed.
Output:
None.

double calc_dist(struct child_object "obj)
Description:
Computes the mutual distance between two primitive objects.
~: the primitive objects.
Input:
Output:
The mutual distance

double check_cons(int object, int face)
Description:
Checks whether a point is inside a plane containing the face of an object.
~: the number of the object (either 0 or 1, 0 denotes a plate of the workpiece,
Input:
1 denotes a robot link).
~: the number of the face in the face list.
Output:
The distance between the points and the plane.

void check_web(int BeginObj, int EndObj)
Description:
Checks wether a primitive object is a web. If so, the hull of the web is taken to
make a plate out of it.
Input:
Begin Obj: the number of the first object in the object list which has to be
checked.
End Obj: the number of the last object in the object list which has to be checked.
Output:
None.

boolean test_dep(double· Veel, double· Vec2, double· Vec3)
Description:
Tests the dependency of three vectors in 3D.
~: a 3D vector.
Input:
~: a 3D vector.
~: a 3D vector.
Output:
True if Vec3 is dependent of Vec2 and Vecl.
False otherwise.
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Appendix E Example of an ARLA robot program
The following files contain a complete ARLA robot program. An ARLA robot program consists
of two files: the actual program file and a coordinate file.

PROGRAM,TXT: The actual program file.
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340

V-lOa MAX-400
TCP 11
FRAME a
POS V-lOa' FINE LABEL-TO A
POS V-lOa, FINE LABEL-TO-B
POS V-lOa' FINE LABEL-TO-C
POS V-lOa' FINE LABEL-TO-D
POS V-lOa' FINE LABEL-TO-E
POS V-lOa, FINE LABEL-TO-F
POS V-lOa, FINE LABEL-TO-G
POS V-lOa, FINE LABEL-TQ-H
POS V-lOa, FINE LABEL-TO-I
POS V-lOa, FINE LABEL-TO-J
POS V-100, FINE LABEL-SEAM A
POS V-10, FINE AWELD 1/1/070
POS V-10, FINE AWELD 1/1/0/0
POS V=10' FINE AWELD 1/1/0/0
POS V-10, FINE AWELD 1/1/0/0
POS V-10, FINE AWELD 1/1/0/0
POS V-10, FINE AWELD 1/1/0/0
POS V-10, FINE AWELD 1/1/0/0
POS V-10, FINE AWELD 1/1/0/0
POS V-10, FINE AWELD 1/1/0/0
POS V-100' FINE LABEL-FROM A
POS V-100' FINE LABEL-FROM-B
POS V-lOa' FINE LABEL-FROM-C
POS V-lOa, FINE LABEL-FROM-D
POS V-lOa, FINE LABEL-FROM-E
POS V-lOa, FINE LABEL-FROM-F
POS V-lOa, FINE LABEL-FROM-G
POS V-100' FINE LABEL-FROM-H
POS V-100, FINE LABEL=FROM-I
POS V-100, FINE LABEL-FROM-J
RETURN.
-

LABEL-SEAM B
LABEL-SEAM-C
LABEL=SEAM-D
LABEL-SEAM-E
LABEL-SEAM-F
LABEL-SEAM-G
LABEL-SEAM-H
LABEL-SEAM:I
LABEL-SEAM J
-

E.l

ICOO,TXT: The file containing the position and orientation data.
-TO_A, 740.000000,-35.000000,1267.000000,-180.000000,-90.000000,0.000000""

,,

-TO_B,740.000000,-35.000000,1227.000000,-180.000000,-90.000000,0.000000""

,,
,,

-TO_C,740.000000,-35.000000,1187.000000,-180.000000,-90.000000,0.000000""
-TO_D,740.000000,-35.000000,1147.000000,-180.000000,-90.000000,0.000000""
-"TO_B,740.000000,-35.000000,1107.000000,-180.000000,-90.000000,0.000000""

,,

-TO_P,740.000000,-35.000000,1067.000000,-165.000000,-90.000000,0.000000""

,,

-TO_G,740.000000,-35.000000,996.500000,-165.000000,-90.000000,0.000000"",

,

-TO_B,740.000000,-35.000000,926.000000,-165.000000,-90.000000,0.000000"",

,
,
-TO_J,740.000000,-35.000000,785.000000,-165.000000,-90.000000,0.000000"",
,
-SEAM_A,740.000000,-35.000000,785.000000,-165.000000,-90.000000,0.000000,
,,,,,
-SEAM_B,812.222229,-35.000000,785.000000,-165.000000,-90.000000,0.000000,
,,,,,

-TO_I,740.000000,-35.000000,855.500000,-165.000000,-90.000000,0.000000"",

-SEAM_C,884.444458,-35.000000,785.000000,-165.000000,-90.000000,0.000000,

,,,,,

-SEAM_D,956.666687,-35.000000,785.000000,-165.000000,-90.000000,0.000000,

, , , ,,
,,,,,
-SEAM_P,1101.111084,-35.000000,785.000000,-l50.000000,-90.000000,0.000000,
,,,,,
-SEAM_G,1173.333374,-35.000000,785.000000,-165.000000,-90.000000,0.000000,
,,,,,
-SEAM_B,1028.888916,-35.000000,785.000000,-90.000000,-90.000000,0.000000,

-SEAM_B,1245.555542,-35.000000,785.000000,-165.000000,-90.000000,0.000000,

"",

-SEAM_I,1317.777832,-35.000000,785.000000,-165.000000,-90.000000,0.000000,

,,,,,

-SEAM_J,1390.000000,-35.000000,78S.000000,-16S.000000,-90.000000,0.000000,

,,,,,
,,,,
-PROH_B,1390.000000,-35.000000,855.500000,-16S.000000,-90.000000,0.000000"
,,,,
-PROH_C,1390.000000,-35.000000,926.000000,-165.000000,-90.000000,0.000000"
,,,
-PROH_D,1390.000000,-3S.000000,996.500000,-16S.000000,-90.000000,0.000000"
,,,,
-PROH_B,1390.000000,-35.000000,1067.000000,-165.000000,-90.000000,0.000000,
, , ",
-PROH_P,1390.000000,-35.000000,1107.000000,-180.000000,-90.000000,0.000000,
,,,,,
-PROH_G,1390.000000,-35.000000,1147.000000,-180.000000,-90.000000,0.000000,
, , ,, ,
-PROH_B, 1390.000000,-35.000000, 1187.000000,-180.000000 ,-90.000000,0.000000,
,, ,, ,
-PROH_I, 1390.000000,-35.000000, 1227.000000,-180.000000 ,-90.000000,0.000000,
,,,,,
-PROH_J, 1390.000000,-35.000000, 1267.000000,-180.000000,-90.000000,0.000000,
, ,,, ,
-PROH_A,1390.000000,-35.000000,785.000000,-165.000000,-90.000000,0.000000"

.
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