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Abstract

In a flexible automated manufacturing system such as a robot system, the
time to make a switch-over for a new product and the quality of the resulting
process application are key factors of the system. To minimize the down-time,
off-line programming and simulation of the process is an attractive approach.

Traditional off-line programming is limited and does not use the full poten-
tial of virtual models and simulation system in industrial robot applications.
The interface between off-line programming system and the robot controller
is today restricted to program transfer. In this way a large amount of informa-
tion is lost since typical robot programming languages are rather limited. The
information flow is only directed in one way, from the off-line programming
system to the robot, and the knowledge obtained during execution is hard or
impossible to feed back to the virtual model. This could be information about
the process, deviations of workpieces and other sensor data.

Accessing the virtual model during the execution of the robot task, intelli-
gent decisions can be made to avoid collisions, singularities, exceeding joint
limits and poor process quality despite changes in the state of the robot work-
cell which not was anticipated in advance when the robot task was planned.
Sensors are necessary to be able to detect the deviations. As a complement
to a simple feedback loop of the robot movement control, the virtual model is
continuously updated so the new information together with previous know-
ledge is accumulated in a common format. High level re-planning of the robot
task can then be automatically performed.

An experimental system has been created that takes advantage of the sugges-
ted approach. A commercial robot simulation system has been extended with
new functionality;

• for real time control of a physical robot,

• sensor feedback with automatic on-line calibration of the virtual model,
and

• robot tasks described in a high level language that can adapt to changes
in the robot workcell and continuously supervision of the robot system
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to handle limitations such as singularities and joint limits without en-
dangering the task process.

A modified industrial robot system has been used that allows low level joint
control and is the base of the physical system.

Gas Metal Arc-welding (GMA) has been the target process during experiments.
It is a complex process that needs continuous corrections in a delicate cooper-
ation between robot and process equipment. A seam-tracker has been used
(among others) as sensor to illustrate the possibility to close the control loop
in the simulation system.
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Introduction

In automated arc-welding the automotive industry has often been
the driving force for higher productivity, better quality, flexibility to
both size of production and the type of products. The competition
between different companies regarding price and performance of
the final products has been the most important motivation. Other
factors could be shortage of qualified labor and increased demands
on the working environment.

When dealing with the problem of robotized arc-welding several
disciplines are involved. The scope of this thesis is limited to handle
performance limitations of the robot system by using a virtual work-
cell during the real-time execution. The sensor feedback loop up-
dates the virtual workcell and the robot control is in this way based
on a combination of knowledge in advance and new one obtained
from sensors during the execution. In this way the task is controlled
considering all objects in the workcell.

1.1 Background and motivation

In the never-ending effort of the humanity to simplify their existence, the in-
troduction of automatic manufacturing resources was inevitable to come. In
this process the products have changed to simplify manufacturing and be-
came more homogeneous. This did not always agree with the consumers wish
for a unique product in line with personality and needs. This has become
an important motivation to develop more flexible automated manufacturing
techniques besides the original idea to better handle changes in production
volume.

Industrial robots have been used in flexible manufacturing systems since the
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introduction of the concept in the 1960’s. Robots can be used in multiple
applications and tasks. In the early years, the increase of robot utilization in
manufacturing was steep but has stagnated the last ten years [IFR, 2001]. The
contradiction between automatization and flexibility is evident.

Robotics technology embraces multiple disciplines such as structural mech-
anics, material physics, power electronics, computer science, software engin-
eering, etc. The continuous progress and discrete breakthroughs in respective
discipline have altogether contributed to a remarkable improvement in per-
formance of industrial robots. A robot is cheaper, can move faster and more
accurate, with higher payload and is more reliable than ever before. Despite
these improvements the utilization of robots in industry does not have the
same remarkable growth. There exist obviously some bottleneck in the evol-
ution of industrial robots.

What are the criterias of a good manufacturing system? The overall goal is of
course to produce a product with adequate quality (neither too good nor too
poor) as cheap as possible and finished at the scheduled date. Several factors
have to be observed such as;

• The time to manufacture one unit.

• Transition time between two different products in the same manufactur-
ing system.

• Costs for all extra equipment and modifications of the manufacturing
system needed for a transition. Examples are clamping and feeders.

• The size of the manufacturing system. A flexible system can perform
several tasks and in this way a minimum of expensive shop-floor area is
occupied.

• The sacrifices in design of a product to be able to keep it simple enough
for automated manufacturing.

Industrial robots as tools in a flexible manufacturing system have failed to
fulfill all of the criterias above. The time for a specific task has been drastically
reduced with the evolution of high-performance robots but can still not be
compared with the performance of a dedicated device.

The transition time has been reduced through the use of robot simulation
systems, often referred as CAR (Computer Aided Robotics). The robot task
can in this way be simulated using a virtual model of the workcell at a time
where only a digital prototype of the workpiece exist. The risk of technical
failure for a transition can be reduced. The robot task description can even
be transferred to the robot system to reduce the very time-consuming robot
programming phase (referred as off-line programming).
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A problem is the big effort to create the digital model. To be able to create
a trust-worthy simulation, an accurate model has to be created reflecting the
physical workcell. This is especially important if off-line programming is used.
A CAR system works well as long as the world is regarded as static in the sense
of the objects’ placement and geometrical shape. But this is never true for the
physical world. Usually this dilemma is solved by applying complex clamping
devices and unnecessary high accuracy of the pre-manufactured workpieces.
By applying this strategy extra costs are added in the manufacturing processes
that are not defined by the product itself. By using sensors, adaptations of the
robot task is possible during execution and the deviations of the world can be
handled. To still be able to perform accurate simulations of the systems beha-
vior, the CAR system has to be extended with functionality for sensor models
and robustness analysis. Such analysis include to handle the possibility of
kinematics singularities, collisions or exceeded joint limits.

To be able to take correct actions during a task execution, knowledge of
the current application process is essential. The process knowledge enables
a mapping from observable parameters to correct actions to obtain a final
product with specified quality.

1.2 Methodology

The empirical part of the research has been strong. The theory is formulated
based on the results from an experimental platform developed with the fun-
damental idea of the accessibility of a virtual world model during execution
of robot systems. The experimental system consists of a commercial robot
simulation system and industrial manufacturing equipment in order to prove
the possibility to utilize the technique in an industrial case already from start.
The approach implies a bottom-up strategy where every new addition to the
experimental platform is validated in the physical system.

Before the system presented in this thesis was realized, a number of case
studies were performed in the area of simulation and off-line programming.
A lack of traceability was observed between the virtual and physical world.
The information obtained in the realization has a limited usability in future
work with the same virtual model of the robot system.

It is possible with some small modifications to utilize and validate the ex-
perimental system in an industrial test case. Future work will include such
experiments to further investigate all new opportunities with the presented
technique.
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1.3 Scope and limitation

The scope of this thesis is rather wide and includes how to adapt and re-plan a
robot task during execution, to create a more realistic simulation by including
deviations, sensor models and a structured way to include application process
knowledge. The hypotheses are tested by studying the results with a test
system in laboratory environment.

To limit the scope of the thesis, only arc-welding is studied as an application
process. Furthermore, only two different sensors have been used to control
the process and robot movements, a laser seam-tracker and a through-the-arc
current sensor. Despite the limitations of the system, important conclusions
can be made how an industrial system should be designed.

1.4 Contribution

The results found during experiments and presented in the thesis are of great
importance for the implementation in an industrial manufacturing system.
The use of industrial equipment makes it easier to transfer the results to new
industrial applications. The work has created a bridge to overcome the exist-
ing gap between CAR systems and robot controllers, see figure 1.1. In systems
of today, the feedback from physical world to virtual world is restricted to pro-
gram upload and static calibration of the robot workcell. Furthermore is only
a subset of the knowledge from the virtual world used during execution. The
limitations of typical robot programming languages complicates an extended
use of the virtual workcell information, since off-line programming always
use a translation to the native robot controller language as the only way of
communication.

The experimental system can also be used as a test-bed for research within
task-level programming, path planning, integration of knowledge and AI sys-
tems, and application process modeling.

It is necessary to have full knowledge of the limitations of the system during
execution to avoid them and to be able to find alternative plans to fulfill the
task. A new approach to detect and avoid kinematics singularities has been im-
plemented and validated. This opens up possibilities to simulate sensors and
the application process to create robust robot programs in the sense that small
deviations from nominal placement and orientation can be handled without
failure of the task.
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program transfer

upload of programs, calibration 
data, and reused poses

sensor feedback

today

joint-level data

CAR system robot
controller

robot
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CAR system robot
controller
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sensor feedback

sensor device controlexperimental
system

Figure 1.1: The experimental system enables a tight connection between real
and virtual world. This maximizes the utilization of the existing knowledge in
the virtual model and guarantee that the model is up to date.

1.5 Outline of thesis

The thesis starts off with an introduction to the area of intelligent sensor based
robot control. The state of the art research in this area is examined. Chapter
2 is a short survey containing the foundation of robotics and the areas related
to the presented work. In chapter 3 closely allied research is presented.

The thesis proceeds with a presentation of the experimental system infra-
structure and modules in chapter 4. The results from the experimental system
in use can be found in chapter 5.

To fully use the potential of robot systems with sensor feedback control, the
limitations have to be identified and avoided. An example with a singular-
ity avoidance routine is presented in chapter 6. The thesis continues with a
conclusion and suggestions for future work.

Contributions relevant to the presented work made of the author are presen-
ted in chapter 10.
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2

Problem identification

To achieve a successful implementation of a robot system sev-
eral aspects have to be considered. A common approach is to create
multi disciplinary groups where problems related to process, robot
and end product are observed and solved. A thorough preparation
and planning before the implementation can reduce problems dur-
ing setup and hopefully create a solution that is robust and able to
handle all possible problems during execution of the system.

Off line tools such as simulation are important for the prediction
of the system behavior. A weakness of simulation today is the limited
use of sensor and process simulation. The current state of research
and simulation tools is investigated and the process of GMAW (Gas
Metal Arc Welding) is used as an example.

2.1 Process-oriented view of robotics

Industrial robots are made to handle several different application processes.
A standardized end-effector mounting flange enables mounting of different
tools. The payload at the tool can usually vary in a large range, from preci-
sion grippers used for assembly below 1 kg to spotwelding guns or grinding
equipment with a weight up to 100 kg. Different interfaces exist for process
control, e.g. serial line and digital output, and process monitoring and syn-
chronization, e.g. AD converters and digital input. The robot vendors have
usually also dedicated interfaces for some sensors to be used in different ap-
plication processes. Unfortunately the interfaces are often very limited and
to utilize sensors other than the recommended is often hard. An example is
the restriction to only update the position and not the orientation or speed
during sensor controlled arc welding. This obviously restricts the ability to
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control the process in a way to optimize productivity and quality.

The need for sensors depends highly on the type of application process. In
figure 2.1 an effort is made to divide the applications based on accuracy re-
quirements and process duration. If high accuracy is required it may be ne-
cessary to use sensors to close the loop but it could also be accomplished by
good clamping and high accuracy in pre-manufacturing of workpieces. A con-
tinuous process needs often feedback to ensure a good quality, but only if the
requirements on accuracy are high at the same time. This rule is not absolute
and should only be seen as a guideline.

process duration

discrete continuous

accuracy
requirements

high

low

assembly

spot-welding

material
handling

painting

gluing

arc-welding
grinding Applications

feasible with-
out sensor
feedback

Figure 2.1: A classification of different application processes.

During a continuous process in time and space, an interaction occurs between
the robot tool and the workpiece. It can for instance be a force (e.g. assembly,
grinding) or a flow of material (e.g. gluing, painting, arc-welding). The tool-
workpiece relation regarding position and orientation is important during the
process. Consequently are the workpiece geometry and any deviations of the
geometry critical for successful results. It should be noticed that in an unstruc-
tured environment, a typical discrete process like material handling could re-
quire sensors to detect possible obstacles for the robot’s trajectory via the pick
and place positions. The movement is in this case a continuous process. It is
as shown impossible to distinctly separate discrete and continuous processes
from each other.

From a robot operation perspective Gas Metal Arc Welding (GMAW) is a con-
tinuous process. The weld gun is moved along a prepared weld-joint and an
electrode is feeded to add extra material as two objects are melted together



2.2 Robot programming and how to describe a task 9

by an electrical energy input. It is a complex process with several physical,
metallurgical and geometrical parameters that together determine the weld
quality. Fast and accurate control of both robot and weld machine is crucial
for a final result according to the specification. The GMA process is chosen as
an example application for the experimental system in the thesis.

2.2 Robot programming and how to describe a task

Before the robot can start working, a set of instructions has to be defined how
to approach the task.

There exist no standard for robot programming languages, see [Lozano-Perez,
1983], [Duncheon, 1999] and [Capizzi et al., 1993], and this is a serious prob-
lem for CAR suppliers [Freund et al., 1994]. In [Gorbachev et al., 1991] it
is stated that there exist 90 different robot programming systems and lan-
guages. Each robot manufacturer has in principal their own language. They
are in general high-level programming languages with some pre-defined data
types especially made to be able to handle spatial expressions. They are se-
quential with limited support for structured programming.

Until a decade ago almost all robot programming was performed with a teach-
in approach. This is performed by a continuous recording of robot state for
later replay. The physical robot was moved by the operator either by updating
individual joints or by controlling the pose of the robot tool through a teach
pendant. The procedure was repeated and a sequence with different robot
states was achieved. The robot controller then interpolates between the posi-
tions during execution in a defined manner according to extra attributes added
to the move instruction. The programming phase was tedious, expensive and
sometimes dangerous.

In the beginning of 1990’s, computer graphics became more mature. 3D accel-
erated graphic cards had been around since late 1980’s and now even real-time
simulations were possible with a reasonable cost in computer hardware. Real-
time simulations refer to continuous 3D graphics. The model is continuously
updated to reflect the state of the world the system reflects. The user can also
interact during the real-time simulation and change for instance the course
of events and the point of view. The opposite of real-time simulation is an-
imation where the final product is a static movie created during a rendering
phase. Several systems were developed to program industrial robot systems
among them IGRIP1, ROBCAD2 and CimStation3. The programming technique
was basically the same. The only difference was that the robot was moved in
a virtual workcell instead of a physical. In recent years some extensions have

1TM of Delmia Robotics Inc. www.delmia.com
2TM of Tecnomatix www.tecnomatix.com
3TM of Silma www.silma.com
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been made to accomplish a faster more macro based programming technique.
In figure 2.2 a typical view from a robot simulation system is shown.

Figure 2.2: A snapshot from IGRIP during simulation of a welding operation.

Object-oriented programming languages are very common today in computer
programming. The same development has not been seen in industrial robot
programming despite several years of research in this area. An object is an
instance of a class definition including attributes and methods to be able to
perform state transitions. Object-oriented design and programming has been
widely accepted in computer programming since it improves maintainability
and reusability of software. The approach is also attractive for robot program-
ming to be able to encapsulate common tasks in objects hidden for the robot
operator.

Task-level programming is a frequently used term in robotics research [Lozano-
Perez, 1983], [Rubinovitz & Wysk, 1989], [Arai, 1996]. Traditional program-
ming is performed by explicit description of the robot movements and other
process control that should take place. Task-level programming implies a
more implicit description of the actions in a more human oriented way, eg.
PICK UP workpiece, INSERT peg IN hole. The controller should then have
the knowledge to decompose the task into atomic sub-tasks with an explicit
description of the task. In this way the programming phase should be sim-
plified and open to non-expert operators. This is probably necessary in the
future when service robotics is accessible for everyone. No successful imple-
mentation of general true task-level programming system for industrial robots
exists. However, there are cases where parametric products have generated
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simplified operator programming. But this should not be considered as true
task level programming.

There exists no contradiction between object-oriented programming and task-
level programming. A system applying task-level programming can have an
object-oriented structure as well. The approach with implicit programming is
especially interesting when the task is taking place in a dynamic world. Instead
of explicit description of the robot movement they refer to the objects in the
workcell. The technique will be further discussed in the presentation of the
experimental system.

2.3 Sensors for perception of environment

The senses are everything for the human being. The conception of the world,
decisions, actions and re-actions is based on information from our five senses.
The gathered information is used to create a model of the world used for
planning and reasoning to achieve a suitable solution in a given situation.
But the information is also used for re-active actions that modifies the plan
according to the current situation. To be able to execute tasks as continuous
operations, any reactive actions must take place immediately and analysis of
implications to fulfilling the task must be done in the background. In figure
2.3 a classification is made of different robot sensing common in industry.
The figure is originally presented in [Mair, 1988].

The five senses mentioned above could be seen as external sensors (extero-
ceptive system), but exactly as for robots the human joints also have internal
sensors (enteroceptive system) to know the position of the limbs. In the mech-
anical version it is solved with resolvers or encoders attached to each joint for
use in feedback control.

In industrial robotics, sensors have been used almost from the beginning to
provide information for generating re-active actions as proper response. Force
sensors are, among others, used to compensate for wearing of the tool during
grinding [Nasri, 1999]. Current sensor, laser scanner or 2D vision systems
are used to correct the weld trajectory during GMA welding [Ågren, 1995]
and [Oomen & Verbeek, 1987]. They all represent sensors used in continuous
mode in applications that require reactive actions. Sensors are also used for
discrete decision making and planning, for instance a binary switch telling if
an object is ready at a feeder or not. Sensors can either be actively involved
in the control loop or used only to detect an error state and interrupt when
problems in the process arise.

It is quite seldom that sensor information is used for feedback control coupled
with an application process model and a robot model during a continuous pro-
cess. Typical situations where the process could benefit from this are e.g. de-
viation of the workpiece placement bring forth singularity or outside working



12 Problem identification

robot control
system

internal sensors external sensors

optical
(non contact)

force
(contact)

others
(various)

single
photocell

vision laser

linear/area
array

binary grayscale
color

simple
on/off
touch

strain complex
tactile

acoustic

magnetic

capacative

thermal

chemical

pneumatic

etc.

Figure 2.3: A classification of robot sensing equipment.

area problems, deviation of workpiece geometry caused collisions that has to
be avoided by re-planning, big gap between plates rise the need of a weaving
motion during welding. With workcell and process knowledge the sensor in-
formation could be used to plan both the robot and process control to achieve
highly robust production system.

The aversion to use sensors in industrial automation is based on the assump-
tion that the reliability of the system is decreased when the complexity of the
total system is increased. The uses of one or several sensors give rise to an
information problem. The full benefit of the extra information can only be
achieved when it is possible to sieve among it, knows the correct action for
a particular state and an effective interface to be able to execute the actions
with an acceptable speed and accuracy. Insufficient techniques to deal with all
three of these criterias has created a distrust for sensors and instead increased
the effort to make the system as static as possible with clamping devices and
high precision pre-manufactured workpieces.

Sensor fusion and fuzzy logic is often mentioned when dealing with problem
of combing information from several sensors to get a more general picture
of a given situation. The goal is to handle a combination of complementary
or competing sensor data to achieve a sum greater that the parts. A survey
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of the state in sensor fusion for robotics can be found in [Hackett & Shah,
1990]. It is important to have a solid process knowledge to be able to decide
when to use information from a particular sensor and when the information
can be rejected as irrelevant. An example of sensor fusion in an arc welding
application utilizing neural networks is presented in [Ohshima et al., 1995].

Altogether a thorough understanding of both the process and the sensor is
essential to obtain a good result. Well defined interfaces have to exist to sim-
plify the utilization of new sensors and how to incorporate the information
for the robot control in a correct way [Ågren, 1995]. With simulation of ro-
bot, sensors and process, many of the typical implementation problems can
be detected and corrected before the system is in operation. In this way the
increase in flexibility with sensors is not at the expense of reliability. Typical
problems implementing robot systems with integrated sensors could be:

• The geometrical extent of the sensor obstructs an optimal robot move-
ment.

• Deviations of the workpiece placement detected by the sensor force a
robot movement that give rise to collisions, exceeded joint limits, kin-
ematics singularities, or tangled cables.

• The increased system complexity also increases the risk of software fail-
ures like deadlocks or disregarded error states.

2.4 Robotic arc welding

Arc welding is a suitable application for automation. There are several im-
portant reasons for this:

• The human environmental problem is big due to intense heat and fume
exposure.

• The quality can be considerably increased if the number of process in-
terruptions can be reduced. This is made possible because of the robot
strength and reachability compared to the human arm.

• Accurate control of the process can make a significant contribution to
increased productivity. The “arc time”, which is a measure of the process
utilization, is in the range of three times higher for a robot than a human
welder. With improved process control, this figure can be doubled using
processes such as rapid arc.

• The arc welding process has a significant industrial importance. Only
assembly and machining are larger general applications and in robotics
only material handling is larger [IFR, 2001].
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The process involves a complex composition of control of the robot movement
and real-time control of the welding process variables.

2.4.1 Arc welding process

Some basic knowledge in arc welding process is needed to fully understand
the complex control needed for successful automation of the arc welding ap-
plication. The combination of geometrical and physical relations makes the
problem a very delicate one.

Several welding methods exist for different situations and applications. Only
GMAW (Gas Metal Arc Welding) is considered in this thesis. This process is
based on the heat produced by an arc between a continuously fed consumable
electrode and a workpiece. The arc is sustained by a gas mix of either inert
gases, such as argon and helium, or active oxidizing gases like carbon dioxide.
The first group is to prevent contact and influence by the atmosphere gases
and the other group is used to actively change the characteristics of the weld.

The arc is created by applying a voltage between a contact tube in the tool and
the workpiece. The consumable (weld wire) is in direct contact with the tube
and a high density current through the weld wire will melt the tip and create
a flow of material onto the workpiece. The consumption of the weld wire
is compensated by continuous feeding. This wire feed rate is an important
process parameter.

Another primary process parameter is the arc current. This is indirectly con-
trolled by changing; the arc voltage, distance from the contact tube to the
workpiece (often referred to as stick out) and the wire feed rate. The com-
bination of workpiece shape and travel speed determine in principle the heat
input that often limits the speed of material deposit. The material transfer
can be performed in four different ways; spray, short-circuiting, globular and
pulsed transfer. The one most important for robotized welding is spray trans-
fer but all the others except globular is used in different situations, e.g. short-
circuiting transfer during thin plate welding when the heat input is critical
and pulsed transfer where the welding power source can give rise to a pulsed
current high enough for spray transfer but an average current sufficiently low
to allow thin-plate welding. When welding is discussed in this thesis the tradi-
tional GMAW with spray transfer mode in medium to thick plates is concerned.

Several important advantages can be identified for spray transfer material flow
such as:

• Stable arc process.

• High deposit rates.

• Possible to weld with different orientations.
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When very wide gaps are to be welded several passes have to be applied. The
first one, referred to as root pass, is used to fill the bottom of the joint. This
initial welding trajectory is then superimposed with a successive offset in or-
der to fill the joint, see figure 2.4.
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Figure 2.4: Multiple passes is used when the cross section area of the weld joint
is large and heat input have to be limited. In industrial applications where thick
plates are applied the multilayer technique is used as a rule.

Welding is a complex process with a great number of parameters. For the
manual welder the decisions can be made based on previous experiences. Dur-
ing welding some parameters such as stick-out and orientation can be adjus-
ted, based on the information the welder can obtain by visually supervise the
weld pool and listen to the sound from the arc. For more information about
the welding process and modern welding technology in every aspect [Cary,
1994] is recommended.

2.4.2 Adaptive welding system

A suggestion to a system structure in adaptive GMAW is presented in [Sicard &
Levine, 1988] and reproduced in figure 2.5. This figure summarizes the typical
structure of an adaptive weld control system in a clear way. The different
modules and their responsibilities are briefly discussed below.

Sensors and sensory processing

The sensor processing module is responsible to obtain the desired parameters
describing the physical world. A number of different sensors can be used to
register process information, among them;

• Laser seam tracker attached to the robot arm. Used to detect weld joint
position relative to the robot but also cross sectional data about the joint
as area and gap.

• IR sensor or CCD camera to supervise the weld pool and heat of imme-
diate parts of the workpiece. The weld process can be held stable by
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GMA
Welding Process

Trajectory
Controller

Weld Process
Controller

Sensory 
Processors

Weld Task Planner

User

Figure 2.5: The architecture of an adaptive weld control system.

a feedback loop. One of the most important factors in welding, penet-
ration, is hard to measure. Fast and accurate models to estimate the
penetration in real-time is important, see [Larsson, 1995].

• Measurement of the arc current. A simple and obvious method to su-
pervise the weld process. Together with a weaving motion the technique
can be used for seam tracking as well, see [Cook et al., 1987].

• By registering the sound signature during the weld, process informa-
tion such as transfer mode and weld defects detection can be obtained.
Manual welders rely very much on this feedback and recent research to-
gether with effective acquisition systems has succeeded to imitate this
feature, for an example see [Saini & Floyd, 1998].

Weld process controller

There are three fundamental controllable parameters in the welding machine
that have to be adjusted continuously to assure a good quality weld; torch
speed, voltage and wire feed rate. There are also a number of different factors
which have a more static nature, i.e. they are only changed in-between welds
and not during the welding process, e.g. shielding gas pre- and post-flow
times, special weld parameters during weld startup and end to adjust for non-
continuity in the process.
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Trajectory controller

A central module for the robotized weld system (and this thesis) is the traject-
ory controller. This module’s main responsibility is to move the weld torch
to an optimum position and orientation relative the weld joint. It depends on
the actual placement of the workpiece and weld joint, the type of weld joint,
and the nature of the pass performed.

Weld task planner

From a description of the user defined task, probably residing in a WPS (Weld
Procedure Specification), the weld task planner execute the weld task and su-
pervise the other modules during the welding process. The WPS consist of a
huge amount of information including;

• plate thickness and material composition,

• joint type and geometry,

• welding machine settings,

• welding order to avoid stress and deformation due to thermal input,

• etc.

The weld task planner is the most important link between the user defined
task and the welding and robot process control. Further development of this
module is important to increase the automation of welding tasks.

2.5 Summary on problem identification

A number of different problems in automation of the welding process have
been identified, where the ones below will be especially attended:

• The dependence between robot movement and welding process is strong
in several different time frames e.g.; low real-time requirements in the
choice of welding order, medium real-time requirements in the control
of relative position and orientation, and high real-time requirements to
be able to keep the arc stable.

• When a correction due to sensor input involve robot motion, several phe-
nomena depending on the robot configuration can be introduced, among
them collisions, kinematics singularities and exceeded joint limits.
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• The possibility to simulate sensor controlled robot systems and to pre-
dict the result and robustness of the system is limited. The possibility to
simulate the process and validate the system before implementation is
important for the introduction of new solutions for automated welding.

• The coupling between the simulation model created in advance and the
real system both before, during and after the execution is too weak and
experiences are not fed back to the simulation model to increase quality
and robustness of both present and succeeding implementations.

A number of initial experiments are unavoidable at least to tune the total sys-
tem. But it should be possible to apply an effective methodology to accumulate
the new knowledge in the system to reduce the necessary experiments in each
new implementation.



3

Task execution in sensor based
robot control

The goal is to create an autonomous system where the end product
is the only thing that has to be described in order to create a solu-
tion and execute it. This goal has influenced the research for the
past twenty-five years and has only resulted in prototype systems
that work in very restricted circumstances. The impact on indus-
trial systems is yet to come.

To create autonomous systems, sensors are a necessary tool to
detect deviations and abnormalities. The technique to integrate this
information into the rest of the system is crucial for a successful
implementation.

3.1 Introduction

Three different capabilities can be identified in an “intelligent” sensor based
robot control system according to [Chen & Trivedi, 1995]:

• Automatic planning of tasks to reach a given goal.

• Coordination of sensor information, i.e. acquire, process, interpret and
transform it to information that can be used for execution of tasks.

• Coordination and execution of the motor tasks.

The work presented in this thesis is focusing on the last two items. Further-
more, some attention is made on how a system should be designed to support
the manual task of planning and validation of tasks executed in sensor based
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robot systems. The real-time planning ability needed in a totally autonomous
system is not covered at all in this thesis.

3.2 Virtual sensors in simulation

The combination of using CAR together with virtual sensor models is not com-
pletely new. The ability to switch between the real system to a virtual counter-
part can be important for activities related to implementation, troubleshoot-
ing and training. The work performed in the area can be divided into the ones
using commercial simulation systems such as [Bejczy & Kim, 1995], [Jo et al.,
1997], and the ones using custom made simulation environment, examples on
this is [Shepperson & Zalzala, 1995], [Li & Wang, 1998].

The typical research in the area have mobile robot platforms as application
[Yang et al., 1997], and examples of simulated sensors are force sensors [Be-
jczy & Kim, 1995], [Li & Wang, 1998], but also other sensors can be found
in the literature as ultra-sonic and vision [Shepperson & Zalzala, 1995], [Yang
et al., 1997]. The contributions span from very theoretical proposals of system
structures [Neves & Gray, 1995] to more practice oriented [Kugelman, 1994],
[Jo et al., 1997].

A virtual sensor is a software model of a physical sensor with similar char-
acteristics, using geometrical or process specific data from a computerized
model of a real work cell. The interface should be generic, i.e. able to handle
different sensors, where each physical sensor may be exchanged to a virtual.
As an increasing number of robots are equipped with various type of sensors
and CAR applications are becoming more commonly used, the need for attach-
ing sensors to CAR applications during simulation is growing. To be able to
use the sensors, virtual sensors have to be developed and tested in a realistic
environment. More information about virtual sensor integration to simulation
systems can be found in [Cederberg et al., 2001].

In the experimental platform presented here, three different virtual sensors
have been developed and utilized during simulation and/or real time execu-
tion in the physical environment:

• A sensor simulation of “Through the Arc Sensor” used in robotized GMA
welding. The aim of the simulation is to study the robot behavior during
welding with unknown defects of the workpieces to be able to verify the
robot motion correction algorithms.

• A model of a laser seam-tracker has been developed to be able to have
thorough understanding of the robot system. The model has been veri-
fied with experiments with the real sensor [Cederberg et al., 2001].

• A CCD camera mounted on the robot. Initially used for feedback to the
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virtual model during real world execution [Bengtsson et al., 2000], but
have later on been modeled to be used during simulation as well.

A virtual sensor model has been used to attain independence of the welding
equipment and robot system during the early prototype state of the robot con-
troller software. The virtual sensor is supposed to measure the current in the
welding equipment, a technique called “Through the Arc” sensing. The prin-
ciples of “Through the Arc” sensing is based on the assumption that the cur-
rent is basically inverse proportional to the distance of the welding electrode
and the work piece during weaving, see detailed description in [Cook et al.,
1987]. By measuring the minimum distance between weld wire and workpiece
during simulation, information can be obtained about the weld current in cor-
responding situation. In this example, the welding software is responsible for
calculating the tool-tip position along the weld, not only the correction.

In Envision the simulation is performed by replacing the motion model, typic-
ally a straight motion during welding, with a specific dedicated motion model
that includes sensor feed-back corrections from the predefined motion de-
pending on deviations of the workpiece geometry. The straight motion is
super-imposed with a weaving motion perpendicular to the welding line, see
figure 3.1. By measuring the distance between weld wire and workpiece during
the weld by a low level call to the workcell model, the corresponding current
can then be calculated. The mean value of current together with the offset
between the current in the extreme positions during a weaving cycle gives the
information how the motion should be corrected, see figure 3.2. It should
be noted that the current is not a value reflecting the actual current during
real welding. Instead, it reflects the theoretical change of current when the
distance between the contact nozzle and workpiece changes.

The virtual sensor is in this case an important tool to test the system robust-
ness in different scenarios, see section 3.5. With this extra functionality a
more realistic simulation of complex robot systems can be performed.

3.3 Sensor fusion

The area of sensor fusion is important for successful implementation of sensor
controlled robot systems. In many situations several sensors are needed to
both increase the accuracy by redundant measurements or several sensors
where complementary information is merged to a control strategy. The re-
search area is huge and the military industry has urged the development
for applications such as automatic target recognition. But the technology of
sensor fusion is also of high relevance to industrial automation systems like
assembly and welding operations.

A survey of the research in the area is presented in [Luo & Kay, 1990]. Four
different levels of sensor fusion are defined here:
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Figure 3.1: The weaving motion along the weld and the correction of the tool-tip
position due to deviation of the workpiece.
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Figure 3.2: The principals of through-the-arc sensing. The deviation of the
weld current is measured during the weaving motion of the weld torch. The
weld torch position can be corrected both along the weaving plane and along
the weld wire to adapt to deviations of the workpiece.
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1. Signal processing fusion. When redundant sensors are used, noise of
the signal can be reduced by merging the signals with methods such as
weighted average or Kalman filters. An example could be an array of
ultra sonic sensors used for object recognition such the one presented
in [Lindstedt, 1996].

2. Pixel level fusion. Used when information is merged from for instance
two vision cameras (stereo vision) or one standard camera together with
an infrared camera. Techniques such as logical filters, morphing and
image algebra are used to combine the information from several sensors
to one stream.

3. Feature level fusion. Edges or corners of an object in an image could be
recognized and the position of the same is determined relative a world
reference system. This data can be compared with the edges and corners
from other sensors or any existing world model in the system. The in-
formation flow has been dramatically reduced when this level is reached.

4. Symbol level fusion. If the type of information is very dissimilar. An
example in welding could be the measurement of welding current. A
sensor measuring the weld current directly in the weld wire is compared
with an image of the weld pool captured by a camera. The current is
then indirectly measured by registering shape and size of the weld pool.
The technique is described in [Zhang, 1997].

In this thesis symbol level is considered when sensor fusion is discussed.

3.4 Coordination of sensor information and motion tasks

Information about the scene is obtained from sensors. The mapping process
of sensed features to the world model features is critical for a successful imple-
mentation. Several sensors could be used that in many cases are manipulated
by the robot. It is therefore important to have some predefined conception
when and how the sensor information should be used. In [Kak et al., 1988] a
method where a hypothesis set is generated, containing each sensor predict-
ing possibility to observe specific features of the scene. This set of hypothesis
is then constantly refined during execution and used to decide which sensor
to be used in a specific situation.

If a world model is accessible during execution, an expected sensor view can
be generated. This will simplify the identification process of the sensor image
when a matching algorithm is used. This can also be used for self-localization
in the case of mobile robots. Different sensors need different information in
the matching process. As example, the seam tracker during arc-welding needs
type of joint, expected location and orientation, and limits for technological
data such as gap distance.
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Simulation systems of today focus on the motion task and have none or only
limited support for simulation of the sensor information that affect the mo-
tion. The use of virtual sensors could appreciable improve the simulation
work and could be used to optimize the complex interplay between sensors
and motion tasks. Simulation of sensors with logical and discrete character-
istics is the first step, where behavior of the system can be studied when it
switches between different sensors during a task. In the future probably also
the continuous behavior of the sensor can be simulated in a reliable way. This
implies that properties such as sensor range and the sensor matching and
identification process can be simulated. This will decrease the often very long
try out for a sensor assisted robot system.

3.5 Improving the robot system robustness

When robustness is referred in this thesis, the intention is the possibility to
handle deviations of the world and still manage to accomplish the task suc-
cessfully. The reason of robot systems failures can basically be divided into
three categories as suggested in [Cox & Gehani, 1989]:

• Software errors and programming bugs.

• Hardware errors due to physical failures of robot subsystems, e.g. mech-
anical drives, sensor system.

• External state errors, i.e. the predefined model of the world do not match
the one perceived by the sensors.

The ideas in this thesis apply especially for the problem one and three. The
software errors in complex sensor controlled systems are common. A majority
of this could easily be identified and removed if an effective simulation system
embrace the total complexity of the system including sensors. The problem of
external state errors is more problematic. Every possible state is impossible
to test since an infinite number of possibilities exist in a continuous system.
But by adding new functionality to the simulation system, the sensitivity to
external events can be considerably reduced.

The external state errors cause a number of different situations that have to
be handled. The following problems can be identified:

• A deviation in the relative position and orientation of the robot and work-
piece.

• Process attributes are different. In arc-welding gap or other geometrical
weld seam characteristics are not as expected. This causes a re-planning
of both robot movement and process data.
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• New obstacles are identified. New collision free paths have to be planned
with the new updated workcell model.

• Something is missing that prevent the system to perform a specific sub-
task. A recovery plan or to abort the task has to be considered.

Almost every type of external event will force a change of the robot movement
that is not verified in advance. Several different problems can emerge due to
the non-linear structure of the robot arm such as:

• Kinematics singularities; the robot loose freedom of movement in a joint
that makes it impossible to have a linear movement with a constant tool
speed. This is a very common problem in continuous processes such as
arc-welding.

• Exceeded joint limits; the limit of the robot workspace is reached.

• Collisions with obstacles in the robot workcell make it impossible to
carry out the task.

Most of the problems can be avoided but any new solution has to be checked
so no bad consequences will come with the change, especially collisions. The
collision check performed off-line is not sufficient anymore and the need of
the virtual model for an updated collision check is evident.

3.6 Summary

An intelligent use of sensor data is important to be able to actually increase
the robustness in sensor controlled robot systems. The possibility to simu-
late the behavior already in the design state is a good start but not enough.
The infinite number of different states that could arise due to external state
changes complicates the work to prepare the system for every eventuality.
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Experimental system structure

A system structure is described, with the goal in mind, to enable a
task execution and simulation of welding operations with access to a
virtual world model. The requirements on the different components
in the experimental system are presented. The general functionality
of the individual modules is discussed where the description of the
simulation system is specially emphasized.

The goal is to create a system where the execution of a robot task can be
seamlessly moved from the simulation environment to the physical world.
The simulation system should have the tools the user needs to create and test
a model that mimics the real system as close as possible. The same model
is used during execution in the real world. This is crucial to be able to take
intelligent decisions to handle detected deviations.

The system presented in this chapter is functional but limited to a specific
application and with an acceptable performance. The goal is to point out the
advantages with the suggested approach. The system has been evaluated in a
laboratory environment using computer simulation technique and industrial
equipment.

4.1 Introduction to system structure

The system consists of several independent modules. The information flow
between the modules is restricted to well defined protocols for easy replace-
ment of different versions of modules and parallel development.

When the term execution is used, both simulation and actual execution of the
physical robot system is referred to if nothing else is stated. The difference is
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minimal and all modules are used in any case.

Figure 4.1 describes the experimental system schematically. The system links
data between the world model holding geometrical and kinematics informa-
tion, sensors and controller modules.

Event
dispatcher

User
interface

Sensor
interface

 Robot Simulation System

Workpiece model Robot model

Open robot
controller

Physical
robot

workcell 

Figure 4.1: The main modules of the experimental system and their relation-
ships. The arrows represent information flow implemented as socket commu-
nication allowing the different processes to reside on different computers.

4.2 Event dispatcher

A central module of the system is the event dispatcher. An event could be any
kind of information such as;

• information from a sensor either requested from another module or
spontaneously created due to an abnormal state of the world. Special
trigger events can be defined to wait for a specific state to occur,

• user involvement during execution,

• emergency events to halt the execution, and

• action events received during interpretation of the task-plan.
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The event dispatcher has a rule based way of directing the events from one
module to another. The event dispatcher contains a logical model of the dif-
ferent objects in the task with information about the discrete state. This is
constantly updated when messages arrive to the event dispatcher. To be able
to change or adapt the re-route strategy in different situations, for instance to
have proper error recovery, the logical state of the system must be kept up to
date.

Examples of information in the logical world model residing in the event-
dispatcher are,

• sensors available and the different methods to request information from
them,

• robot used in the system,

• pose of the robot tool,

• sensor mounting position and orientation to be able to transform incom-
ing sensor data to world coordinates, and

• process model and associated methods to achieve the knowledge to be
able to take correct actions on a specific condition.

A framework has been created to simplify the attachment of new sensors,
robots and processes. An object oriented structure is used to enhance the re-
usability of existing modules when different system configurations are used.
The interfaces between modules are deliberately created as generic as pos-
sible, to simplify add-on of new modules.

A pre-defined task-list is used to decide the order of actions during execution.
No high-level planning system is used to alter the task list due to changed
conditions. The different actions, on the other hand, are autonomous. An
extension can be made with a separate planning module in the future, used
for instance to decide the weld order during arc-welding.

4.3 Robot simulation system with geometry model

A robot simulation system includes a model of the robot and the working en-
vironment usually referred to as a workcell. The production system can be
tested in an early prototype stage where neither the production system nor
the workpieces have to be physically realized. In this way mistakes in design
can be detected early and late expensive changes eliminated. If the accuracy
of the model is sufficiently high (depending on the process), the program cre-
ated to accomplish the task in the simulation system can be translated to the
language of the robot controller. All references to the objects residing in the
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work cell model is then lost during the translation process. The way relative
position and orientation are specified in the model by chains of transforma-
tion matrices is illustrated in figure 4.2.
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Figure 4.2: A system with a robot mounted on a linear guide and a separate
positioner to handle the workpiece. The relationships in the kinematics chain is
important to preserve, otherwise changes in position of individual objects are in
practice impossible to handle. In other words, it is hard to realize dependencies
in the workcell with only target positions and how this will contribute for a
specific change of one object in the model.

On the other hand, if the simulation system were accessible during the exe-
cution of the task, a number of interesting features in commercially available
robot simulation systems would automatically be accessible. Some examples
are:

• Continuous collisions check between different objects in the world model.
This is especially important when the model is updated by sensor inform-
ation during execution. The collision check performed during off-line
simulations is only valid for the nominal placement of different objects.
By requesting alternative strategy (e.g. change torch orientation) from
a process model, changes of the robot poses can be made to avoid the
problem area and fulfill the task without loss of quality in the resulting
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product. Problems with exceeded joint limits and singular configura-
tions can be handled with similar methods.

• Relationships between objects can be preserved during the physical real-
ization of the task. An example is welding of an assembly. If a deviation
of a part of the assembly is detected, the on-line calibration will automat-
ically update all related parts in the assembly and increase the accuracy
not only locally.

• Planning of collision-free paths for the robot on-line with the updated
information about placement of obstacles.

• Enhanced possibility to use sensor information by comparison of the
nominal geometry model with the data obtained from sensors. Features
detected by sensors can be matched against the corresponding objects
in the virtual model.

Extra attributes have been linked to the objects and added to the purely geo-
metrical data (shape and placement) in the standard simulation model. Ex-
amples of these attributes are:

• Process data for a specific object.

• Hierarchical specification of different objects relation to each other, e.g.
component A is a part of assembly B, assembly B is a part of assembly C.
The relations could be updated during the process, e.g. during welding
two separate objects is together forming a new object.

Besides the attributes, the objects also have been extended with methods to
change the state of the objects during execution. State transitions could take
place as a result of a specific action taken place or as input from sensors.
Examples of methods are:

• Retrieving an object into the model detected by sensors.

• Changing position and orientation of an object.

• Changing shape of an object, e.g. a seam-tracker detects deviations of
a weld seam and updates the geometrical shape of the model for later
analysis of the welding process engineer.

• More complex methods like requesting continuous feedback from an ob-
ject (e.g. robot) about the current state. This utility is used for the control
of the physical robot in order to mimic the simulation.

All enhancements are made to enable effective implementation of function-
ality for real-time control of robots with continuous sensor feedback. The
limitations of the simulation system to act in “real time” give rise to a division
of the feedback into different time frames:
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• The feedback control is managed without involving the simulation sys-
tem or only at a reduced information rate. An example is when the seam
tracker sensor information is used to calculate the absolute position of
the weld seam. The robot state is requested from the robot controller
instead of from the simulation system to be able to calculate the cur-
rent sensor position. The load on the simulation system is reduced and
possible problems with time delays in the system are eliminated. The
calculated information about the weld seam and workpiece position is
then passed to the simulation system to calibrate and update the model.

• All information is in some situations passed to the simulation system.
This is true for discrete events and sensors with a limited amount of
continuous information.

4.4 Open robot controller

Typical problems in sensor integration to commercial robot systems are limit-
ations and restrictions of the robot controller interface. For safety reason the
possibilities to control the execution from external inputs are limited to small
changes or low frequency on updates. In this way the robot manufacturer
tries to guarantee the behavior of the system even if third party equipment is
used. It is possible to integrate sensors but only the ones supported by the ro-
bot manufacturer. Sensors of binary type are always easy to integrate but for
sensors with continuous flow of information is more problematic. This is the
case with the sensor used in the experimental setup. The seam-tracker is used
to adapt the welding path to a deviation of the workpiece. The closed struc-
ture of common controllers makes it in practice impossible to integrate such
sensors easily. For many processes and sensors there is no simple feed-back
loop to apply, but complex process models must be applied to map observed
data to control the process. An example is arc-welding, where detected de-
viations of the relative orientation between weld gun and workpiece provoke
a change of the robot orientation that easily can cause singularities and ex-
ceeded joint limits. This fact often restricts the feedback control to position
update and then get unavoidable limitations on the welding process. Another
example is indirect measurement of process parameters, such as weld penet-
ration, which in part is a function of arc current [Larsson, 1995]. The closed
structure of controllers and the lack of process knowledge impede the growth
of sensors used in robot applications [Ågren, 1995].

In the experimental setup, a robot controller developed at the department of
automatic control, Lund University, is used [Olsson et al., 1999a]. The exper-
imental system allows low level control of the robot from an external input.
The mechanical and electrical parts of the robot together with the servo drives
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are standard equipment from ABB1 but computer cards and software are cus-
tom made. Information packages can be sent to this open robot controller with
information about joint values and joint speeds. Also, information about the
time when this state should be attained is included in the package. An op-
tional number of these packages are gathered together in a large package,
transferred to the controller via TCP/IP socket communication. The robot
controller has a buffer of optional length and is responsible for firing of the
different robot states at correct absolute time. The buffer length is of course
held to a minimum when sensor controlled tasks are executed. Otherwise time
delays are introduced.

Other features of the open robot controller are on-line replacement of control
strategy etc. For details, see [Nilsson, 1996].

4.5 Sensor interface

A generic sensor interface is created to simplify the work of integrating differ-
ent sensors with a minimal change of the system [PER, n.d.]. Three different
sensors have been used in the experimental setup;

1. a vision system with a camera mounted on the robot arm [Bengtsson
et al., 2000]. By movement of the robot with camera, 3D position and
orientation information can be obtained and used to update the objects
of the world model,

2. a laser seam-tracker designed for industrial robot welding and used to
measure the position and orientation of the weld-joint in advance, and

3. a force sensor to determine forces and torques in the robot tool.

The sensors have only been used separately but tests are prepared to use
two sensors together. Especially a welding application could benefit from this
since the seam tracker is used for sensing local deviations and is not suited
for searching of objects. A vision system could in that case be used for finding
the workpiece and unknown obstacles.

4.6 The process model

Process knowledge is essential to assure high quality. It is not enough to re-
cognize the state of the process by using sensors, the system has to know how
to control the process in order to reach a state that will result in a specified
quality. The process knowledge can be referred as a mapping process from

1ABB Robotics, Asea Brown Boweri
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observable to controllable parameters, see figure 4.4. The welding process
can be controlled either by changing the welding parameters or changing the
movement of the welding robot. The process parameters monitored by the
sensor systems can be referred to as observable. Since the controllable para-
meters are different, a model is necessary to find a suitable set of controllable
parameters that will operate the system in the desired direction. The process
model is derived from previous knowledge of the behavior of the welding pro-
cess.

The process model can be used in two different ways:

• In the off-line mode the process model supports the process engineer
to chose suitable welding parameters in specific situations. The nom-
inal model is used to select parameters that will give a robust process
(e.g. tolerant for geometrical deviations) and a satisfactory result that
corresponds with the requested quality.

• The on-line process model use the observable parameters from sensor
data and predefined parameters like joint type and quality, to generate
a set of controllable parameters by using functions or look-up tables.

process knowledge

seen as a black box

controllable 
parameters

observable 
parameters

joint gap

joint area

joint orientation

weld current

...................

weld speed

weaving

voltage

wire speed

torch orientation

stick out

...................

requested quality of weld

constraints due to
limitation of the 

total system

Figure 4.3: The process model can be seen as a mapping from observable to
controllable parameters. In this figure arc welding is used as an example.

There are some important features that the process model should possess;

• Means to access the process model during real time execution of the
process.
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• The possibility to add new knowledge to the model in an easy and effect-
ive manner by the process engineer.

• A generic interface without dependencies of sensors or actuators.

• Define extra constraints on the controllable parameters due to limita-
tions of the actuator.

The last item is important since robot systems do not have unlimited dexterity
and obstacles can prevent motion or limitation of the robot due to dynamic
stress. Continuous supervision of all parts of the system can detect problems
before they occur and give the extra constraints considered in the process
model.

4.7 The graphical user interface

The main interface for the operator of the system is the robot simulation
system where the virtual model of the workcell is located. This is especially
important during the off-line preparation of the task. The robot simulation
is still important during execution but experiences during experiments have
shown that this interface is not always the best way to show discrete events
and process related information. To correct this, an alternative interface has
been created to support the operator during execution. This feature is espe-
cially important during setup and running in period.

The graphical user interface module communicated directly to the event dis-
patcher module. Relevant information from other modules is transmitted to
the user interface to be presented graphically or in text. It is also possible
to add user controls such as buttons or sliders. In this way the operator can
influence the task execution as well. In figure 4.4, two examples of user in-
terfaces are presented. One for discrete event supervision during a weld task
and one view with process related information.

An important benefit with this graphical user interface is that the different
events and data can not only be shown but also be changed. This is used during
simulation and off-line preparation. It is possible to test the system behavior
for different scenarios with model deviations caused by discrete events and
process parameters. Examples could be changed gap, the weld joint ends
prematurely, the weld joint is never found.

4.8 Summary

The work was goal oriented with the overarching objective to create a system
that enables sensor controlled robot task execution with the access to a virtual
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Figure 4.4: To the left a process view is shown. In the example the parameters
relevant for a fillet joint welding is presented. To the right, discrete events
occurring during one single weld can be supervised. This graphical view is a
complement to the robot simulations system containing the world model.

world model in the control loop. Some key aspects of the system have been
carefully observed during the realization of the system:

• Flexibility : The system should be easy to maintain and adapt to changes
in both the task to execute and the hardware configuration. The effort
has been to create the interface as generic as possible between different
modules to enable flexibility.

• Scalability : When the complexity and number of tasks grow, the system
should support the operator to maintain, modify and reuse predefined
subtasks.

The process model integration is still limited but the structure is prepared for
this extension. The goal to create a flexible and scalable structure is reached.
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System development and
experimentals

The experimental system is built of industrial components. The
relevance in industrial applications can in this way be verified. The
complex message structure to integrate the complete system from
high level simulation system to low level robot drives and sensors
are explained. The effort was to create a robust system with means
to integrate a variety of hardware.

5.1 System hardware and software components

5.1.1 Robot system

Two different robot systems, both from ABB Robotics, have been used through-
out the testing of the experimental system.

• An Irb-6 with control system version S2.

• An Irb-2000 with control system version S3.

Both robots are re-configured at the department of Automatic Control, Lund
University. A short presentation of the robot properties is made here but a
more thorough description of the systems can be found in [Nilsson, 1996].
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Irb-6

In the early testing of the approach using a simulation system for direct control
of a robot, an Irb-6 was used. The robot is modified with the goal to keep
mechanics, power electronics and as much as possible from the existing safety
system. The effort was to make a general computer interface to a standard
robot to keep industrial relevance but in the same time avoid limitations in the
research system. The motion control parts is placed in a VME-based embedded
computer. A complete description of the modification can be found in [Braun
et al., 1990].

This robot has only 5 degrees of freedom and is of limited use in a seam
tracker guided welding application. The test was nevertheless an important
step in the development of the experimental system in order to analyze some
basic system aspects such as real time message passing aspects. A view of the
robot is presented in figure 5.1.

Irb-2000

Irb-2000 and its successor Irb-2400 are popular models from ABB Robotics. It
is a mid-sized industrial robot with a maximum payload from 7 kg to 16 kg
depending on the reach of the upper arm. Typical applications are arc-welding,
light material handling or grinding, see figure 5.1.

The robot in the laboratory is an Irb-2000 with the older control version S3. As
in the case of Irb-6 the controller and some hardware have been re-configured.

5.1.2 The virtual object

A central part of the system is the virtual object residing in the simulation
system. By adding new attributes and methods to the objects, an interface
is created for both sensors and actuators to access the virtual objects. The
different types of objects could be:

• The actuator, like robot, conveyor, feeder etc. A compound device con-
sisting of sub-objects both passive, active and of sensor type (internal
sensors to measure state of links, etc.).

• The workpiece, a passive object in the sense that it could not change the
state of itself or any other object in the workcell. An object with central
focus to the robot, sensors and weld process controller. Process related
attributes are linked to this object.

• Sensors, an active object in the sense that the information obtained from
this object are used to change the state of other objects. Information
from the sensor is also used as input to the process controller.
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Figure 5.1: Two the left the ABB irb-2000. Two the right the ABB irb-6 with
stereo vision equipment.

• Abstract objects, which does not exist in the physical world but are intro-
duced for visualization purpose of for instance events, process state and
sensor feedback. They are not included in collision avoidance algorithms
and can optionally be disabled. Their main purpose is to in every sense
improve the comprehension of the process and course of events during
the task execution.

• Passive objects, passive in every sense, are also present in the virtual
workcell. They are used to build up the total model, and can be import-
ant since they can obstruct the realization of the task, the most obvious
example is collision. The state of the objects can after the initial place-
ment only be changed by an actuator or a sensor detecting a deviation
from the nominal placement.

The different objects are exemplified in figure 5.2.

As standard in true object-oriented environments, the system is built to sim-
plify the reuse of existing objects, for instance through inheritance. This is
done by linking methods to the virtual objects and by standardizing the in-
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terfaces to allow them to connect them with other objects. This could benefit
the work of refining existing systems and creating new ones.

5.2 The infrastructure of the system

To accomplish maximum flexibility of the system, TCP/IP socket communica-
tion is utilized between the different modules. The modules can reside in the
same computer or distributed between computers or elsewhere in the local
network. Socket communication is platform independent and new computers
can be added to the system without interfacing problems. In figure 5.3, the
most common configuration during experiments with the system is presented.
Notice that Ethernet is used as the physical layer for socket communication.

The communication via socket is not type-safe. Both client and server have
to know the kind of information sent and how to interpret it. Rather com-
plex protocols have to be defined to manage the information exchange. It is
important to divide the responsibilities between the different modules so the
interfaces (i.e. protocols) become logical. This simplifies the work to add or
replace modules to the system.

To be able to simplify the development and debugging of the system, a virtual
sensor model of the seam tracker has been developed. By replacing the phys-
ical world and robot with a second virtual model, the system behavior can be
simulated in a realistic way. The seam tracker registers the location of the
workpiece in the virtual world. It is possible in this way to study how the sys-
tem solves any type of disturbance such as deviation of position, orientation
or shape of the workpiece. See figure 5.4 for a view of the system during an
experimental run.

All interface protocols are identical independent of physical or virtual sensors
are used. This makes it easy to shift seamlessly between tests in the virtual
and physical world. The often error prone process of debugging a robot task
with complex sensor data interaction can be drastically reduced.

5.3 Information flow and interaction

When the infrastructure of information flow is designed, the time aspect to the
application is critical. Several different considerations have to be taken and
they are not seldom opposing. Some examples of critical components are:

• The robot controller. Normally with a closed structure with only a limited
possibility to interact with external devices, especially if interaction with
high frequency is necessary. If there is a contradiction between speed
and safety, the interaction is usually limited to define some data that can
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change the flow of execution instead of completely replacing methods
or functions to change the behavior of the machine. See figure 5.5 for
illustration of the different types of interaction between robot controller
and external systems.

• The sensor system. Support for a number of different communication
interfaces is usually available. The design is as a rule prepared for differ-
ent cooperate systems. For a sensor system, information is paramount
and this fact reflects the variety of interaction possibilities.

5.3.1 Description of the system during execution of a weld task

The execution starts from the virtual model of the system. This is where the
task description resides which is the foundation for the execution. A typical
weld procedure is presented in figure 5.6, as a UML (Unified Modelling Lan-
guage) state diagram.

The weld task described in figure 5.6 can be described in the following steps:

1. Initialization of welding task and sensor equipment. The task enters a
wait for sensor state and the robot will stand still until this demand is
met.

2. A search procedure is initiated where the goal is to find a weld seam with
a prescribed profile. The size of the search volume is highly depended
on the assumed uncertainty of the model of the workpiece. A “safe” side
has to be determined so the search volume is placed in an area where
collisions are avoided with workpiece or other obstacles. The result of
the search procedure is either successful, i.e. a start point of the weld
seam is found inside the search volume, or unsuccessful. In the latter
case a recovery procedure is demanded where the weld task is canceled
or the next weld in the procedure is initiated.

3. If the start point is found, the robot is instructed to move to the same.

4. When the robot has reached the start point, a command to initiate the
weld equipment is issued. The system is again immobilized until an
acknowledgment from the welding equipment is received.

5. When the welding equipment is ready the robot is moved to the next
point along the weld seam.

6. When the new point is reached the next one is requested from the seam
tracker sensor and if the request is successfully met, a new movement
is commanded. In reality the most recent obtained position from the
sensor is not used immediately, but queued for later use since there is a
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distance of about 50 mm between weld tool-tip and the position where
the sensor is currently investigating the seam. The size of the queue
depends on the frequency by which the sensor is requested for new data
together with the travel speed for the robot. The experimental setup has
used as a standard 2-3 positions in the queue. Every set of sensor data
will be used to perform an object calibration where the world model is
updated and improved. For more information about object calibration,
see [Olsson, 1996].

7. The loop can be stopped by two events. If a predefined weld length has
been welded the loop is aborted automatically. If the weld is specified
as a weld as long as the seam-tracker can register a valid joint together
with information about nominal weld length exist, a lost of seam outside
for instance 80% to 120% of the nominal length will issue an error event
that will give rise to error recovery procedure.

8. If a successful finalization of the weld is obtained, the weld equipment
is turned off.

9. After a weld is complete, new weld tasks can be initiated with an im-
proved world model that will decrease the need for security distances
during via movements and search procedures.

In figure 5.7, a frame from a movie captured during one of the experiments is
shown.

5.3.2 Interaction between different modules

Several different levels of software modules are involved during realization of
the weld task. Different mechanisms exist for communication and synchron-
ization in between them.

Every actuator object has an associated program describing the work oper-
ation. These programs are expressed in GSL (Graphic Simulation Language)
developed by Delmia and the language used to create simulations in the ex-
perimental system. The simulation engine from the commercial simulation
system interprets and executes the independent tasks for the different devices
during the simulation. More information about the simulation engine can be
found in appendix B.

Every type of object in the workcell can be attached with methods and attrib-
utes residing in a shared library linked to the simulation system. They are
modeled as interrupt routines, called with a constant frequence and with the
potential to update the state and retrieve the state of the objects in the cell.

In figure 5.8 an example of a message sequence is presented. A detailed de-
scription of the different steps in order to activate the sensor is presented
here:
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1. GSL level. The welding task for the robot is described in GSL. The robot
is in a state that demands the weld seam tracker sensor to be activated in
order to carry out the welding task. This is done by setting the variable
start_straight_fillet_seam to true.

2. LLTI level. The C-routine attached to the robot device is continuously
polling (at about 30 Hz) the state of the robot in the simulation model
including the state of some specific variables in the GSL-program. When
the new request from the GSL program is registered the validity of the
state transition is checked and the event is forwarded to the event dis-
patcher via a socket message.

3. Event dispatcher level. The message from the LLTI routine is received at
the event-dispatcher and a set of rules determines which modules the
message should be re-routed to. In this case the message should be
transferred to both the User Interface (so the operator could supervise
the events) and the Sensor Interface modules.

4. Sensor Interface level. When the sensor ready message is received, the
sensor interface starts the sensor hardware. Also the expected joint
type is defined since the intelligent sensor system adjusts to cope with
the specific joint type. After this process, a message is sent back to
the Event dispatcher to confirm that the sensor has been successfully
activated.

5. Event dispatcher level. The message from the Sensor Interface module is
re-routed to the LLTI module.

6. LLTI level The C-routine attached to the robot device is continuously
listening to a socket port for messages from the event dispatcher. When
the laser on message is received a variable is set in the GSL program
attached to the robot.

7. GSL level. The program associated with the welding robot has been in
a wait state until the confirmation of sensor on is received. This is per-
formed by the change of state of the variable seam_search_activated.

5.4 Implementation solutions and limitations

The functionality of the experimental system has been proven to be good
enough to implement a welding test task. The system is built with indus-
trial components of good quality and of relevance for equivalent industrial
installations.
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All modules are implemented in an object-oriented manner to enable inherit-
ance into future system improvements. Object-orientation also simplifies re-
use and maintenance of the different components. The source code is almost
entirely in C++. Exceptions are the LLTI routines (implemented in C) linked
to the devices and some late changes to the sensor interface implemented in
Java.

Only a limited number of different tasks have been implemented. The tasks
are expressed in the internal language of the simulation system and are of a
procedural type. They are however, it is object oriented in the sense that they
reference to the objects residing in the current workcell model. This simplifies
the reuse of tasks with a minimum need for modification.

The experiments have been restricted to welding tasks and especially linear
ones. If the real world workpiece weld deviate from the nominal linear one the
mapping between sensor data and world model will try to make a “best fit” for
the linear weld. In this way a curvature of the workpiece can be handled. The
position of the robot will be correct but the orientation will be relative a linear
approximation of the sensor data up to the specific point. The system will be
extended with functionality to allow curvature where the curve is defined by
a subset of the sensor data along the weld seam. In this way the orientation
can be optimized in every point along the seam. See figure 5.9

No actual welding have been performed with the experimental system, but
the movement of the welding robot have been verified during the execution
and the accuracy of the system has been estimated to handle real welding. The
purpose of the system was not to prove that the quality of the welding process
could be better. The goal was instead to show the potential of the suggested
system to increase reliability and robustness of welding operations.

5.5 Summary

Access to a virtual world model during task execution may dramatically im-
prove sensor controlled robot tasks in the future. The experimental system
has been used to verify that the approach can be used as intended during
realization of a welding task. Even with some limitations from the initial as-
sumptions, no critical problems have been found that could jeopardize a full
implementation.

The main feature of the system is summarized in the following items:

• The open robot controller structure enables feedback control in sev-
eral different time frames; high speed reactive corrections at low level
without involving the high level part of the system, and medium to low
time requirements for slow processes and discrete events when the vir-
tual model is continuously updated throughout the execution.
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• The object model of the virtual world enables easy programming, reuse
and maintenance of the robot tasks. Attributes and methods can be
limited to the different objects to extend the knowledge of the virtual
world to become more than a geometrical description.

• The generic sensor interface to the system. Both generic in the sense
that a sensor model can be exchanged between a virtual used during
simulation and a physical used during real world execution, but also
generic in the way that new sensor hardware easily can be implemented
and incorporated into the system.

• The possibility to have effective process supervision during execution.
The system supervises both the process application (e.g. welding) and
the robot system. To be able to maximally utilize the complete system.
Only when the complete system with both application process and robot
system parameters is observed simultaneously the correct actions can be
carried out. Even in situations where problems with the individual sys-
tem components seams precarious, solutions can be found. For instance
can deviation from nominal robot and process parameters give rise to
a feasible solution with acceptable resulting quality. Such as when the
robot configuration comes close to exceeded joint limits or kinematics
singularity for a specific weldgun orientation. One solution is to change
orientation and to use slightly different process parameters like welding
current, wire feed-rate or stick-out. Furthermore must any change of
the robot configuration be followed by a check for collision of obstacles,
which can be detected by sensors in real time or are pre-defined in the
virtual workcell. To conclude, a model of the workcell, application pro-
cess and robot system must be accessible during execution.

• The implementation has been made portable between different types of
computers and robot systems.

The successful implementation of virtual sensors has simplified the imple-
mentation work. Robot simulation can be moved to a new level, when com-
plex sensor controlled robot tasks can be simulated in a much more realistic
way. The switch from physical to virtual execution is transparent, i.e. without
change of involved modules. Therefore risk scenarios can be simulated and
the work can be focused to find possible robust solutions of problems.

The experimental system has shown that it is possible, with existing software,
to interface the physical and virtual world during execution. Even with the lim-
itations of the current implementation, promising results proof the potential
with the approach.
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robot (actuator)

seamtracker (sensor)

box (workpiece)

table (passive object)
weldgun (passive object)

weld seam
(abstract object)

Figure 5.2: Examples of different types of objects residing in the workcell. The
weldgun is from the class “passive objects”, since it is impossible to change its
internal state to effect other objects, i.e. process position or placement of sensor.
These positions can better be described as poses relative to the last link of the
robot and is therefore the only actuator in this workcell. On the other hand,
may the weldgun obstruct other objects and cause collisions and is necessarily
included in the virtual workcell.



5.5 Summary 47

SGI Octane Workstation VME

CPU board of type:
M68030
M68040
Digital Signal Processor

SGI O2 Workstation CRS4000

MSpot seam tracker controller
from ServoRobot

Control of robot

Sensor data filtering and 
identification of breakpoints
describing the weld joint

Sensor interface

Transmit sensor data 
(breakpoints) and
configuration of the sensor

Robot simulation system 
with the virtual workcell model

Graphical user interface to
supervise discrete events

Serial communication Ethernet communication

Other communication
(high speed serial, 
digital I/O, etc.)

Figure 5.3: A typical configuration of the experimental system.
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Figure 5.4: To the left a view of the virtual world with the nominal placement of
the workcell. This is also the base for the execution of the task. The thin tanned
object at the weld gun is the weld seam object that is continuously updated
according to sensor information. To the right is the model of the physical system
where the virtual seam tracker register the position, orientation and shape (in
this example only deviation of orientation) of the weld seam in the virtual model.
In the middle is a graphical user interface where the seam can be monitored. In
the second row, the first weld is completed and the workpiece is automatically
calibrated to reflect the position and orientation of the seam objects. This will
increase the accuracy of the model in future execution of the system.
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Figure 5.5: The time aspects and applications for communication between robot
controller and external systems.
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Figure 5.6: A typical weld task procedure in the experimental system. The state
machine is presented in an UML standard view.

Figure 5.7: To the right a frame from a movie shot during an experimental
run. To the right the virtual model, a snapshot from IGRIP.
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-- Initiate Laser Seam Tracker
start_straight_fillet_seam = 1
.....
.....
repeat
    -- Wait for Sensor to be Ready
until (seam_search_activated == 1)
-- Proceed

if (mot_inq_gsl_var("start_straight_fillet_seam",&value) == ER_OKAY)
{
   if (*value == 1) /* Robot Wants to Start Straight Fillet Seam */
       SendLaserOn();
}
......
......
if (mot_inq_gsl_var("seam_search_activated",&gsl_var) == ER_OKAY)
    *gsl_var = 1;

GSL
Program

LLTI
procedure

Task
dispatcher

Sensor
interface

Re-route events to involved modules

Initiate sensor

Sensor initiated

Figure 5.8: An event is dispatched between modules with different mechanisms.
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Figure 5.9: A weld operation of an L-beam with an excessive curvature is per-
formed. To the left a linear approximation is performed on only a subset of the
information from the sensor during the weld. The orientation of the weld gun
will be better adapted to the curvature. To the right, the way the experimental
system works today, the linear approximation is performed from the weld start
to the current point. The robot movement will be smoother to the expense of
poorer adaptation of the orientation.
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Identification and avoidance of robot
limitations

The result of an execution of a robot task is not always a success
even if the model of the world is correct and continuously updated
by sensors and the process knowledge is complete and accurate. If
unforeseeable problems appear and limitations of the robot system
prevent execution, the total robot task has to be abandoned in worst
case. This section presents methods to detect limitations during on-
line execution of tasks and how they could be avoided. Algorithms to
detect and handle exceeded joint-limits and kinematics singularities
have been developed. Experimental runs have been performed to
verify the functionality.

It is hard to fully utilize the potential of robot simulation system when sensors
are used. The condition of the system is not fully known in advance and the
sensors are used to handle deviations. The complexity of the system makes
it difficult to predict all the problems that could arise during execution in
the physical world. The industry is coping this problem basically by avoiding
sensors which consequently yields of lower system flexibility.

The approach to handle this dilemma presented here is twofold:

• During off-line preparation of the task, tools should be available to per-
form a sensitivity analysis. Possible problems like near collisions, joint-
limits or kinematics singularities should be paid attention to and sugges-
tions to improvements should be proposed to increase the robustness.
Models of the process, robot and sensors are used to be able to really
resemble the complexity of the real world.

• During on-line execution continuous supervision of the system is per-
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formed. Requests to models of the process, robot and other active
devices in the workcell are made in real-time in order to optimize quality
and handle limitations.

6.1 Limited motion in different robot applications

A minority of common robot tasks does really need 6 degrees of freedom.
Some applications where 6 degrees of freedom are needed could be;

• assembly and handling,

• spray painting with an asymmetric brush, and

• grinding.

When tools are symmetric, 5 degrees of freedoms are required in processes
such as;

• arc-welding,

• spot-welding,

• spray painting with symmetric brush,

• milling, and

• drilling.

The majority of industrial robots have 6 degrees of freedom. The extra degree
of freedom available can be used to choose an infinite number of kinematics
robot configurations that all will fulfill the given task. The system is called re-
dundant. The robot controllers of today does not take advantage of this and
the robot operator is responsible to choose one of the configurations which
is the best suited for the given situation. The robot controller (or the general
simulation system during off-line programming) does not give any feedback
if the chosen configuration is optimal. The operator has to trust his/her in-
tuition or experience with the system to choose the best one. The non-linear
structure of a robot arm with revolute joints makes it very hard to predict
possible problems with singularities, exceeded joint limits and tangled cables.
Especially when sensor control is utilized and the state of the system during
execution may vary. As an example, only a small deviation of the orientation
of the workpiece may demand an orientation change of the robot tool which
in turn may make the robot controller choose a different configuration, and
all the above problems and behaviors can then easily arise.
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It is obvious that support is needed both during task preparation and during
execution. Support is needed to detect the problem, suggest a change of a
parameter or a group of parameters that solves the problem and does not
oppose to any other criteria of the system.

6.2 Causes and effects in robotized arc-welding

The following controllable robot related parameters and possible primary
problems exist as a resulting effect by changes in:

• Stick out (distance from weld gun contact tube to the workpiece); change
from nominal distance within 5 mm and usually too small change to have
a real effect on the robot.

• Weaving; dynamic limitation of the robot, collisions.

• Weld speed in combination with trajectory generation; dynamic limita-
tions.

• Relative orientation between weld gun and workpiece; possible singular-
ity problems and dynamic problems as a consequence, collisions, tangled
cables, exceeded joint limits.

• Relative orientation between gravity vector and weld seam; is usually
handled by a positioner device, a change of this parameter will automat-
ically give a change of the relative orientation of robot base to weld-gun.
The consequence will be all the possible problems from items above.

• Weld seam position; all the problems from items above.

• Weld seam length; all the problems from items above.

It is clear that any change of the controllable parameters can have a cata-
strophic consequence for the robot movement. Even the most experienced
robot arc-welding operator could have problem to see causes and effects of
specific events and it should be obvious that extra support is needed during
preparation and during programming of the task.

6.3 Strategy for joint-limit and singularity avoidance in arc
welding

A simple approach is to use an extra degree of freedom permitted by the
process, i.e. the rotation about the weld wire. A change of this parameter will
not have any effect on the resulting quality of the weld. The idea is not new
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but the previous suggestions all fail on the limited knowledge in the robot
controllers and turn this into a risky operation. Since they do not have full
knowledge of the system and the world model, a change of the rotation about
the weld wire can cause effects like collisions, dynamic effects if the robot is
operating close to a singularity or if cables become tangled and all endanger
a successful finalization of the task.

Seam trackers are sometimes used during arc welding to detect displacements
of the workpiece and to adapt the robot trajectory to the seam. The sensor
used in these cases usually returns both position and orientation deviations,
but the change of the robot navigation strategy only takes the position into
account. This will cause poor quality of the resulting weld and the reason
why the orientation is disregarded is the risk of negative effects as collisions,
singularities and tangled cables. These effects could also be the result of a
position change but the risk is considerable smaller than for re-orientation.
However, orientation changes between the welding gun and the weld joint
can have a significant influence on weld quality and parameters defining the
result. The industry strategy not to use sensors is understandable in this case.
It is a compromise in the control of welding quality and problems with robot
limitations could appear anyway. Fixtures to assure a deterministic world are
still important and manual welding in one-off production is more a rule than
an exception.

It is not certain that the rotation about the weld wire is a strategy that is
enough. Contradictions in different effects when the twist-angle is changed
limit the possible situations manageable by the system. For instance, the use
of a seam-tracker mounted on the weld-gun very much limit the possibility of
changing the weld wire rotation. To change any parameter that directly influ-
ences the resulting process require consulting a process knowledge module. It
is most likely possible to change one or a combination of several controllable
parameters without endanger the resulting quality. If there are any comprom-
ise of weld quality at all in this case, it is anyway at the price of to be able to
fulfill the weld task at all.

The issue of controlling the performance of the system defined by quality and
productivity related parameters are a complex task. In real applications, many
parameters counteract others and the optimal solution might not be obvious.
Methods to select proper solutions might be defined in a WPS (Welding Proced-
ure Specification). The WPS contains algorithms and tables requested on-line
by the controller in order to find solutions to avoid system limitations.
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6.4 Theoretical background to the problem of kinematics lim-
itations

The mapping from actuator space to joint space is called inverse kinematics.
Actuator space is the Cartesian space where the robot task is described as
goal position and orientation. The description of the task in actuator space is
independent from the structure of the arm but when the task is performed,
the task has to be translated to a change of joint-values.

6.4.1 Condition versus variables

The goal is to accomplish a specified state of the end-effector necessary to
complete the task. In robotics the conditions are the position and the orient-
ation of the tool, three coordinates expressing the position and three angles
expressing the orientation. It is also possible to restrict or enlarge the number
of conditions. The number of conditions is denoted m.

The number of independent joints of the manipulator arm is denoted n. Tra-
ditionally, industrial robots have six axes. From a kinematics point of view
this has some advantages:

• The number of solutions in joint space for a specific state in actuator
space is finite.

• The solution of inverse kinematics for six-axis manipulators have been
extensively investigated. Configuration-dependent closed-form solutions,
once derived, provide fast and accurate solution of the inverse kinemat-
ics.

The forward kinematics (determining the end-effector position and orientation
for a given set of joint values) is simple and unique for serial link manipulators
and can be written in the form

x = f(q) (6.1)

Wherex is the vector of end-effector coordinates, q is the vector of positions of
each d.o.f. (degree of freedom) and f the function describing the relationship
in between them. The inverse kinematics is simply to invert equation 6.1, i.e.

q = f−1(x) (6.2)

The inversion of the equation 6.1 is not a trivial task. It is a vector of length
m of nonlinear trigonometric equations and a solution can not generally be
found in an analytical way.
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In the case m < n the robot system is referred as redundant. An infinite
number of solution to the inverse kinematics problem exist and “self motion”
can be performed, i.e. the robot joints can be moved at the same time as all
them conditions are fulfilled.

6.4.2 Numerical methods to solve inverse kinematics

It is often impossible to obtain a closed-form solution for both non-redundant
and redundant manipulators. By using numerical methods, the solution can
be obtained with the negative side-effect of heavy calculation.

In The inverse Kinematics Method is direct mapping from Cartesian data to
joint values performed by solving the equation system 6.1 for q. This tech-
nique is presented in [Goldenberg et al., 1985]. The non-linear equation sys-
tem can not be solved analytically as mentioned before, but by using numerical
methods, a solution can be obtained by an iterative procedure.

It is preferred to modify the equation system before the numerical method
is applied. The current position and orientation of the tool relative the ma-
nipulator base can be expressed as a homogeneous transformation matrix Ta.
The target position and orientation is in a similar way denoted Tt . The current
joint state associated with the Ta matrix is denoted q and the goal joint state
is denoted q∗. The difference between the current pose and the goal pose can
be expressed as a residual vector r and defined as,

r = (rxryrzrφrθrψ) (6.3)

where (rxryrz) represent the residual position and (rφrθrψ) represent the
residual orientation. The definition of the residual depends on the chosen
angle-set.

The solution is obtained when the actual end effector transformation Ta is
coincident with the target transformation Tt . This is true only when q = q∗
and equation 6.3 becomes a zero vector, i.e. r(q∗) = 0. To avoid numerical
instability a small value ε of the vector norm ‖r‖ is allowed. The algorithm
is repeated until the accuracy specified by the constant ε is obtained and the
convergence is assured.

Several methods exist to solve systems of non-linear equations. The mathem-
atical background can be studied in [Fletcher, 1987]. They are all based on the
update of the joint-values in the following way,

q(k+1) = q(k) + δ(k) (6.4)

and the calculation of δ(k) depends on the method.
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One technique often referred as Steepest-Descent (SD) algorithm can be applied
in inverse kinematics and is presented in [Balestrino et al., 1984; Asada &
Slotine, 1986]. With this method δ(k) is replaced with,

δ(k) = −αJTr(q(k)) (6.5)

where α is a scaling factor necessary to keep the algorithm stable and J is the
linearization of the residual vector and defined as,

Jij = ∂ri∂qj (6.6)

The drawbacks of the method are slow convergence and poor numerical sta-
bility when the initial joint state is far from the target state. The calculation in
each step is limited since the Jacobian matrix only have to be transposed. The
method can be applied both on redundant and non-redundant manipulators
without modification.

Another method is to use Newton-Raphson (NR) or other Newton-like algorithms
proposed initially by [Goldenberg et al., 1985] and further used by e.g. [Angeles,
1985] to solve inverse kinematics of manipulators. The δ(k) term in 6.4 is cal-
culated with the first order derivates like,

δ(k) = −αJ−1r(q(k)) (6.7)

Since J−1 only is defined in the case of square matrixes it is replaced with the
pseudo-inverse J+ in the case of redundant manipulators. Another approach
is to add n−m extra constraints so the Jacobian matrix become square and
the inverse is defined. This is referred as Extended Jacobian and is presented
in [Klein et al., 1995].

The required calculation increases rapidly when extra degrees of freedom are
added to the manipulator. The NR algorithm has the benefit to be stable and
can be used with poor initial guess.

Hybrid algorithms that use different numerical methods in different situation
are a common way to overcome the drawbacks of the different methods. An
algorithm combining the SD and NR methods is proposed by [Das, 1989].

6.4.3 How to use the extra degree of freedom

Mathematically the problem of inverse kinematics of redundant manipulators
is under-determined with more joint variables than constraints (kinematics
equations). To be able to solve the problem it is necessary to impose extra
constraints. Sometimes these extra constraints are imposed only of neces-
sity to fully specify the under-determined system or in other cases used on
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purpose to achieve additional performance objectives. The former approach
shown in [Whitney, 1969] is referred as passive use of redundancy and the
second approach first proposed by [Liegeois, 1977] is on the contrary active.

By using the null space term together with the pseudo-inverse in equation 6.4
and introduce a criteria function H(q) including the desired objectives, the
definition of δ(k) can be written as,

δ(k) = −αJ+r(q(k)) − β(I − J+J)∇H(q) (6.8)

This method can be applied both to The Resolved Motion Method [Chang, 1987]
and The Inverse Kinematics Method [Das, 1989]. The new term can be seen as
a homogeneous solution. By changing the criteria function H(q), self-motion
can be obtained. Self-motion in this context is motion of the manipulator arm
without any change of the end-effector pose.

The criteria function can be used to avoid mechanical joint-limits [Chan &
Dubey, 1995], avoid collisions with obstacles [Podhorodeski et al., 1991], avoid
singular manipulator states by always have a maximum manipulability [Chang,
1987] and minimizing joint torques [Podhorodeski et al., 1991].

Another approach is to extend the Jacobian with the extra constraints so the
system becomes well determined. As mentioned before the method is called
Extended Jacobian and is presented in [Klein et al., 1995].

6.5 Experimental system for singularity and joint-limit avoid-
ance

6.5.1 Limitations of the presented solution

The experimental system is limited to only include the kinematics problems
such as singularities and joint limits. Dynamic effects like tangled cables are
not considered. Neither are collisions due to changes in robot configurations
handled since the relatively big effort such an implementation would require.
The problem is solved in commercial simulation systems and is therefore omit-
ted in the experimental system developed by the author.

The proposal delivered here is focusing on the real-time handling of the prob-
lems and how to find correct actions to avoid them during execution of the
task. This problem is in some how different from the approach needed during
off-line preparation. Some differences are:

• The off-line preparation is easier in the aspect that the problem of reach-
ing a solution within a specific time to assure the real-time behavior of
the system can be neglected. The verification of the solution is also easier
since the operator is involved in the process.
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• The on-line correction is simpler in the sense that we only have to find
a solution to the present state. During off-line preparation, a solution
is searched that solve not only the nominal state but also an infinite
number of closely allied states to be able to decrease the sensitivity to
deviations of the system.

The experimental system only changes the twist angle about the defined weld
wire direction. The system can easily be extended to also include other vari-
ables (e.g. advance and lateral angle in arc-welding) to further increase the
ability to handle kinematics limitations of the robot.

6.5.2 3 DOF planar mechanism with active joint-limit avoidance

The first experimental setup is a simple three link mechanism working in the
plane. This setup has been used to analyze the effect when extra criterias are
introduced to the inverse kinematics calculation. See figure 6.1 for a schematic
description of the robot.

x

y

a a a1 2 3

θ θ θ
1 2 3

Figure 6.1: A simple robot configuration used to illustrate the joint limit avoid-
ance algorithm.

Three different sets of constraints have been tested, all with the purpose of
joint limit avoidance. The constraint function is referred to as H(q) from
equation 6.8. Constraint number one was originally proposed by [Liegeois,
1977] and is defined in equation 6.9.

H(q) = 1
6

n∑
i=1

(
qi − ai
ai − qi,max

)2

(6.9)
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ai = 1
2
(qi,max + qi,min)

Constraint number two is only a small modification of the constraint proposed
by Liegios and is presented in equation 6.10.

H(q) = 1
6

n∑
i=1

(
qi − ai
ai − qi,max

)4

(6.10)

ai = 1
2
(qi,max + qi,min)

Constraint number three was proposed in [Zghal et al., 1990] and is presented
in equation 6.11.

H(q) = 1
4

n∑
i=1

(qi,max − qi,min)2

(qi,max − qi)(qi − qi,min)
(6.11)

By using equation 6.8 and establish that ∇H(q) is the gradient vector of the
constraint H(q) and defined as in equation 6.12.

∇H(q) =
(
∂H(q)
∂q1

∂H(q)
∂q2

· · · ∂H(q)
∂qn

)T
(6.12)

The constraints function works as a penalty function, forcing the iterative
algorithm to search solutions inside the workspace. The gradient of the func-
tions should always be directed towards the inside of the workspace. The
three different constraints tested are presented in figure 6.2.

Since we want to minimize the constraint functions, the scalar β in equation
6.8 should be kept positive and the magnitude controls how fast the constraint
function should be optimized. As always during optimization when dealing
with system of non-linear equations, great care has to be taken to assure sta-
bility of the algorithm. If the scalar β is increased too much, the stability is
lost and if it is too small the algorithm becomes too slow.

Constraint one and two are very similar. The only difference is the magnitude.
The effect is that the gradient vector will be smaller well inside the joint limits
for constraint number two, but larger closer to the joint limits. This is a
desirable characteristic. A problem is that the joint limits are possible to
exceed. The constraints can be seen as non-linear springs applied to the joints
trying to “force” the joint back to the home position. The solution given will
be the one with minimal potential energy. The solution does not handle the
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Figure 6.2: How the different constraints functions varies within a specific joint
workspace.
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case when a single joint are outside joint limits as long as the total energy is
at minimum.

With the same analogy, the third constraint can be seen as real mechanical stop
with only small springs acting very close to the joint limits. The constraint
function will not try to change a solution well within joint limits. Close to
joint limit the constraint functions is very rapidly increased to attain infinity
at the limit. This discontinuity will complicate the iterative algorithm and may
create stability problems.

The simple robot mechanism used to illustrate joint limit avoidance has three
controllable Cartesian parameters; the position and the orientation of the
last link. By using all three Cartesian constraints and continuously super-
vise the extra joint limit constraint, a solution is searched through an iterative
algorithm. If the extra constraint exceeds a specific given number then the ori-
entation constraint is abandoned and the closest solution is searched where
the joint limit constraint is satisfied. The third joint limit constraint is used
to distinctly detect the joint limits.

In figure 6.3, a short sequence of a move is presented. The joint limit for axis
2 is exceeded at the end of the movement. The orientation is kept constant
throughout the movement.

An algorithm has been implemented according to equation 6.8. Equation 6.11
is used as the criteria function to keep the solution inside the joint limits.
The resulting motion that now allows a correction of the tool angle in order
to avoid exceeded joint limits is presented in figure 6.4. A self-motion has
occurred where the loose main constraints allows the orientation change. In
figure 6.5, the change of joint values for axis 2 with the two different solutions
can be studied.

Figure 6.3: A movement where the joint limit for axis 2 is exceeded. The simu-
lation system highlights the specific link when the problem occurs.
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Figure 6.4: The joint limit avoidance algorithm is applied. The orientation
change makes it possible to avoid the problem.
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Figure 6.5: How the joint-values are changed when the joint-limit avoidance
algorithm is used.
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6.5.3 Singularity avoidance for an industrial robot of revolute articulated
type with spherical wrist

Revolute articulated arms are the most common type of modern industrial
robots. They are characterized by solely revolute joints, the first joint is per-
pendicular to the second, the following two are parallel, and the arm is ended
up with a spherical wrist. The experimental system has used a model of an
ABB 2400. With only parametric changes the model can be applied to a major-
ity of existing industrial robots. The idea of handling singularities is not new.
In [Snell, 1995] an approach can be found. The algorithm is not exactly the
same as the one presented in the thesis. The singularity calculation presented
in this thesis is more numerical stable since the well proved Moore-Penrose
method is applied. The aim in the thesis is also to indicate the importance to
have the world model accessible during the correction.

The modeling has been performed with the Maple1 mathematical package.
With Maple, the structure of the robot arm is described with symbolic expres-
sions. A number of advantages can be noticed:

• The mathematical expressions describing the robot are often very lengthy
and the procedure of deriving such expressions are often time consum-
ing and error-prone.

• By using symbolic expressions parametric changes can be easily made.

• The expressions can be translated to C-code to be utilized on almost any
computer platform.

• Except for kinematics as in this example, robot dynamics can benefit
from the method with symbolic models, trajectory planning and control,
signature calibration and geometry design.

Symbolic robot modeling concepts and techniques can be found in [Rentia &
Vira, 1991].

In order to study the manipulating ability of the robot, the first step is to
define a quantitative measure how close a specific state is from singularity.
The robot has n degrees of freedom in joint space (in this specific case n = 6)
and there arem different constraints in task space (in this specific casem = 6,
i.e. the Cartesian position and orientation of the tool). As defined in equation
6.6 the Jacobian matrix describes the linearized mapping from joint space to
task space.

Ifm> n, the number of manipulation variables in task space are too many and
the specific robot cannot be used without reducing them. Such a reduction is
presented in [Olsson & Hedenborn, 1997] where a full Cartesian task space is

1from Waterloo Maple Inc.
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reduced to be handled by a robot with 5 degrees of freedom. If n > m the
robot is said to be redundant with n−m degrees of redundancy. This means
that an infinite number of solutions to the inverse kinematics normally exist.

For a state of the robot arm whenm = n as in the presented robot or even for
redundant robots, the Jacobian matrix can loose rank so that the condition
in equation 6.13 becomes true. This is referred to as a singular state. It is a
critical condition since it prevents the robot in its full task space and can be
expressed as immobility of translation in a certain direction or rotation about
a certain vector. The area close to a singularity, in both joint and task space,
is also undesirable to attain since the discontinuity of the mapping via the
Jacobian matrix will give exceptional velocities for a limited movement in task
space. Thus, a singular state occurs when;

rank J(q) < m (6.13)

In [Yoshikawa, 1984] a suggestion of manipulability at a state q is defined.
The scalar value w is defined in equation 6.14.

w =
√

detJ(q)JT(q) (6.14)

Furthermore ifm = n, i.e. the robot is non-redundant, the expression in equa-
tion 6.14 can be further reduced to the equation in 6.15.

w = |det J(q)| (6.15)

In figure 6.6 the model of the ABB 2400 robot from the simulation system is
presented. The picture is taken during a sample welding task.

Strategy for singularity avoidance

In the solution presented here, the extra conditions for singularity avoidance
is not integrated in the iterative process like the algorithm used in section
6.5.2. There are three reasons;

1. the problem with constrained optimization is always hard to manage and
therefore avoided intentionally,

2. it is in practice impossible to derive a proper constraint function ∇H
from the expression of w in equation 6.15, and

3. the problem of inverse kinematics for the example robot can successfully
be expressed analytically and the drawbacks from numerical algorithms
can be avoided.



68 Identification and avoidance of robot limitations

Figure 6.6: A snapshot from the simulation system illustrating the experimental
test robot for singularity avoidance.

The routine for analytical inverse kinematics is based on the method presented
in [Paul & Zhang, 1987]. This routine was originally developed for the PUMA
560 robot but can easily be modified to be applied to the robot model in the
experiments. The inverse kinematics routine needs less than 60 floating point
operations and is sufficiently fast for our purpose.

A routine has been developed to calculate a quantitative measure of the robot
manipulating ability according to equation 6.14 (from now on called dexterity
measure). In this way the routine also can be used for redundant manipulators
as well.

The complete algorithm allows rotation about the approach axis to avoid sin-
gularities, which in the presented application is the rotation about the weld
wire. The robot programmer can control the behavior of this modification of
tool orientation with three parameters;

1. Rotational Speed, how fast the correction will be applied,

2. Rank Limit, a measure when correction due to singularity should begin,
and

3. Max Correction, how large rotation that can be applied. This parameter
can avoid over compensation with consequences such as tangled cables.
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The singularity avoidance algorithm and its implementation issues

A simulation system is used as a platform for tests of the algorithm. Only
kinematics aspects are studied and not problems with dynamic effects on the
robot arm. The generic inverse kinematics routine for a standard industrial
robot is replaced as described in appendix B.3. The analytical solution to
the inverse kinematics is still used but repeated if the solution is found to
be too close to a singular configuration. The inverse kinematics algorithm is
implemented according to the guidelines found in [Paul & Zhang, 1987].

In figure 6.7 the algorithm for singularity avoidance is presented. The input
to the algorithm is a Cartesian position calculated by the robot motion plan-
ner to follow the predefined trajectory. The first step is to apply an existing
correction (if there is one). This could be expressed as any change of the
weld gun orientation. In this prototype, the system has been limited to the
twist angle about the weld wire. The inverse kinematics and corresponding
dexterity measure are calculated for this robot state.

If the dexterity measure is below the limit stated for the specific task and there
already exist a correction, the tool orientation is corrected further in the same
direction. A new solution to the inverse kinematics is calculated and used as
target to the control of joint motions. On the other hand, if no correction
exists, the algorithm make a trial correction in both directions and use the
solution that will make the dexterity measure as high as possible.

If the first weld gun orientation with its corresponding solution was satisfying,
and the weld gun orientation had a superimposed correction, the algorithm
will try to reduce this correction to zero as long as this reduction does not
make the robot loose dexterity below the limit again.

The example algorithm has a single parameter that can be changed. A solution
where the complete weld gun could be corrected will call for a more sophist-
icated correction algorithm where a multi-variable gradient search has to be
utilized for an effective choice of correction. This example shows the prospect
of the method and uses the most effective correction without any renounce in
process quality to all applications involving only 5 degrees of freedom of the
robot.

In reality this operation of inverse kinematics should be performed by a robot
controller with a frequence of at least 30 Hz. During the simulation, time can
be accelerated or reduced compared with the absolute time and the calculation
time has not been considered as critical for the experiments. In my opinion,
the algorithm can be optimized to be used in real-time in a robot controller
during execution.
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Figure 6.7: The algorithm to accomplish singularity avoidance in real-time.
The algorithm is based on a numerical calculation of the dexterity measure. If
a problem occurs, a one-dimensional change of the orientation is made in order
to find a better solution. If compensation is made and the dexterity measure
indicates that the singularity problem has passed, the compensation is reduced
again until nominal orientation is reached.



6.5 Experimental system for singularity and joint-limit avoidance 71

Singularity avoidance results

A typical working sequence was defined for the experimental purpose. In
this case a welding task with a long trajectory ends up with a fully stretched
robot. A singularity problem in such a trajectory is not exceptional and to find
a relative placement between robot and workpiece when problems appear is
not a major effort.

The behavior of the singularity avoidance algorithm can be controlled from
the task description with three individual parameters:

• Dexterity measure limit, a measure that decides when to start to com-
pensate for the tool orientation. In the experimental system, the expres-
sion in equation 6.15 is used. A lower value indicates closer to a sin-
gularity. With this parameter the operator could control the permitted
acceleration for the individual joints.

• Maximum revolute correction, limitation of the revolute correction about
the weld-wire in order to avoid problems such as tangled cables. This lim-
itation can also be important if an additional sensor like a seam-tracker
is utilized. The lateral range for these kinds of sensors limits the correc-
tion.

• Maximum revolute speed, specifies how fast the correction can be ap-
plied.

In figure 6.8 the joint speeds of axis 4 and 6 are displayed together with the
dexterity measure. The maximum correction allowed is set to zero so the
result will be an unmodified trajectory. The reason why axis 4 and 6 are
displayed is due to the specific type of singularity in this case. For a spherical
wrist (the most common type for industrial robots), the inverse kinematics
calculation is not valid for states when axis 5 becomes zero. In this state axis
4 and 6 are aligned and the resulting motion through such a state will give
rise to infinite acceleration for these axes. The drop of dexterity measure in
the end is a consequence of the robot state close to the boundary since the
presented dexterity measure also handles such conditions.

In figure 6.9 and 6.10 the corresponding movements are presented but now
with activated correction of the twist angle.

In figure 6.11 a movie strip shows simulation of the singularity avoidance
algorithm. The blue robot is conventional and the orange utlizes the sugges-
ted algorithm. The welding task in both cases is identical, a long weld with
the robot fully stretched at the end which, as mentioned before, is a typical
situation where singularity occurs. The correction parameters and trajectory
used are the same as for the experiment presented in figure 6.9. The blue ro-
bot has the same characteristics as in figure 6.8. The difference in movement
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Figure 6.8: This diagram shows the velocity for axis 4 and 6 together with the
dexterity measure for a typical trajectory.

is remarkable. The flip to a new solution for axis 4 and 6 is very fast on the
conventional robot. Between frame 6 and 8 the flip is completed with high
angular speeds as can be seen in figure 6.8. With the avoidance algorithm the
flip is very smooth. It starts in frame 8 and is completed in frame 12. The
stress on the robot is significantly reduced.

6.5.4 Summary of robot joint limit and singularity avoidance

To be able to handle deviations of the robot tasks during execution, the in-
troduction of sensors is not enough. Limitations of the robot arm, obstacles,
processes etc., altogether will prevent successful realization of a task. The
knowledge of the complete robot workcell has to be accessible during execu-
tion to overcome the limitations.

The experimental methods presented in this chapter show some examples
how a robot model can handle mechanical limitations. The approach was
successful but every change of the robot configuration may introduce new
problems such as collisions with obstacles. This demonstrates the need of
an accurate world model to avoid sub optimization and to be able to handle
problems of any aspects of the system.
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Figure 6.9: The same movement as in figure 6.8 but this time with correction.
Maximal angular correction 10 degrees, dexterity limit 10, and angular speed
1 degree/s.
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Figure 6.10: The same movement as in figure 6.8 but this time with correction.
Maximal angular correction 7 degrees, dexterity limit 3, and angular speed 1.5
degree/s.
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Figure 6.11: With the singularity avoidance algorithm (orange robot), the ro-
tational speed is reduced close to a singular configuration compared with the
conventional robot (blue robot). The time between frames is identical. The con-
ventional robot completes the flip of the upper arm in 3 frames (6-8) and with
the algorithm in 5 frames (8-12).
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Discussion

The work described in this thesis has dealt with several different
aspects of sensor controlled robotics. In this chapter the different
components are summarized and it is described how they together
can support more efficient implementation and execution of such
robot systems.

A number of different characteristics of an ideal robot system for effective
simulation, implementation and execution has been identified:

• The geometry model are accessible throughout the different steps. Espe-
cially during execution, so that the model can be updated with the real
state.

• The possibility to simulate sensors. A robust way to have a reliable simu-
lation of sensor controlled systems to be able to create robust solutions.

• Continuous supervision of robot and the application process during ex-
ecution, to detect a problem, find a new solution through re-planning or
reject the task.

Experiments have shown that these three features are reachable with current
technology.

7.1 Geometry and simulation model

The common geometry model is a central part of the system. Here is the object
model where information can be gathered and accessed during simulation and
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execution. Experiments have shown that it is possible to both update the world
model in a simulation system in real-time and to use the model as a base for
decision-making during re-planning of a task.

The geometry and object model can be seen as a generic layer between the ac-
tuators and sensors in the system. This simplifies the implementation where
dedicated interfaces and logic have to be implemented in each system config-
uration, i.e. combination of sensor and robot hardware. In the experimental
system this is almost fully realized. Only when very fast feedback is necessary,
a direct link between sensor and robot is provided. This is due to problems
of real-time performance in the simulation system.

The objects in the geometry model are extended with extra attributes and
methods to have a full object oriented model. A workpiece object has for in-
stance a self calibration method that can be issued when new sensor informa-
tion is obtained. In this way the “intelligence” is embedded in the model. This
simplifies the reuse of the model in other system configurations.

The distinction between pre-existing knowledge and knowledge obtained on-
line disappear. Everything is available in the model in the same manner. This
should have some advantages such as;

• Easier to make adjustments in the system to handle configuration changes.

• Efficient sensor fusion should be possible. This has not been tested in
experiments but is planned for the future.

• Safety could be increased since a continuous check for collisions could
easily be made. This is very important when sensor control is utilized
since it is common that a process change will involve robot movements,
not planned in advance.

The robot programming languages used as interfaces between program gen-
eration systems off-line and the robot controllers are too poor to work well
in complex solutions. The advantage with an embedded complete workcell
model in the robot controller is demonstrated in this thesis.

7.2 Simulation of sensors

Even if the geometry model is available during execution, a sound planning of
the workcell in advance is crucial for a good result. Simulation systems have
had a revolutionary effect on the planning phase of manufacturing systems,
but they still have serious limitations. The simulation system of today is al-
ways working with a nominal model and all deviations are disregarded. This
makes it almost impossible to simulate the system in a realistic manner.
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When deviations exist that affect the application process, sensors are neces-
sary to preserve quality. Such a system has a potential to handle situations not
anticipated in advance; changes in workpiece location and deviations in shape,
unpredicted obstacles, changes in application process, etc. These situations
will most likely cause robot movements, and all accompanying problems that
can arise such as; exceeded joint-limits, collisions, singular configuration, etc.

A virtual sensor is here referred to as a model representation of a real sensor
used in a real robot work-cell in the same way as a robot model in a robot
simulation is a representation of a real robot. By adding functionality to attach
a virtual sensor model to the robot simulation system, new aspects can be
tested such as:

• The sensitivity of the task to deviations.

• Logical errors caused by the combination of robot and sensor can be
detected and eliminated which will reduce expensive debugging of the
robot program on the workshop floor.

Virtual sensors are necessary to have a complete picture of the robot produc-
tion system. The sensor model gathers information from the virtual model in
contrast to the physical sensor which is taking the information from the real
world. The virtual model and simulation engine have to be extended to fully
utilize the new possibilities with virtual sensors. Example could be:

• Statistical information linked to the virtual object for instance location
and shape.

• Stochastic process models that have a realistic representation of the
world.

• An extended simulation engine with possibility for several executions of
a task with different statistical states and to define criteria that could be
tested continuously to have a useful simulation with minor or without
human intervention.

The virtual sensor models have proved to be a valuable tool for development
of sensor controlled robot systems. Not only for system integration and devel-
opment, but also task planning and simulation on operator level. To integrate
these into a future simulation system as standard modules is probably of the
same importance as accurate robot models.

7.3 Task level control

The experimental system is focused on task level control and has small autonom-
ous modules with integrated process knowledge, sensor feedback and with
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necessary actions to carry out the task. The higher level planning is not invest-
igated thoroughly. Examples of high level planning could be weld sequence
or assembly plan.

An important criteria on the task modules is the potential of reusing them.
By referencing object in the virtual world model, the units can be reused in a
new context by just changing the references. It is very important to integrate
the sensor logic in the task. When and how sensor information is used should
be integrated and encapsulated in well tested and approved control modules.
This eliminates much of the complexity when the robot operator implements
a variant of an existing task.

The robot operator can concentrate on the level where his process knowledge
is important. A weld sequence is a classical example, where the welder has
to determine the sequence of the welds to minimize structural tension and
displacement, a procedure which is very hard to predict and important for
a good result. Another issue is the error recovery and escape functionality.
When problems with process deviation occurs, a decision has to be made how
to gracefully escape from the situation. A ruined workpiece could be extremely
expensive. Different situations call for different actions, and are best handled
by the operator with his/her experiences.

7.4 System integration

If a generic interface exist between different modules, is it easier to manage
system changes. Generic interfaces should also exist between physical devices
and virtual counterparts such as sensors. This will make simulations more
efficient and easy to prepare. By switching context from physical execution to
simulation, many sources of errors are eliminated.

More work has to be performed to improve the virtual simulation system real-
time characteristics. If the virtual model really should be an effective part of
the high level control loop, actions and re-actions have to be carried out in
a predictable manner. In a future solution, a stripped version of the simu-
lation system should probably be used, with a more effective multi-threaded
structure.

During system try out, the use of a closely integrated simulation model can
be of great help. One example is to simulate and execute the task in parallel
and to have the knowledge continuously accumulated in the virtual model.
Furthermore, in an implementation of a manufacturing line, virtual and phys-
ical sections could work together to validate high level communication and
eliminate errors in the interaction between them.
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Conclusions

The objectives of the thesis were to proof that world model information could
greatly benefit sensor based robot control. The experimental system described
has been used to verify the hypothesis.

The limitations of the state of the art systems for robot simulation and off-line
programming have been identified. Suggestions how to close the gap between
simulation and reality has been made. Experimental work has been limited
to arc-welding but the results indicates that the approach can be useful also
to other applications. Furthermore is the experimental system only limited to
a special sensor system but a generic interface to different hardware was in
remembrance.

Extended kinematics models and process models have been implemented and
tested in order to bypass the weakness of robot control today. Examples of
typical problems are kinematics singularities, exceeded joint-limits, collisions
and process control models. None of these actions can be made complete if a
world model is not accessible in real time to confirm that the measure do not
generate a failure as a consequence.

To extend the usefulness of robot simulation, an idea has been developed of
virtual models of sensors with the exact behavior as the physical ones. As a
test, two different sensor systems have been developed and integrated to the
existing simulation system. The benefit of this approach is very promising,
and has actually been an important tool to develop and simulated experiments
before physical executions.

The experimental system alone has only a limited functionality to handle tra-
ditional task planning. The operator develop the task with the necessary intel-
ligence to synchronize actions, sensor information and necessary error escape
routines. On the other hand is the system suitable for further research in the
area of artificial intelligence both for virtual and physical execution.
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Future work

There exist a wide range of possibilities for extensions of the sys-
tem and several interesting openings to future research and devel-
opment. Both further work to cover the GMAW process better and
broaden of the approach to cover several different application pro-
cesses. The user interface has to be well suited and better arranged
to enable effective work of the intended user of the system.

9.1 Open robot controllers

The fast progress of computer hardware performance will be available to the
developer of embedded robot controller systems and will certainly enable a
high-speed communication to external systems.

Also new solutions in the area of software technology are important to create
open, effective and secure interfaces to the robot controllers. Java as pro-
gramming language and platform (virtual machines) are predicted to play an
important role, see [Foote, 1999].

Already in [Brantmark, 1993], ABB described a robot controller that has a
multi-level structure that simplifies the integration of external functionality
in several ways. The result was the ABB S4 robot controller with the RAPID
programming environment. All functionality of RAPID is accessible through
remote procedure calls (RPC) and the functionality of the open robot controller
system described in the experimental system described in this thesis could be
implemented without any modification of the standard system. The work with
this addition is already in progress and is expected to result in implementation
of test cases in an industrial environment.
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9.2 Virtual robot workcell models

There is a continuous development of simulation systems with the following
important trends:

• Development of systems running on the PC platform running Windows
since the price and performance ratio is dropping rapidly. The worksta-
tion running UNIX dialects (with SUN Solaris and SGI IRIX most frequently
used) is still important for handling huge models and niche solutions
such as Virtual Reality user interfaces. Rugged design of industrial PC
systems will enable simulation system presence on the workshop floor.

• The software hardware cost ratio is increasing. The robot simulation sys-
tems are still too expensive and this have resulted in that only a limited
number of people have access to them.

• Too few people have the education and skills to handle them and this
shortage has become a bottle neck for the progress of the technique. A
great responsibility lies upon the vendors of simulation systems to make
them more accessible through for instance beneficial offers to educa-
tional sites, improved user interfaces and an object-oriented instead of
functional approach.

• The systems have become more process oriented. Programming have
moved from a technique basically the same as on-line programming
transferred to a virtual model with support, to a new technique with
more or less automated programming where the process and workpiece
is specified and programs automatically generated.

A great deal of work have to be done in customizing the user interface fur-
ther to make it possible to have a common system for both simulation and
execution of robot tasks. Some specific items to focus on are listed here:

• New tasks have to be developed to further support different welding
operations, but also robot tasks in other application areas.

• Different system supervision modules need to be further integrated in or-
der to manage system limitations on-line such as collisions, joint-limits,
and singularities.

• Improve the real-time performance of the simulation system to better
cope with changes of the physical world.
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9.3 Application process model support

The current process knowledge module is very limited. A large effort has to be
made to create an application process model able to handle all dependencies
between robot and welding process parameters. This functionality is very
important for successful implementation of welding operations.

The utilization of the information obtained from the laser seam tracker cur-
rently used in the experimental setup will be drastically improved. Depending
on type of weld joint and sensor, up to 20 technology parameters describing
the weld joint and process have to be handled and mapped to controllable
parameters of both welding machine and robot system.

The system could also be extended with other application areas and corres-
ponding process models. This is probably far away in the future but never-
theless should the system be developed with this extension in mind.

9.4 Task-level programming support

The user of the system should have a library of different sub-tasks at hand.
These should then easily be adapted to specific situations and references to the
current virtual world model are made during the preparation. Only a limited
number of tasks have been made today and a great deal of work has to be
made to improve the system enough to enable practical use.

Several different sensors should be supported; 2-d vision, force, and other
sensors of industrial relevance. The sub-tasks should have a generic interface
to the sensors, so they could be re-used also when a new configuration of
hardware is used.

9.5 Industrial test case

The ultimate test will be to transfer the system to an industrial workshop
environment. Current work is aiming to a system where a standard robot con-
troller can be used without any modification. This will reduce the necessary
effort to realize such an implementation. A standard ABB S4 controller should
be sufficient for such a case.

The full potential of the system can only be investigated with real test cases.
A wide area of applications could benefit from it.
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9.6 The long term goal

In the future, a single simulation workstation could be hooked up in the work-
shop network, serving several robot workcells with:

• Updated geometric models of the robot workcells.

• Dynamic collision checks during execution.

• Process control with communication to databases containing for instance
a welding procedure specification.

• More accurate planning of future manufacturing tasks with accurate
workcell models.

• Better statistics and supervision of the manufacturing process.

The ultimate goal is to have a single generic system where any robot type,
sensor, process knowledge system, manufacturing plan, etc. that could be
connected. The manufacturing task can without any problem be transferred
from one system to another. The total system is completely flexible in volume
and type of task.

Several problems remain before such a system exist:

• The cost of the simulation systems is still high, this limits the number
of users and therefore also increase development costs.

• A big divergence exists among robot systems. Realistic Robot Simula-
tion (RRS) has reduced this problem with a generic interface. The same
problem exists in the integration of sensors. An initiative to standardize
both hardware and software interfaces should improve future systems
dramatically.

• A huge amount of research has been performed to understand the dif-
ferent application processes. This knowledge has to be organized in a
system that is accessible in real time.

However, the largest problem is not the lack of knowledge. It is “only” a
matter of hard work and collective initiatives to realize a system for a sensor
controlled robot application with a geometrical model accessible in real-time.
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Contributions

In this chapter, the author’s publications in closely related re-
search areas are presented. This in order to create a frame of ref-
erence, initiating the work presented in the thesis.

10.1 Industrial robot related contributions

A system to simplify the integration of industrial robot systems and facilitate
effective communication between robot controller and supervisor computer is
presented in [Nikoleris et al., 1993] and [Nikoleris et al., 1994]. A basic envir-
onment for visual programming and debugging with 3D models was available
[Olsson & Brink, 1995].

Techniques for calibration and programming of industrial robots are presen-
ted in [Olsson, 1996], [Bolmsjö et al., 1996].

How to introduce the technique of robot simulation in education is presented
in [Bolmsjö & Olsson, 1998].

10.2 Simulation assisted development of robot system

Different types of controller software modules like inverse kinematics [Olsson
& Hedenborn, 1997] and motion generator [Olsson et al., 1999b] have been
developed. The speed and reliability of the developed modules have increased
by constant use of the simulation environment before real life trials.

Also the mechanical design of a robot system can benefit from simulations and
expensive mistakes in the early development stages can be avoided [Fridenfalk



86 Contributions

et al., 1999].

10.3 Service robotics

Some efforts have been made in the field of service robotics, especially for
disabled people. See [Olsson et al., 1998] and [Lorentzon & Olsson, 1997] for
presentations of a robot arm developed at the department for this purpose.
Another project in the same area could be find in [Bolmsjö et al., 1997].

10.4 Robot task execution with sensor feedback to workcell
model

The first theoretical outlines for such a system are described in [Brink et al.,
1994], [Olsson et al., 1995] and [Brink et al., 1997]. Description of implementa-
tion and results are available in [Hedenborn et al., 1998], [Olsson et al., 1999b],
[Olsson et al., 1999a], [Bengtsson et al., 2000] and [Cederberg et al., 1999].
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A

Pseudo-inverse of matrixes

A robust method to calculate the pseudo-inverse of a matrix is through Singular-
Value Decomposition. Anym×n matrix A can be written as in A.1.

A = UΣVT (A.1)

U is an unitarym×m matrix, V is an unitary n×n matrix and the Σ matrix
have the following form:

Σ =

 Sr 0

0 0




Sr is an r × r diagonal matrix, where r is the rank of the A matrix. The
elements in the diagonal is the singular values of the A matrix, in decreasing
order as σ1 ≥ σ2 ≥ · · · ≥ σr > 0. Then the residual is calculated as,

r = ‖ΣVTx − UTb‖2 (A.2)

Several mathematical software tools, for instance Matlab, Maple and Mathem-
atica, includes the Moore-Penrose pseudo-inverse. The MP inverse of a matrix
A is denoted as A+. This matrix can be calculated from the SV-decomposition
as follows.

A+ = VΣ+UT = VT

 S−1

r 0

0 0


UT (A.3)

The Moore-Penrose equation automatically minimize the norm of the resid-
ual in A.2. A best fit solution of the over determined linear system can be
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expressed as:

x = A+b (A.4)



B

The simulation system and how to
extend its functionality

B.1 Introduction

This appendix focuses on how to extend the functionality of the vmap family
of robot simulation systems from Delmia Inc. Much of the contents in this
appendix is compiled from information in manuals from IGRIP manuals [DEN,
n.d.].

It is sometimes important to be able to replace components of the simulation
system. This could be true if a new robot model is to be developed without
current support in the CAR tool. Another situation that needs modification is
when the accuracy of a robot model is insufficient.

New functionality is sometimes desirable. Typical situations are:

• New external input or output devices.

• Extension of the user interface.

• Specially developed path-planners.

• Tele-robotic control of the physical robot device.

• Custom-made translators from the simulation system to the native lan-
guage for a specific robot controller.
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External software is linked to the simulation system through dynamically
shared objects. In this way the shared object can be modified and then tested
immediately with the application, without any change to the simulation sys-
tem. This is a flexible method and involves no time consuming overhead.

B.2 GSL - Graphic Simulation Language

Delmia has developed a high level programming language called GSL to ex-
press the actuation of devices during simulation. GSL incorporates conven-
tions common in high-level computer languages with some enhancements for
robot motion and simulation model inquiries.

Every device (independent controllable entities) could have a single GSL pro-
gram associated. The language has the origin from pascal-like languages.
Some special data types are however introduced as;

• POSITION, describing Cartesian pose,

• PATH, describing series of POSITION:s,

• VECTOR, special array for Cartesian pose’s,

• MATRIX, special two dimensional array with possiblities to multiply en-
tire matrix instead of element-wise.

Furthermore a large number of built-in variables are used to control e.g. speed,
acceleration, rounding of corners during device motion. Special built-in func-
tions are used to generate the motions, synchronize with other devices, facilit-
ate interrupt driven execution for optional conditions, inquirers of the current
model state and to manage communication to external applications through
files or sockets.

Altogether, a flexible programming environment is available with support of
a variety of applications.

B.3 The motion pipeline

A central part of the simulation engine is the so called motion pipeline. This
is a line of individual software modules responsible for moving a link mech-
anism. For models of existing robots the movement should mimic the con-
tinuous move of the real robots. The main modules are inverse kinematics,
motion planning, motion execution, dynamics analysis, and dynamics simula-
tion. They are related according to figure B.1
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a request for a movement
a goal position and orientation is given

inverse kinematics
calculates all possible sets of joint values

that is a solution to the target

motion planner
use the programmed speed, acceleration

and config to calc. the necessary time for move
check joint speed limits

joint values in target

theta generator
calculate the intermediate points along the 

trajectory at the current time. If straight move
call inv. kin. Is called every simulation update 

required time

is current time < required time
yes motion

complete
no

Figure B.1: The software modules in the motion pipeline involved during sim-
ulation when dynamics is disabled.

The facility of replacing modules in the motion pipeline has been important
both during prototype work with new robot types and with new controller
software. For instance during the development of virtual sensors, the theta
generator has been replaced, and sensor data has been integrated during a
movement to override the programmed trajectory.

B.4 Integration with external software applications

Sockets have been used throughout the implementation of experimental sys-
tems to communicate with external software. Several benefits can be identi-
fied:

• Platform independence.

• Flexibility to move software applications between different computer
systems for a distributed execution.

• Vmap allows socket integration at different levels of the simulation sys-
tem.

• Effective and reliable interprocess communication.
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The system has been implemented with the intention to be independent of
the simulation system. Accordingly has a majority of the functionality been
implement as external applications to minimize the necessary modification at
a simulation system transition.

B.5 Continuous requests and addition to world model

The vmap simulation system provides a special interface for external software
called LLTI (Low Level Tele-robotics Interface). This enables a user defined
routine to be called with a specified frequency during simulation. The routine
is implemented in C and located in a shared object to which the simulation
system have access. The maximal frequency is about 30 Hz and during these
calls the vmap system is blocked since it is a single-threaded application. A
comprehensive API (Application Programming Interface) exists for the routine
to interact with the workcell model and allows both modification of the model
and retrieval of data of the current state of the virtual workcell.

Every device can be attached to an individual routine. This gives scalability to
the models and increases the possibility for extensions and reuse of individual
devices.

B.6 The simulation engine

A complex but flexible environment is altogether present in the simulation
system. In typical development project with the Vmap system, several altern-
ative implementation strategies exist and a problem could be to choose one
of them. In figure B.2 an attempt is made to illustrate the different modules
involved and their relationships between each other in the mechanisms used
in the experimental simulation system.
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Figure B.2: The software modules in the simulation system engine and their
relationship to each other and to external software and hardware.
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