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ABSTRACT

Programming robotic systems to carry out industrial manufacturing processes is often a
difficult, time consuming and costly exercise. The goal of the research presented in this
thesis is to develop a means to reduce the time and difficulty associated with
programming these industrial robotic systems. This will allow robotic automation to be
more easily justified for use in low volume manufacturing scenarios, where frequent re-

programming of the robotic devices is necessary.

In this thesis, a novel approach to the efficient programming of industrial robotic
systems is presented. This method, termed automated offline programming (AOLP),
involves the incorporation of computer automation into the existing offline
programming (OLP) methodology. By automating many of the steps in the
programming process that were previously performed manually, the overall

programming process can be performed in a much more rapid and optimised manner.

Supplementary research in the fields of motion planning and robot path optimisation
was required in order to develop algorithms tailored for our application. A review of
recent advancements in motion planning algorithms uncovered the variety of different
approaches used for planning paths of robotic devices. New and novel algorithms,
specifically developed for industrial manipulator style robots, were conceptualised,
developed and tested during this phase of the research project. An improved robot path

optimisation algorithm is also presented and tested.

The AOLP system developed in this body of work was tested in a real world robotic
welding cell. This system was found to drastically reduce programming times for a
robotic welding process, when compared to the methods used previously to program the
cell. It was found that the developed AOLP system provides significant benefit to the
overall operation of the robotic cell, allowing its use to be justified in situations where,
in the past, fully manual fabrication was used due to anticipated difficulties associated

with programming.

il
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1 INTRODUCTION

1.1 BACKGROUND

Manufacturing performed by small to medium enterprises* (SMEs) makes up a
significant portion, approximately 48% [1], of the total value of the Australian
manufacturing industry output. This phenomenon can be attributed to the size of
Australia’s internal market, which is small and dispersed, and to the remote location of

Australia relative to the larger global markets [2].

The manufacturing operations of these SMEs can be characterised by two key factors.
Firstly, SMEs most often exist in the manufacturing industry due to their expertise in
producing items of an intricate or technical nature. Secondly, SMEs mostly manufacture
these complex parts in small volumes before either altering their design, or developing
entirely new products altogether. Put more broadly, SMEs are generally not interested
in the mass production of simple or common products. They have found their niche in

manufacturing complex items for use in more technical or specialised applications.

In more recent years, a number of compounding factors have placed significant
economic strain on the Australian manufacturing industry. The high value of Australian
dollar combined with low productivity growth, rising energy costs and a slowing
demand have resulted in a tougher competitive environment with over 100,000 job
losses being recorded in the years between 2007 and 2012 [2]. This coincides with
drastic expansions in the manufacturing capacity of emerging economies, which has
produced many low cost competitors, further increasing the pressure on this sector. As
SMEs form a large portion of the Australian manufacturing industry, this is of particular

concern as they are less resilient in surviving these periods of economic difficulty.

Much work is being carried out to ensure the on-going economic validity of the
manufacturing operations of these SMEs. The research presented in this thesis relates to

realising this goal through the efficient and cost effective implementation of robotics-

" The Australian Bureau of Statistics defines a small to medium enterprise as an active
business with fewer than 200 employees



based automation. Robotic automation presents many unique benefits for a SME: It
offers a means to significantly improve both the speed and quality of the manufacturing
output, whilst reducing on-going costs. However the complexity of the parts most often
manufactured by these SME’s, combined with the small volumes typically produced in
each batch, presents series of challenges for the cost effective implementation of these
robotic systems. As a result, a large portion of Australian SMEs involved in
manufacturing do not make effective use of robotic automation, which carries with it a

significant negative flow of effect to the overall manufacturing industry.

The remainder of this Chapter aims to explore this problem by first discussing the
general concepts of manual versus automated production and also by characterising
some of the difficulties associated with applying automation to a SME-based
manufacturing operation. The remainder of the Chapter then presents the research

objectives and outline of the work carried out in this thesis.

1.1.1 Manual and Automated Production

For industrial manufacturing, production can be divided into three categories: manual

fabrication, fixed automation and programmable automation.

There are many benefits which come as a result of using fully manual labour in
manufacturing applications. Most beneficial is the fact that setup costs are low. The
equipment and tools required for manual fabrication are minimal and relatively easy to
procure, which provides for a low initial capital investment. Furthermore, manual
production involves less financial risk than attempting to develop or adapt complex
machinery into production. However, manual production typically features high on-
going costs related to worker salaries and training. Compounding this is the fact that
manual production requires increased personnel, who also typically require a high level
of skill (depending on the type of fabrication being performed). When compared to
automated production, manual labour generally has a much lower speed of production
and greater variance in manufacturing process which can introduce defects into the final
product. Manual labour also comes with disadvantages relating to increased risk of

injury and material waste. The combination of these factors result in a relatively



constant, but high, unit price of the items being manufactured, regardless of the volume
being produced, as shown in Figure 1-1 [3]. Nevertheless, manual labour is still widely
prevalent in Australian manufacturing industries primarily due to drastically lower

initial capital requirements (compared to automated production), ease of procurement

and reduced risk.

Manual Production
-

Unit Cost

Programmable Automation
i

~N
Production Volume -

Programmable automation
window

Figure 1-1 Unit cost comparisons for manual and automated production.
Adapted from[3]

Machine-based automation is a common method used for increasing productivity in
manufacturing, whilst also helping to reduce or eliminate many of the on-going costs
associated with manual fabrication. Today, there are two main types of automation

typically used: fixed and programmable automation.

Fixed automation involves the use of specialised machinery to replace human labour in
the manufacturing process. This type of automation is referred to as fixed due to the fact

that manufacturing processes are stored in the machines configuration in the form of



gears, cams, timing devices and other hardware that is not easily changed or
reconfigured for use in manufacturing other items. By being ‘fixed’, this type of
machinery is able to achieve very high rates of production. However this comes at
significant cost of large initial investment requirement and low capability of being
reconfigured for other uses. The ‘fixed’ nature of the machinery used in these
automation systems is troublesome when either product design changes are made or
entirely new products are developed. As a result, fixed automation is typically only
economically justified for use when producing items in large volumes, where the high
speed of production coupled with the sheer amount of units produced are enough to
offset its high investment requirements. In these situations, however, very low unit costs

are achievable, as shown in Figure 1-1.

Programmable automation is far more suited for use in applications where production is
characterised by the smaller volume of items manufactured in each batch. This is due to
the fact that the equipment used in this type of automation is designed primarily for
efficient product changeover, rather than for a specialised manufacturing task. As per its
namesake, programmable automation features equipment and machinery which has the
production sequence encoded into it via programmable code. When design or product
changes are made, new or modified program codes can be created and uploaded into the

hardware to accommodate these changes.

In a programmable automation system, two categories of equipment are most typically

utilised:

e Machinery that is designed for one manufacturing task, but can be easily
reprogrammed for product design changes. A good example of this type of
device is a CNC milling machine.

e Robotic devices that make use of multiple tooling, allowing them to be re-
configured for different manufacturing tasks. These robots can also be re-

programmed to accommodate design changes in the items being manufactured.

Whilst the first category of machinery used in programmable automation allow for
efficient reprogramming, robotics based manipulators offer a significant step beyond
this due to their capacity to be used for multiple manufacturing tasks. For instance, the
tool mounted on an industrial manipulator can be changed, allowing the one robotic

4



device to perform multiple manufacturing tasks such as pick and place operations, or
arc-welding. Whereas a CNC mill, whilst it can be reprogrammed easily, will always be

confined for use in milling operations.

A robotic manipulator is a specialised robotic device, commonly used for industrial
applications. The manipulator structure, shown in Figure 1-2 below, generally consists
of a serial chain of links, extending from a fixed base to the manipulators tool centre
point (TCP). These robotic devices are equipped with end-effector tooling, which is

used to interact with workpieces so that a specific industrial task can be performed.

A manipulator’s motion is actuated by electro-mechanical joints, found at the interface
between each robot link. These joints are either revolute or prismatic, the number of
which defines the overall degree of freedom (DOF) of the manipulator mechanism.
Industrial manipulators typically have six revolute joints, which provides the robot with
6-DOF. This allows the manipulator sufficient dexterity to position its end-effector in
any of the six individual DOF’s of Cartesian space. This dexterity, combined with a
large working envelope, is what allows these manipulators to perform a wide array of

different manufacturing processes.
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Figure 1-2 An ABB4400 industrial manipulator with six rotational joints [4] (mm).



Whilst this type of robot operates with high repeatability (< 0.2mm for the ABB
IRB4400 robot [4]), the accuracy of these robots is poor if not meticulously calibrated
for a specific task. This can restrict the use of manipulators for certain applications, such

as in the aerospace industry where required machining tolerances are often very high

[5].

1.1.2 Programmable Automation for Small to Medium Enterprises

In order to remain competitive, manufacturing operations are turning towards automated
production to replace traditional manual fabrication. As discussed previously, there are
some key considerations that must be made when developing an automated production

system for use in the Australian manufacturing setting:

e A large portion of companies involved in the Australian manufacturing industry
are SMEs. SMEs typically have few resources at their disposal and, as a result,
they are far more reluctant to implement automation into their manufacturing
operations due to perceived financial risk.

e Batch sizes of the items manufactured by SMEs are typically low in volume.
After the manufacture of each batch it is common that either an updated design,
or a completely new product, is manufactured in the next batch. An automated
manufacturing system used in these scenarios must be able to be reprogrammed

or reconfigured to for these design changes in an efficient manner.

Fixed automation offers a poor fit for use in these applications. First of all, the required
initial outlay of capital for a fixed automation system is very high. The system
reconfigurations required with each new batch of items manufactured will prove

troublesome, if not impossible, to achieve in an economically feasible manner.

Programmable automation, on the other hand, presents a more intriguing prospect for
use in this type of application. The initial capital requirements are generally lower than
with fixed automation, as the robotic devices used are more generalised and are mass-
produced (as opposed to the often customised nature of the machinery used in fixed

automation). The programmability of these automation systems also make them far



more suitable, as they are able to be re-configured for product design changes in an

efficient and straight forward manner.

However there still exist many barriers that have prevented the wide-spread adoption of
programmable automation into the SME operations in Australia. Reasons for this can be
attributed to perceived risks relating to the costs of procuring, setting up, programming
and commissioning these robotic systems. Some of the key cost considerations for a

programmable automation system are summarised in Table 1-1 below.

Item Cost Frequency | Skill Req.
Robotic Hardware
Once Low
Procurement
Tooling procurement
Low Infrequent Medium

& development

Hardware Setup Medium Once

Programming

Table 1-1 Cost evaluation for robotic automation

From this table it can be seen that the programming of these robotic systems poses a
significant barrier for cost effective implementation. For complex manufacturing
processes, this programming process usually requires both high levels of expertise and
significant effort. This is an issue for SMEs as their production volume is typically too
small to justify the high cost of this convoluted programming process, which must be
performed each time product design changes are made. The result is that, currently, for
a complex manufacturing process with a small to medium production volume, very few

robotic solutions are used to replace conventional manual fabrication.

The plight of an industry partner involved in this research provides an interesting
example of the many difficulties associated with efficiently programming robotic
manipulators for an industrial application. In order to keep up with increasing
production demand, a robotic welding cell was developed and implemented to replace
the manual (human) welding processes used for the construction of an armoured

vehicle’s hull. Due to the inherent complexity in the design of the workcell,



programming the robotic system to perform these welding operations posed a
significant challenge for the team of robot operators and engineers, taking over 6000
man-hours for the task to be completed. Compared to the workcell’s production cycle
time of 16 hours, programming this cell represents a time that is well over 350 times

that of the production cycle.

With new variants of this armoured vehicle expected, the manufacturer understandably
wishes to avoid this expensive programming overhead by simply reverting to entirely
manual (i.e. by hand) welding processes. This decision comes even though the robotic
welding cell is already established. This is but one example commonly encountered in
many different manufacturing industries. The economic benefit of automation cannot be
realised due to the fact that the anticipated production volume is not large enough to
offset the high costs associated with programming the robotic system itself. It is clear
that in cases such as this, a more efficient and cost-effective approach to programming

these robotic manufacturing systems is urgently needed.

1.1.3 Online and Offline Programming

In modern industrial applications, there are two main categories of robotic programming
methods: Online programming (sometimes referred to as lead-through or walk-through

programming) and Offline Programming (OLP) [6].

Online programming is a manual process carried out by a human operator. This
programming method requires no additional hardware or software, and is done in situ
with the robotic device. The programmer makes use of a teach pendant, shown in Figure
1-3, to manually move the robots end-effector to a desired position and orientation.
These positions can then be stored in the robots memory and organised into a specific
sequence. During subsequent replay, the robot is able to retrace the stored sequence of
positions to carry out the robot program in a repetitive fashion. This approach to robot
programming far more suited for uncomplicated manufacturing processes featuring
simple robot paths and geometry. In addition, the quality of the replayed program is

limited by the skills of the operator and once the program is generated, it is difficult to



adjust or to make further amendments. In spite of these drawbacks it is widely used in

industry due to its intuitiveness, low programming skill requirement and low initial cost.

Figure 1-3 ABB teach pendant used to control a 6-DOF manipulator.

OLP, from a high level stand-point, uses a similar approach to online methods. The
major difference, however, is that the entire programming process is carried out in a 3D
computer-modelled environment. This approach, although having many benefits, does
not always reduce programming overhead. Instead the workload is shifted from robot
operators jogging the industrial manipulator in the factory to software engineers, who
‘Jjog’ a simulated robot in the virtual computer-based environment, as shown in Figure
1-4. These simulated motions can then be translated into robot code and uploaded into
the real world robotic system for use. OLP’s strengths are in programming complex
systems and are more efficient and cost-effective for large volume production [7].
Compared to online methods of programming, OLP is more reliable and provides
additional flexibility when changes in product design occur. Since it relies heavily on
the modelling of the robot and workpieces, additional calibration procedures are usually

inevitable to meet any process accuracy requirements. Although there are many
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different OLP software packages available on the market, employing an OLP system
usually requires great programming effort, significant capital investment and a long
delivery time. These factors can significantly reduce the feasibility of incorporating
OLP into the operations of a SME as their production volume is typically too small to
overcome the time and high costs associated in both procuring and effectively utilising

commercial OLP software.
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Figure 1-4 The OLP environment of DELMIA.
The window (bottom left) provides a similar function as the teach pendant. Motions can
be generated, modified and sequenced for later play back.

1.1.4 Improving Offline Programming for Industrial Robotic Systems

Whilst the OLP method has many benefits, an important observation is that it is still
largely a manual process. A computer operator will use an OLP software package to
manually generate and simulate various robotic motions, before generating a robot code
to upload into the real world system for use. Whilst this approach to programming can
provide benefit in many areas, including efficiency and flexibility, it is often still a time
consuming and expensive process that requires considerable expertise and skill to carry

out. This means that the advantages provided by OLP are generally not sufficient
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enough to justify the integration of this technology into the manufacturing operations of
SMEs. One must consider, however, that the OLP software commercially available
today has only been developed in recent years. This suggests that OLP technology has

not matured and is still undergoing significant amounts of research and development.

A novel concept which could improve OLP methods involves integrating computer
automation to more effectively carry out the individual steps of the OLP process. It is
entirely feasible that computer automation could be utilised to rapidly carry out many of

the repetitive and mundane tasks that are performed manually in the OLP process.

Consider, for example, the task of generating robot targets for hundreds of weld seams
on a particular work object, such as the vehicle hull presented in Chapter 5. Using a
commercially available OLP package, such as ABB RobotStudio or DELMIA, to carry
this out will most likely take weeks. This is because the operator not only has to
program robot targets for each seam individually, but points for approach and retreat,
temperature checks, laser scanning, home positions etc. must also be generated. This
procedure is further complicated by the fact that the operator must simultaneously
consider task sequencing constraints, optimal robot placements for reachability and

mobility, and tool orientations.

However, the repetitive nature of this task makes it an ideal candidate for automation.
By replacing human interaction with computer automation, drastic improvements in the
effectiveness of OLP can be achieved. For example, instead of the programmer clicking
through menus and functions of the software’s interface in order to generate a set of
weld points, CAD data can be used to automatically generate weld seams at each
intersection of two plates and local geometry can then be used to automatically assign
optimal weld torch orientations. Furthermore, kinematics-based algorithms can calculate
optimal locations to position a robot to carry out these welds whilst adhering to
specified joint limits or kinematic constraints. There are also motion planning
algorithms that can be used to generate a series of robot motions to guide the robot
about its environment without collision. These examples alone highlight the potential to

increase OLP’s effectiveness by introducing automation into the programming process.

Currently there is no OLP system on the market which has automated the complete OLP

process chain, although many components exist separately. For example, DELMIA
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provides functions for target creation and trajectory planning. However, these still need
be created manually in the OLP environment. Although some components for motion
planning and process optimisation, such as collision detection, layout planning and
cycle time measurement are available, a complete motion planning function does not
exist so this work must be carried out by the human operator. As these processes then

rely on the experience and expertise of the user, optimal results cannot be guaranteed.

Developing programming modules that automate many of the time-consuming tasks in
the OLP process presents a significant development in robot programming technologies,
including online programming and conventional OLP. The entire robot code can be
generated in an automatic fashion, taking only a fraction of the time required using
current programming methods, which increases the cost-effectiveness of robotic
automation enough for low-volume or one-off production. The developed programming
modules intend to minimise the programming time and make the system easy to use,
even for robot operators without extensive computer programming skills. A design goal
of this approach would be to ensure that it can be easily generalized for a large domain

of manufacturing applications such as painting, riveting or assembly tasks.

Throughout the remainder of this thesis the programming approach described above will
be referred to as automated offline programming, abbreviated as AOLP, in order to

capture both the automatic and offline nature of the overall methodology.

1.1.5 Summary

e A large portion of Australian manufacturing is performed by SMEs who
typically manufacture complex items in small batches. However these SMEs are
under increasing threat from overseas competition as well as increasing
operational costs.

e Programmable automation offers an intriguing prospect to assist these SME-
based manufacturing operations. However programming these robotic systems is

complex, expensive and requires significant technical skill.
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e Offline programming has a proven ability to offer many benefits for robot
programming. However, current OLP platforms are not suited for SME type
applications due to factors relating to costs and development difficulties.

e An approach to develop computer algorithms to automate the OLP process
would allow programming to be performed much more rapidly than previously
possible, whilst also drastically lowering technical skill requirements. It is
anticipated that this approach to programming could improve the cost-
effectiveness of robotic automation enough for low-volume or one-off

production.

1.2 OBJECTIVES

As highlighted in this introductory Chapter, current practices in robotic programming
have resulted in a number of barriers that have prevented the wide spread adoption of
programmable automation systems in manufacturing characterised by low volume
production. This has a particularly negative effect in the Australian manufacturing
industry, as a large portion of the total manufacturing output is performed by SMEs who
typically manufacture items in low volumes. This indicates that there exists great
potential benefit in the development of more efficient programming methodologies for

these industrial robotic systems.

Offline programming is a newer form of robot programming that features a number of
intrinsic benefits for programming robots, particularly in industrial applications. The
main objective of the work presented in this thesis is to develop a novel programming
methodology that can be used to improve the way in which offline programming is
performed for industrial robotic applications. The proposed approach is to incorporate
computer automation into the offline programming process in order to reduce human
interaction and effort and improve on existing programming times. By improving the
overall effectiveness of the offline programming approach, its benefits can be enjoyed
in applications where its use was not economically justifiable in the past, as depicted

graphically in Figure 1-1 (page 3).
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The development of this automated programming system for industrial robotic

applications will involve contributions in four key areas:

1. The planning of a conceptual framework for AOLP. Before an automated
approach to offline programming can be developed, there is a need to properly
conceptualise an appropriate methodology. This will involve a detailed analysis of
how the offline programming process is currently performed by human operators,

and evaluating how these processes can be automated via algorithmic processes.

2. Development of a functional AOLP system. This relates to the development of
the algorithms that will be used to automate each step of the programming process.
This task will entail significant amounts of development, testing and debugging of
these algorithms before a complete AOLP system can be compiled. Once complete,
the effectiveness of this initial AOLP system must be evaluated in a real world
robotic manufacturing scenario. A specific design goal of the proposed AOLP
system is to ensure that it is developed independent of the target manufacturing
process and hardware. This will ensure that it can be re-configured for other
industrial tasks involving different robot hardware, thereby providing future
opportunities for the developed AOLP system in a large domain of potential

applications.

3. Research and development in the field of motion planning algorithms. The
general field of motion planning algorithms is extensive and has been established
for a significant amount of time. However, as it will become clear over the next
Chapters, there is no widely accepted consensus as to which approach to motion
planning is the most effective. Compounding this is the vast array of end uses these
algorithms are developed for. Considering the specific application that forms the
basis of this thesis (programming manipulators for industrial processes), significant
amounts of background research and testing will be required in order to develop an

algorithm that operates effectively enough for real world use.
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4. Develop a means to produce robot paths that are of good quality. In the purely
theoretical applications of motion planning, the goal of the algorithm is typically to
simply solve a given motion planning query. However in this work, the paths
produced by these motion planning algorithms will be utilised by real world robotic
devices to perform complex manufacturing processes. This makes the quality of a
generated path an issue of significant importance. To address this, a number of non-
trivial issues must be considered, such as: what property of motion must be
measured when evaluating an ‘optimal’ path? And how does one go about
producing a path of such quality? These questions relate heavily to how motion
planning problems are addressed, however since a large number of different

approaches exist, it is considered as a separate research challenge.

1.3 THESIS OUTLINE

Before concluding this introductory Chapter, an outline for remainder of the Chapters

presented in this thesis are described.

The first Chapter in the body of this thesis, Chapter 2, presents an in-depth literature
review of several important topics related to robot programming. First, a review of
recent progress made in the field of robot programming over the last 10 years is
presented. In addition, separate reviews in the fields of robot motion planning

algorithms and robot path optimisation are conducted.

In Chapter 3, the concepts and methodology behind the proposed automated approach to
offline programming are presented. The main focus of this Chapter is to highlight the
individual steps of the AOLP process, and to discuss how computer automation can be

incorporated in order to improve the way in which they are carried out.

Chapter 4 presents the work done in the field of automated motion planning and
optimisation algorithms. This work is an extension of Chapter 3, however since the
work carried out in these topics involved significant amounts of research, development

and testing, these topics are presented in their own Chapter.

In Chapter 5, a case study involving the development of an AOLP programming system

for use in a real world robotic manufacturing application is presented. The Chapter
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begins with a summary of the difficulties experienced when programming the existing
workcell. The developed AOLP system is then presented, including details of how a
user operates the programming system in order to program the robotic devices for a

complex welding process.

In Chapter 6, a discussion relating to the effectiveness of the AOLP approach used in
the case study is presented. The purpose of this discussion is to highlight the advantages
gained from the AOLP approach, as well as to present a brief example of how the
developed AOLP system can be reconfigured for use in another robotic manufacturing
system. The Chapter ends with a conclusion summarising the work presented in this

thesis, which includes a note on recommendations for future work in AOLP.
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2 LITERATURE REVIEW

In order to properly present the proposed AOLP approach, a literature review spanning
several topics is required. First, a review of recent advancements made in the field of
robotic programming technology is presented. In addition, research topics relating to
automated motion planning algorithms and optimal path generation are presented. These
topics themselves form a wide field of research featuring many different approaches,
each with many positive and negative aspects that must be considered in relation to the

target application of robotic manufacturing.

2.1 PROGRAMMING INDUSTRIAL ROBOTS

The following Section provides a comprehensive review of research progress in robotic
programming methods over the last ten years. It can be seen that the majority of
research efforts are focused on providing a suitable robotic programming method for
SMEs by improving both online and offline programming methods. Welding (mainly
arc-welding) and machining (mainly de-burring), are the most widely investigated
processes as welding is the most common task for an industrial robot and machining is

considered a challenging application.

2.1.1 Sensor-assisted Online Programming

For industrial robotic applications, conventional online programming methods are
widely used today, even though the general method features a number of key
drawbacks. Firstly, jogging a robot using a teach pendant is not intuitive as many
coordinate systems are usually defined in a robotic system. The operator must always
track which coordinate frame the robot is set in when jogging. Guiding the robot
through the desired motions accurately while never allowing a collision with an object
in the workspace is usually a difficult and time-consuming task, especially when the
workpiece has elaborate geometry or the process itself is complex in nature. In addition,
when a program is generated, a lot of testing work has to be done before the program is
satisfactory in terms of reliability and safety. Thirdly, the robot program generated

using the lead-through method lacks flexibility and reusability. If a workpiece is
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modified even only slightly, this tedious programming process has to be repeated again.
Other drawbacks of lead-through method include the fact that the robot cannot be used
for production during the teaching period, the operator is exposed to a hostile

environment and the quality of motions taught rely heavily on the skill of the operator.

To address these drawbacks, a number of online programming methods which make use
of intuitive human-machine interfaces (HMI) and additional sensory capability have
been proposed by several institutions. Table 2-1, below, lists many of these recent

research efforts targeted at improving upon conventional online programming methods.

Table 2-1 Sensor-assisted online programming summary

Dependence on Type of
Ref. & year Sensors Features
additional Markings Path
[9]12001 Micro-switch Assisted jogging N/A Any
[8]2003 Mechanical Assisted jogging N/A Any
12] 200 Vision Simple and rob 3D pl
[12] 5 Touch imple and robust Draw on screen D plane
Voice command and
[10] 2006 Force PDA interface No 3D Curve
[13] 2006 Ff)r.ce Hybrld. controller with Draw on workpiece 3D Curve
Vision visual servo
Vision
[14] 2007 Closed 3D path Laser matrix 3D Curve
Laser dots
Force controller
[11] 2007 Force Automatic path learning No 3D Curve
[15] 2007 Vision Laser Comple;f;;]t) cloud- Laser line scan 3D Surface
o Relies on geometric
[16] 2008 Stereo vision features No 2D Curve
Vision Combined with CAD
[17] 2008 Virtual touch model Draw on workpiece 3D Curve

To make jogging a manipulator in 3D space more intuitive, a few devices which assist

the teaching process have been developed for lead-through robot programming. Sugita
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[8] presented a method using teaching support devices developed for a de-burring and
finishing robot. Two support devices were introduced to measure the position and
direction vector of the dummy tool on the tip of the posture measuring unit, which were

used to generate a robot program in the robot coordinate system.

Choi [9] presented the development of a force/moment direction sensor named COSMO
that can improve pendant-based robot teaching. A 6-DOF industrial robot is taught
using a force sensor mounted on the robots wrist. The sensor is hardwired to the robot
controller, allowing the operator to hold the sensor with a hand, and move the robot
about its workspace by pushing, pulling, and twisting the sensor in the direction of the
desired motion. No prior knowledge of the coordinate system is required by the
operator. The sensor used in the device is a micro-switch, and this intuitive approach

can be implemented at a very low cost.

Schraft [10] proposed an intuitive teaching method to use a lead-through attempt to
provide a tool for fast and effective teaching of industrial robots. The user guides the
robot with a handle that is equipped with a force/torque sensor and commands the robot
using a speech dialog system. The acquired trajectory can be adapted by using a

Personal Digital Assistant (PDA) and 3D graphical user interfaces.

Using assistant teaching devices usually results in additional sensors and calibration
procedures being added to an already complex robotic system. Pan [11] developed a
programming by guidance approach, based on the ABB IRCS5 controller with the
optional force control feature. Two major functions provided by the commercially
available force controller make the entire programming process collision-free and
automatic. The first function is a customised walk-through, in which robot is compliant
in selected directions (force control directions) and stiff in other directions (position
control directions). To change the position or orientation of the robot, the robot operator
can simply push or drag the robot with one hand. The second function is called path-
learning, in which the robot is compliant in the normal-to-path-direction to make the
tool in constant contact the work piece. As the accuracy of the final program is
determined by the robot force controller and does not rely on the skill of the robot

operator, a 3D robot path with higher accuracy can be generated automatically. This is
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of great benefit for applications when process tools have contact with the workpiece,

such as in machining processes.

While Pan and Zhang’s method still requires jogging during the first stage of
programming to guide the robot motion, some other researchers have eliminated
jogging from the entire programming process by involving other sensor technologies.
Zhang [13] used the same controller platform and extended the concept by adding a
visual servo. The system configuration is shown in Figure 2-1. A hybrid
position/force/vision control platform was developed to control the robot motion in
different directions using feedback from various sensors. The system is able to generate
a robot program by automatically following a path marked with a standard marker pen.
The position control is used to maintain the tool orientation, vision sensing is used to
follow the curve, force sensing is used to maintain contact between the tool and the

workpiece.

Position sensor

Robot controller |«¢— Robot arm

Force
processing |«

A

Image
pultsstliy arked Tool path

Figure 2-1 Guiding a robot’s path with a marked tool path [13].

Solvang [17] also presented a vision-based programming methodology by identifying a
path drawn onto the workpiece. This line is captured by a single camera and 2D (X and
Y) surface coordinates are extracted from the image data. The depth coordinate (Z) is
found by a virtual “hit and withdrawal” procedure using a commercially available
simulation program that uses the industrial robot to map the surface of the workpiece.
During the mapping process, the robot moves along the existing 2D path and at every

point of the path contacts the work-piece surface. When contact occurs, the Z coordinate
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is stored establishing the position. Although a CAD model of the workpiece is used, the
major part of this method is still sensor-robot interaction rather than offline motion

planning.

Nicholson [12] developed a rapid robot programming method which makes use of
image data for weld reclamation repair work. Instead of drawing marks on the physical
workpiece, the user interacts with the image to select/define a 2D robot path. This
selection is done via a drawing module which allows the user to generate a path onto the
picture of the workpiece. The Z coordinate is determined using the inbuilt touch sensing
functionality of the welding system. Unlike most vision-based systems, which rely on
calibration results and are sensitive to lighting conditions, this method provides robust

results due to its simplicity.

In some situations, projecting structured light using a laser is more feasible than
drawing marks on the workpiece. Gonzalez-Galvan [14] presented work relating to the
generation and tracking of closed trajectories over a surface of unknown geometry using
structured lighting in the form of a laser spot matrix. Simple image analysis algorithms
can be used to detect the centre of laser spots in the images. After the process of surface
characterisation is complete, the user selects, in camera-space, a starting point and a
direction of reference over the surface for the robot path. As the image plane
information gathered from the projection of structured lighting is limited, a second order
polynomial function is defined to approximate the 3D curve welding path considering
the best fit to the surface. A closed 3D path is achieved by connecting the starting and

ending points of neighbouring trajectory segments.

Hu [15] developed a strategy to automate a surface roughening process using structured
light and 3D machine vision for object profile perception. The structured light scanning
system consists of an analogue camera, laser line generator and a motorised linear slide
to provide scanning motion for the camera and laser. Non-Uniform Rational B-Spline
interpolation is applied to reconstruct a smooth continuous trajectory from discrete path

coordinates.

Stereo vision has also been used to acquire 3D coordinates for robot programming,
where distinct features such as corners and edges could be easily identified from a

workpiece. Takarics [16] attempted to use the stereo vision technology to program weld
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trajectory, based on the intelligent space concept using two fixed cameras. The weld
seam is recognised in two images by edge detection algorithms and the path trajectory is
generated by a 3D reconstruction of both images. The method is capable of generating a

2D planar curved path for arc welding processes.

Although dramatic progress has been carried out to make online programming more
intuitive, less reliant on operator skill and more automatic; most of the research
outcomes are not commercial available aside from [13]. This is partially because most
of these methods are limited by their specific setups and are yet to be applied to general
applications. As cost-effective sensor assisted online programming solutions become
commercially available, the installations of robotic automation cells will become more

cost effective for SMEs.

2.1.2 Developments in OLP

OLP methods, which utilise 3D CAD data of a workpiece to generate and simulate
robot programs, are widely used for automation systems with larger product volumes.
Herein the entire robot cell, including the robotic devices, is modelled in 3D. The user
programs the robots in this virtual environment, giving them access to many useful
operations that aid in the programming process. The programmer can test for
reachability, fine-tune properties of robot motion or handle process related information

before generating a program that can be uploaded to the real world robot for use.
OLP offers many advantages over online methods:

e Firstly, the programming process does not require actual robot hardware,
minimising production down time. Robot programs can be developed earlier in
the design/production cycle and programming can be carried out in parallel with
production rather than in series with it.

e Secondly, programs generated offline are more flexible than jog-and-teach
methods. Program changes can be incorporated quickly by only substituting the
necessary part of the program and previously developed routines can be easily

included in new programs.

22



e Thirdly, simulation is usually incorporated into the OLP method. As a result,
programs can be pre-checked, thereby confirming the robot’s movements which
minimises the chance of error and improves productivity and safety. There is
also a greater possibility for optimisation of the workspace layout and the

planning of robot tasks.

Though OLP has the above-mentioned advantages, it is not popular with SMEs due to
its drawbacks. It is difficult to economically justify an OLP system for smaller product
volumes due to the high cost of the OLP software package and the programming
overhead required to customise the software for a specific application. Development of
customised software for OLP is time-consuming and requires high level programming
skills. Typically, these skills are not available from process engineers or the operators
who often perform online robot programming. As OLP methods rely on accurate
modelling of the robot and work cell, calibration procedures using addditional sensors

are in many cases inevitable in meeting process requirements.

While OLP software providers place emphasis on making the OLP package more
powerful, modular, and flexible to reduce secondary development for specific
applications, academic researchers have dedicated attention to improved process
planning algorithms and have developed a few OLP software package using open

source technology.

2.1.3 OLP Key Steps

OLP is more complex than online programming as the method not only needs to acquire
3D robot targets but also needs to plan subsequent robot trajectories and optimise
process sequences. The following Sections aim to outline the OLP process, the key

steps of which are depicted in Figure 2-2 below.
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Figure 2-2 The steps of the OLP process.

2.1.3.1 Generation of CAD

OLP starts from a 3D CAD model of the workpiece. While it is very common for a
product to have a CAD model, for parts without a 3D model or a product that has
changed after its CAD model is finalised, there are several methods available to

generate the required 3D computer model.

In some situations, a 3D scanner can be used to directly capture the workpiece geometry
[18]. The collected points-cloud is converted into a surface model of the workpiece and
a smoothing/filtering procedure removes sensory noise before the model can be used for
target creation. This approach is also utilised by Larkin in [19], where a 3D time of
flight camera is used to capture the layout and configuration of a series of metal plates,
which are to be welded together. In other situations, when only 2D CAD data is
available, the 3D model of the workpiece can be obtained from either multiple views of

a 2D drawing [20], by additional sensors, or the robot is simply programmed in 2D [21].

Although there are various types of CAD files, most modern OLP software packages
are capable of converting other types of CAD data to a compatible format. Conversion
between different types of CAD files is less of a problem these days with developments
in industry.
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2.1.3.2 Target Generation

This step involves extracting a robot position target from 3D CAD data with a specific
robot TCP. It is usually a time consuming process and may require secondary
programming for automatic target recognition. OLP software is available that provides
built-in functions to generate targets from features, such as corners and edges, from
CAD data. The position and orientation information of the tool must be generated from
a combination of CAD model and process requirements. Assistant targets such as robot
home positions, approach points, and retreat points are also specified manually in a
CAD environment. Attempts have been made to automatically extract robot motion

information from the CAD data, such as the system proposed in [22].

2.1.3.3 Robot Placement

Robot placement relates to locating an optimal position to place the robot so that it can
efficiently move to targets generated during the previous step. Since the inverse
kinematics of industrial articulated robots usually have multiple solutions in Cartesian
space, robot configurations need to be selected considering issues such as reachability,
minimising transitional motions, collision avoidance, etc. As most existing OLP
software is not able to provide an optimal solution automatically, either manual
assignment or secondary software development using Application Programming

Interfaces (APIs) is necessary.

2.1.3.4 Motion Planning

Motion planning is the process of generating motions that will guide a robot through the
surrounding environment, between two individual robot configurations. With OLP
software, this is typically carried out manually by the human operator. A series of
motions can be generated with various individual motion commands that navigate the
robot from an initial configuration to a goal without colliding with any obstacles. In
more recent years, motion planning algorithms have been developing to automate this
process. As with robot placement, however, most existing OLP software does not
include this automated functionality, so it remains a process that must be carried out
manually by the user. For DELMIA OLP software, there exists a number of secondary

API platforms designed to automatically carry out this motion planning process. These
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platforms can be restricted though, as the motion planning problem relies heavily on
suitable kinematic models to generate its solutions, meaning that many of the robot’s
featured within the DELMIA OLP environment are not supported. This secondary API
software also reportedly comes at a significant additional cost to the user, which reduces

its suitability for many applications.

2.1.3.5 Simulation

The ability to simulate generated robot motions is one of the distinct advantages of the
OLP approach. Simulation allows a user to pre-check and confirm robot movements,
which minimises the chance of error and helps improve productivity and safety.
Simulation is also useful in that the suitability of a generated program can be verified
without the use of any existing physical robot hardware, reducing the overall downtime
of the robotic system. On occasion, simulation is only an optional requirement in the

OLP process.

2.1.3.6 Process Planning

Planning a complex manufacturing process involves a higher level of optimisation for
resource assignment and cooperation of multiple robots to minimise cycle time. As this
step is more relevant to the requirement of a specific process, it is rarely available in
commercial OLP software. For robotic welding of large structures, the task sequencing
of a large number of welds within limited cycle time can be treated as the general
“travelling salesman problem”, solutions based on a genetic algorithm have been

proposed by a few researchers [23-25].

2.1.3.7 Post Processing

The post processing stage includes adding necessary input/output (I/O) control signals
for equipment in the workcell, smoothing and fine tuning the path if necessary, as well
as conversion to the program language of the specific robot hardware. Post processing is
more of an issue for generic OLP software as they require compatibility with several

different robot manufacturers.
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2.1.3.8 Calibration

Ideally, a program generated in an OLP system would be downloaded to the robot
controller and put into action immediately [26]. In practise, however, the deviation
between the actual geometry of elements in the work cell, such as the workpiece, and
the nominal geometry of the CAD environment makes calibration almost necessary for

all OLP systems.

2.1.4 Existing Robotics OLP software

Robotic manipulators are highly complex systems. Consequently, the development of
computational platforms that allow for their precise modelling, and close to real-life
simulation of their behaviour, provides a fundamental tool for robot designers, users,
and students of the field. This has inspired the creation of numerous graphical software
environments from non-robot manufacturers, academic researchers and also from the

robot manufacturers themselves.

2.1.4.1 OLP Software from Robot Manufacturers

It can be seen from Table 2-2, below, that almost every major robot manufacturer has its
own OLP software. The cost of this type of OLP package is generally lower than the
generic OLP software variants as the hardware and software is packaged together.
Another benefit is that this in-house OLP software is tailored for specific robot
hardware, allowing for greater compatibility and reliability. This helps explain why
ABB’s RobotStudio software package is by far the most widely used OLP software in
industry.

2.1.4.2 Generic OLP software

This category includes the two most powerful OLP software packages: DELMIA
(formally IGRIP and ENVISION with third party add-ons from Kineo, CENIT etc)
from Dassault Systems and RobCAD (Em-Workplace) from Technomatix. The
advantages these generic packages share are that they are able to integrate and control
robotic hardware from different manufacturers. Additionally, they are often able to link

into product lifecycle management (PLM) packages to provide production line
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optimisation. Major automobile and airplane manufacturers use these packages to
integrate robotic systems into their general automated production line. Also, both
software packages have virtual reality (VR) functionality, allowing the user to be fully

immersed into the simulation environment.

Today, OLP systems are able to do more than just simulate robot trajectories and
perform assembly simulation. Simulation technologies are also able to model the
interaction of several manufacturing processes, manufacturing resources, and product

maintenance issues.

2.1.4.3 Open Source or Academic OLP Software

Due to the high cost and limited accessibility of commercial OLP software, a number of
research institutions have developed alternative OLP software packages. While some
researchers [22, 27-29] have developed OLP packages based on the existing CAD
software, such as AutoCAD and Solidworks, others [26, 30, 31] have started from
scratch using OpenGL, VRML and Java technology.
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Table 2-2 Summary of existing OLP software

Category software & Ref. Company and Feature
DELMIA (IGRIP,
o ENVISION), Kineo, Dassault Systems; VR
Z CENIT: [18] [32]
7 RobCAD (Em- .
.0 Technomatix; VR
E Workplace); [33] [34]
8 Robomaster Robomaster
§ Robsim; [35] Camelot
3 Workspace 5 Wat Solutions
Cosimir Festo
RobotStudio ABB; Most Popular
g MotoSim Motoman
g KUKA-Sim, CAMrob; | . o
= § [36]
% g Roboguide Fanuc
£ € | Wincaps III Denso
2 & [3DSTUDIO Staubli
= MELFA WORKS Mitsubishi
g Pc-ROSET Kawasaki
AX on Desk Nachi
[37] Various MATLAB based software
§ 27 Aristotle University of Thessaloniki,
3 Greece; Based on Solidworks
§ 28] Orebro University, Sweden; Based on
g 2 standard CAD
5 E [22] [29] Based on AutoCAD, Autolisp
g 2 European Centre for Mechatronics;
E PIN [26] OpenGL based macro programming
ﬂg ROBOMOSP [30] OpenGL
2 [31] Daegu University, Korea; VRML, Tribon
RoBott [38] University of Minho, Portugal; OOP Java
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2.1.5 Summary

Conventional online programming is a completely manual process. The robot operator
has the freedom to move the robot, select the configuration and plan the process. It is an
efficient and cost effective solution for a simple robotic system. However as the target
manufacturing processes becomes more complex, the suitability of online programming
is significantly reduced. On the other hand, OLP is well suited for these complex
robotic manufacturing applications. OLP provides a level of flexibility in its
programming that is impossible to achieve with online approaches. If a robot program
requires modification, due to changes in setup or design, these changes can be rapidly
updated in an existing program and implemented into the real world robot cell.
However this flexibility comes at the expense of a typically long and costly setup time,
which involves accurately modelling the workcell and robots as well as developing the
software to be able to handle the specific manufacturing process requirements. As this
setup usually generates a large cost overhead, OLP is only economically justified for

production with large volumes, usually by large enterprises.

In the last ten years, extensive research has been carried out on the methodologies for
programming industrial robots suitable for SMEs. The boundary between online and
OLP methods are becoming blurred as many of the new methods proposed include
components from both approaches. Progress in online programming is largely based
around sensor and control technologies to assist the operator in generating complex
robot motions more easily. Developments in OLP bifurcates into different directions.
While the commercial OLP providers are developing more powerful, modular and
compatible OLP packages, academic researchers have not given up on low-cost open-
source OLP solutions. With the development of more powerful 3D CAD and product
lifecycle management software, computer vision and sensor technology, new

programming methods suitable for SMEs are expected to grow in years to come.
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2.2 MOTION PLANNING FOR ROBOTICS

This Chapter begins by summarising the general motion planning problem. The core
principles of motion planning are presented, as well as historical approaches to
addressing the general motion planning problem. This leads into a review of sampling-
based approaches to motion planning, which are widely considered as a state of the art

approach used today.

2.2.1 Introduction

Motion planning is a critical component of the OLP process. Put simply, motion
planning is focussed on finding a collision-free path for a robot, guiding it from one
given configuration to another. A human’s cognitive ability can allow one to easily
solve these types of problem; however, developing an automated computer algorithm to
do the same thing is much more complicated. This has resulted in vast amounts of
research spanning many years, effectively spawning the field of automated motion

planning algorithms.

Motion planning algorithms operate in a computer-based environment. In this setting,
they are tasked with solving the motion planning problem by generating a valid path
from one robot configuration to another. The notion of a ‘valid path’ refers to a path that

satisfies a set of constraints; which can vary, but commonly relate to:

e Collision avoidance
e Orientation or configuration limits

e Speed and acceleration

Throughout the remainder of this thesis, individual robot configurations or robot paths
that are found to lie entirely in Cp.. and do not infringe upon any manipulator-specific

kinematic constraints (joint limits and singularity) will be referred to as valid.

Motion planning problems are presented in either multiple or single query formats.
Multiple query approaches are used when many different path planning problems will
be queried within the same static environment. In these situations the algorithm can be

allowed to spend a great deal of time modelling the surrounding space to a high degree
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of accuracy. This allows for new queries presented to the algorithm to be solved rapidly
and efficiently. Single query approaches are necessary when either the geometric shape
of the surrounding environment or the robot change frequently. With each change in
geometry, the problem must be re-calculated in some way so as to ensure that collision
will not occur. Single query problems dominate the research sphere, as the need to
rapidly re-calculate a collision-free path in the most efficient way possible presents a

significant problem with many possible approaches.

The time taken for a motion planning algorithm to generate a solution depends on the
type of the robot used and the complexity of the environment that is to be navigated. For
instance, Kuffner [39] demonstrated an algorithm that is able to solve motion planning
queries for a robot operating in a 2-dimensional (2D) environment in only fractions of a
second. Whilst Sanchez [40] required hundreds of seconds to find a valid path for a
multiple manipulator type problem, even though a state-of-the-art planning algorithm is

used.

The type of robot being used also has significant bearing on the difficulty of a motion
planning problem. A seemingly limitless array of different types of robots currently
exist, with many new types also being developed. The structure or shape of these robots
is not so important; these factors can be accounted for by the planning algorithm. What
must be considered is the mode of motion that the robot utilises to change its

configuration; namely whether the robot uses holonomic, or non-holonomic motion.

Early approaches to motion planning relied on explicitly modelling a robot’s
surrounding free space, so that a mathematical approach to navigating it could be
applied. Some of these algorithms, such as [41], proved effective in low dimensional
problems. However as motion planning problems became more complex, the
computation time required to generate a solution using these explicit methods became
too long to be of any practical use. This severely limits their functionality in real world
industrial applications, such as planning motions for high DOF manipulators, or

navigating geometrically complex environments.

A breakthrough came with the development of probabilistic, sampling-based, motion
planning algorithms. These approaches sacrifice a complete understanding of an

environment in favour of incrementally capturing a simplified representation of the free
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space surrounding the robot. These sampling-based methods bypass the need to
generate an explicit model of the surrounding environment, drastically reducing the

computational load needed to solve these more complex problems.

2.2.2 Sampling-Based Motion Planning

Compared to early explicit approaches, the operation of sampling-based motion
planning algorithms is relatively simple. This, however, does not take away from their
flexibility or ability to solve complex problems. They have been used effectively in a
range of applications, such as multi-robot queries [40], assembly and disassembly tasks

[42], manipulation handling [43] and computational biology [44].

2.2.2.1 Robot Configurations and Configuration Space

Sampling-Based planners operate on the premise of a robot moving about its
surrounding configuration space, Cpace. As shown in Figure 2-3, a robot configuration g
is the set of parameters required to fully define the position of the robot in space (be that
2D or 3D). Using this concept, Cspace 1s then the set of all possible configurations a robot

can make within its work envelope.

A\

a) b)

Figure 2-3 Defining configurations for two different robotic devices.
a) The configuration of the planar manipulator is defined by joint angles 6; and 8,. b)
The configuration of the car-like robot is specified by its position [X,Y] and its
orientation 6.
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2222 Collision Checking and Local Planning

A critical component of any sampling-based motion planner is its collision processing
algorithm, which uses geometric calculation to determine whether a particular robot
configuration is in collision with any obstacles in its immediate vicinity. A collision
processing algorithm is used to split Cpac. into two distinct subsets: Cree and Croppig. Cpee
represents the free configuration space of the robot; the set of all robot configurations
that are not in collision with any surrounding obstacles. In contrast, Cy,4is represents the
forbidden configuration space; the set of all robot configurations that are in collision

with any obstacles in the robots workspace.
CSpace = Cfree + Cforbid

Another particularly important component of a motion planning algorithm is the local
planner, which utilises collision checking processes to determine whether a robot
motion between two given configurations lies entirely in Cp.. This is performed by
interpolating a number of discreet robot configurations between the two given
configurations, and then checking each interpolated pose for collision. If all generated
configurations are found to be valid, then it is concluded that the resulting motion is
Cfiee- Particular importance must be placed on the number of configurations to be
interpolated. If this number is too small, it is possible that a certain collision may not be
sampled. Conversely, if too many configurations are interpolated, the time taken to
sample a given edge will be unreasonably high. Kavraki [45] presented an approach in
which the line segment is “interpolated into m individual configurations qy, ..., ¢, such
that for each pair of consecutive configurations (q;, q;+1) no point on the robot, when
positioned at configuration g;, lies further than some specified distance € away from its
position when the robot is at configuration q;, ;. The parameter ¢ can then be tuned for
optimal performance, given the particular robotic set up. The type of interpolation
performed can be carried out in a number of different ways. For example, if the robot
travels with non-holonomic motion, then these constraints must be reflected in the
interpolated path. In most applications, paths are interpolated in a simple linear fashion.
Using the same convention as robot configurations, a motion that is found to be both

kinematically feasible and collision-free is also referred to as valid.
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2223 Network Graphs

Using the aforementioned concepts, the motion planning problem is formally defined by

Tsianos [46] as:

Given an initial and a goal configuration, (qinit, ngal) € Ctree, find a continuous path
p:[0,1] = Cree where p(0) = Qinjc and p(1) = Jgoal-

The general approach taken by sampling-based motion planning algorithms is to utilise
collision checking processes to capture a set of valid robot configurations and motions,
which are then used to build a simplified representation of Cp... If carried out to a
suitable degree, this simplified model can be used to efficiently solve a given motion
planning problem. This simplified approach is in contrast to early computational
methods of motion planning, which attempt to build an explicit or complete
representation of Cj... These approaches become problematic due to the difficulties
associated with generating a complete representation of Cj.. in high dimensional

environments.

In sampling-based algorithms, the simplified model of Cp.. is generally represented
with a network graph, often referred to as a roadmap, consisting of nodes and edges
G = (N, E). Nodes of the graph are used to represent valid robot configurations, whilst
edges are used to represent valid motions captured by the local planner, as shown in
Figure 2-4 below. The use of this notation provides a simple and effective means to
categorise, describe and analyse the operation of the many different sampling-based

motion planning algorithms that exist.
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Figure 2-4 A typical roadmap graph G = (N, E).
Valid robot configurations at n; and n, are represented in G as nodes: (Tl1,nz) € N. The
valid motion between n; and n, is added as an edge: e; € N.

Using this network graph structure, a given motion planning problem is solved by
generating a simplified representation of Cj.e, Which links the given start and goal
nodes together. This construction can be carried out in a number of different ways,
which is typically done in an incremental fashion until the initial and goal nodes are
found to be contained within the same connected network component. A graph
searching algorithm, such as the Dijkstra [47] or A* algorithm [48], can then be used to
return the minimum-cost path which joins them. Different robot types will have
different modes of locomotion, so deciding the cost of a given motion represented by an
edge of the graph is of considerable importance. For example, in [49] the edge cost for a
mobile robot summed over two weighted components: The linear cost component C;

and the rotational cost component C:

Ceage = K1, - € + K - Cg
Cy is taken as the Cartesian distance travelled in traversing an edge, whilst Cy represents
the amount of rotation made by the robot. The constants K; and Ky are used to bias

these terms to achieve a suitable overall edge cost for the given robotic set up. Other

popular methods assigning a cost relative to the time taken to traverse the edge [50], as
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well as methods which relate the cost to the swept volume made by the robot [51]. By

doing this, the distance and rotation factors are both included in the cost evaluation.

For a robotic manipulator, a simple approach is to calculate the Euclidean distance
travelled by the robots TCP. A more effective method of defining the cost of a given
path is to evaluate the total displacement made by each joint. These displacements can
be used to generate a weighted sum cost, which is biased towards the manipulators
major joints (J;, Jo, J3) over the minor joints (J4, Js, J¢). Generally, this distribution
works well as the optimisation goal is to minimize total Cartesian motion. Once the
minimum cost path linking the start and goal nodes together has been returned, a post
process algorithm is then able to translate it into a series of linked robot motions that

can be uploaded into the real world robot system for use.

2224 Probabilistic Completeness

Sampling-based planners have proven to be highly successful, which can be largely
attributed to their effective use of randomised sampling to capture a simplified
representation of Cj... This randomness ensures these planners have a quality known as

probabilistic completeness. Svestka describes this property in [52]:

“A path planner is referred to as probabilistically complete if, given a problem that is
solvable in free configuration space, the probability that the planner solves the problem
approaches one as the running time approaches infinity. Hence, a probabilistically
complete path planner is guaranteed to solve such a problem, provided that it is

executed for a sufficient amount of time”

Probabilistic algorithms suffer from the fact that as Cje. is only approximated with a
simplified representation, they cannot explicitly recognise if a solution to a given
problem is geometrically 